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Abstract

Aims. Collisional growth of dust occurs in all regions of protoplanetary disks with certain materials dominating between various condensation lines. The sticking properties of the prevalent dust species depend on the specific temperatures. The inner disk is the realm of silicates spanning a wide range of temperatures from room temperature up to sublimation beyond 1500 K.

Methods. For the first time, we carried out laboratory collision experiments with hot levitated basalt dust aggregates of 1 mm in size. The aggregates are compact with a filling factor of 0.37 ± 0.06. The constituent grains have a wide size distribution that peaks at about 0.6 μm. Temperatures in the experiments are varied between approximately 600 and 1100 K.

Results. Collisions are slow with velocities between 0.002 and 0.15 m s−1, i.e., relevant for protoplanetary disks. Aside from variations of the coefficients of restitution due to varying collision velocities, the experiments show low sticking probability below 900 K and an increasing sticking probability starting at 900 K.

Conclusions. This implies that dust can grow to larger size in hot regions, which might change planet formation. One scenario is an enhanced probability for local planetesimal formation. Another scenario is a reduction of planetesimal formation as larger grains are more readily removed as a consequence of radial drift. However, the increased growth at high temperatures likely changes planetesimal formation one way or the other.
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1 Introduction
It is common knowledge by now that planet formation regularly takes place in protoplanetary disks surrounding young stars (Keppler et al. 2018). It is also undisputed that planet formation starts with dust grains that collide, stick together, and grow (Blum et al. 1998). How far they grow and how they evolve to planetesimals and planets, eventually, is a matter of debate. There is a bouncing barrier at millimeter-size (Zsom et al. 2010; Güttler et al. 2010). At this barrier, compact dust aggregates typically collide at mm s−1 to cm s−1 but no longer stick and rather bounce off each other. Lucky winners have been proposed to lead to further growth in exceptionally low speed collisions (Windmark et al. 2012; Drazkowska et al. 2013). However, experiments show that the connections formed in sticking events are very weak and any subsequent faster collision disassemble such aggregates again (Kelling et al. 2014; Kruss et al. 2016). If reservoirs of small grains are provided, the aggregates might grow further by sweeping them up (Kruss et al. 2017), but this would require a fine-tuned source of grains. Dust released at the snowline might be a source (Saito & Sirono 2011; Aumatell & Wurm 2011), although this would act very locally. If aggregates grew only slightly larger and collided only slightly faster they would encounter fragmentation as a next potential barrier to growth (Beitz et al. 2011; Deckers & Teiser 2014; Birnstiel et al. 2016). Growth can still proceed in collisions between different sized aggregates, even at high speeds of tens of m s−1 (Wurm et al. 2005; Teiser & Wurm 2009; Windmark et al. 2012). Again, there is a requirement in this case. A few larger seeds are needed to start with and the process is rather slow.
Mechanisms that might circumvent this troublesome climb in size have been proposed. A suite of instabilities might act to concentrate solids (Klahr et al. 2018). If the surface mass density of solids is large enough, gravity is able to lead to a direct planetesimal formation. The underlying motion of grains and capabilities of the concentration mechanisms strongly depend on the Stokes number, which is the ratio of the gas-grain coupling time to the orbital time. If grains are too small, they perfectly couple to the gas and concentration does not work. If grains are too large, they are essentially decoupled from the gas and concentration does not work either. Minimum sizes required in the inner disk region are on the order of centimeters (Yang et al. 2017). This is somewhat beyond the bouncing and fragmentation sizes currently. Details of the respective simulations are beyond the scope of this paper. It should be noted that reaching certain aggregate sizes by collisional growth does not mean that the formation of planets is warranted, as there are also erosive mechanisms during planet formation that can destroy larger objects again. For example, Demirci et al. (2019) recently showed that planetesimals formed that way might be unstable to wind erosion in protoplanetary disks. Anyway, what is important to note is that it matters strongly for these concentration mechanisms to what size exactly aggregates can grow in collisions before encountering bouncing and fragmentation. The larger the particles become, the more likely growth yields to further evolution. Small changes in sticking properties might change that picture significantly.
The importance of sticking has, for example, been attributed to water ice. It is often taken for granted that water ice sticks better. The surface energy often considered is on the order of γ = 0.1 J m−2 (Dominik & Tielens 1997; Gundlach et al. 2011; Aumatell & Wurm 2013). In comparison values for silicate surface energies taken have been an order of magnitude lower (Dominik & Tielens 1997; Heim et al. 1999). Assuming this and a μm grain size Okuzumi et al. (2012) and Kataoka et al. (2013) modeled the growth of gigantic fluffy ice aggregates that pass bouncing, fragmentation, and a drift barrier. The latter is the inward drift from the sub-Keplerian motion of the gas that drains the dust reservoir (Weidenschilling 1977; Birnstiel et al. 2010).
In any case, it has recently been shown that this simple picture of non-sticky silicates and sticky water ice grains does not hold as a general idea. In fact, the surface energy of water decreases by almost two orders of magnitude going from 273 K temperatureto 180 K (Musiolik & Wurm 2019). This latter temperature, and even lower temperatures, are relevant for most parts of protoplanetary disks in which water ice dominates. On the other side, the surface energy of silicates at the dry conditions of protoplanetary disks is an order of magnitude higher than previously assumed (Kimura et al. 2015; Steinpilz et al. 2019). So water ice is not stickier at low temperatures (Gundlach et al. 2018). Only close to the water snowline does water ice rule sticking.
With these facts on water ice in mind, it is a logical next step to ask what influence the temperature has on silicate sticking properties. This is especially important in the inner part of protoplanetary disks, where temperatures finally reach the sublimation limit. There are only few works so far on collision properties considering high temperatures, starting with tensile strength measurements of tempered dust by de Beule et al. (2017) to collisions of tempered aggregates by Demirci et al. (2017) to first hot collisions of chondrule size grains by Bogdan et al. (2019). These works are, as yet, inconclusive on the effect of particle growth but indicate that strong changes in sticking properties occur beyond 900 to 1000 K. In this work, we report on the first experiments of slow dust aggregate collisions at temperatures up to about 1100 K.
2 Experiment
Collision experiments require free particles. Most of the experiment is therefore a mechanism to levitate dust aggregates. We use the principle of levitating aggregates at low pressure by a Knudsen compressor (Kelling & Wurm 2009). This has been used in various studies before (Kelling et al. 2014; Kruss et al. 2016, 2017; Demirci et al. 2017; Kruss & Wurm 2018). Also ice aggregates have been levitated by this mechanism (Aumatell & Wurm 2011). Details of the levitation can be found in these references. The basic idea is that a temperature gradient at low pressure leads to thermal creep. For particle aggregates on a hot surface this gas flow is directed downward and aggregates create their own air cushion to float upon. However, earlier experiments could not heat the particles much higher than 800 K for technical reasons. We therefore developed a new experimental setup to allow heating well beyond 1000 K as seen in Fig. 1. We used an infrared laser beam to avoid heating up the entire chamber. The wavelength of the near-infrared laser is 934.6 nm. The maximum power is 45 W. With a beam cross section of 1.45 cm2 the maximum laser intensity is about 311 kW m−2. The laser beam selectively heats the dust aggregates but the transparent surface on which the sample is placed stays cool. The laser is reflected at a dichroic mirror and leaves the chamber again and the energy is placed in a beam dump. The small fraction that is not reflected serves as background illumination for the grains.
Particles levitating are free to move in any direction. Eventually, these particles leave the illuminated part and settle on the surface again. To delay this process, the beam profile is shaped with an intensity minimum at the center, which can be seen in Fig. 2. Particles therefore also get a lateral temperature gradient, which effectively keeps particles trapped in the center. The local intensity minimum at the center of the experiment platform is generated by coating the center of the sample holder with a thin gold layer. For a given ambient pressure and given laser intensity (controlled with the driver current) the temperature of the dust aggregates was measured with an infrared camera as seen in Fig. 3.
Calibration curves were recorded to calculate the temperature of aggregates for a given pressure and intensity combination as seen in Fig. 4. We neglect the influence of the beam shaping upon the local temperature. We also do not consider but note that owing to the levitation principle there is a temperature difference between top and bottom of the aggregate of about 20 K (Kelling et al. 2014).
A high-speed camera on top records the motion of the particles. This motion is tracked afterward, resulting in relative (collision) velocities vc before, the relative (rebound) velocities vr after a collision, and the connection vector r between twoaggregates. Based on these quantities we define a coefficient of restitution
[image: equation](1)
and the impact parameter
[image: equation](2)
In this equation vc and r are the norm of the corresponding vectors. As dust is leaving the illuminated spot on short timescales in spite of the beam shaping, we cannot observe a self-consistent growth of aggregates and only observe individual collisions. As samples we therefore used aggregates, which we artificially produce before by pressing basalt powder (approx. 0.6 μm in size, see Fig. 5) in a mold of 1 mm diameter and 0.2 mm height. They have a filling factor of 0.37 ± 0.06.
	[image: thumbnail]	Fig. 1
Basicsketch of the experimental setup. The basalt aggregates are placed on the plano concave lense which serves as an experimental platform.



	[image: thumbnail]	Fig. 2
Top view of the experiment platform with the levitated basalt aggregates. The gold coated center is highlighted in the picture. The collision dynamics of the basalt aggregates are recorded with a frequency of 1000 frames per second.



	[image: thumbnail]	Fig. 3
Thermal image of the experimental platform with the basalt aggregates. The laser illuminates the aggregates and heats them while the platform stays cool. The maximum temperature in this picture is 787 K.



	[image: thumbnail]	Fig. 4
Temperature calibration measurements for the basalt aggregates at ambient pressures p ∈ [24, 405] Pa and laser driver current I ∈ [7, 27] A. The temperature is measured with a thermal camera assuming an emissivity ɛ = 0.72 for basalt (Golden 2013). The function [image: equation], with fit parameters T0, T∞ (p1), α, IΔ and I0, is fitted to the data and is used to determine the temperatures for the experimental runs.



	[image: thumbnail]	Fig. 5
Number size distribution of the initial basalt sample. The distribution was measured by a commercial instrument based on light scattering (Malvern Mastersizer 3000).



3 Results
In total we observed 244 collisions between two individual aggregates. Outcomes of collisions were only rebound and sticking. Typical collision velocities observed area few cm s−1. A distribution of all collision velocities is shown in Fig. 6.
We considered a dependence of the coefficient of restitution on the impact parameter but did not see any clear dependence. The Pearson correlation coefficient between k and b is only 0.35, so we do not evaluate this further. The coefficient of restitution clearly depends on the collision velocities though. Figure 7 shows a typical example adding data at three neighboring temperatures. While we compared the data to typical models of restitution coefficients, i.e., by Musiolik et al. (2016), the data could not be fitted well and no further insights could be gained. Instead, it can be seen that the data is essentially bimodal. At low collision velocities the coefficient of restitution is high. At velocities beyond 2 cm s−1 the coefficient of restitution is low including sticking events. The average collision velocities [image: equation] do not depend on the temperature. Also, the standard deviation, [image: equation], is very large. Therefore the velocity ranges are very similar as seen in Table 1.
Based on this overlap in collision velocities we can compare the coefficients of restitution for all events with velocities vc ≥ 0.02 m s−1. The distributions of k for different temperatures are seen in Fig. 8. Up to 946 K the coefficient of restitution clearly decreases with temperature. Above that temperature no more significant difference is seen in the distribution.
The sticking events, which we observed, occur at higher collision velocities than predicted by simple models for sticking collisions. In detail, dust aggregates can stick over a wide range of velocities. There is no clear separation in sticking and rebound. We therefore use a sticking probability to characterize the temperature dependence. A value of 1 is attributed to all sticking events and avalue of 0 is attributed to rebound. For each temperature interval all values are summed up over all collision velocities and normalized by the total number of collisions. The results are shown in Fig. 9. There is a clear dependence of the sticking probability on the temperature. It has to be noted that the coefficient of restitution k obviously depends on the collision velocity vc. Therefore, to compare the temperature dependent sticking probability the velocities for the different temperature intervals must be comparable. We note that this is not exactly the case in our data.
	[image: thumbnail]	Fig. 6
Histogram of the collision velocities vc. The mean collision velocity is [image: equation]
and the maximum collision velocity is [image: equation]. In total we analyzed 244 collisions between two individual aggregates.



	[image: thumbnail]	Fig. 7
Typical dependence of the coefficient of restitution on the collision velocity for the temperature interval T = 896– 946 K. All data are separated in a high-k region at lowvelocities and a low-k region beyond about 2 cm s−1, which also includes sticking events with k = 0.



Table 1

Average collision velocities for multiple temperature ranges with standard deviations.

	[image: thumbnail]	Fig. 8
Histograms of the coefficient of restitution k
for the different temperature intervals. To exclude collision events near the sticking velocity only collisions with velocities greater than 0.02 m s−1
are taken into account.



	[image: thumbnail]	Fig. 9
Sticking probability PSticking in dependence of the temperature T. For T > 900 K the collisions of the basalt aggregates show an increase in the sticking probability. The temperatures are binned in an interval of 5 K and only temperature intervals with more than 4 collisions are taken into account. The 875 K line is plotted in red. Indeed, collisions beyond this line result in more sticking.



4 Discussion
The measurements do not directly show that dust grains can grow to larger aggregates in hot environments. However, they show that the stickiness increases significantly and in a self-consistent growth it is likely that aggregates at the bouncing barrier will be larger. We cannot quantify yet how much larger that will be, but there will be a size difference. How does this compare to the existing experiments on tempered dust or hot collisions?
On one side, earlier experiments by de Beule et al. (2017) show a peak in tensile strength for samples of JSC Mars 1a dust tempered at 1000 K in air. The tensile strength then decreased again to larger temperatures of tempering. Their data is consistent with a change in sticking properties close to 1000 K. At higher temperatures sticking does not work well. This is consistent with results from Demirci et al. (2017) in which a self-consistent evolution into the bouncing barrier was studied. They showed that basalt dust tempered beyond 1000 K grows to a smaller maximum size than basalt tempered at lower temperatures.
Real collision experiments with hot particles were carried out by Bogdan et al. (2019). They used compact 1 mm basalt spheres and observed that the coefficient of restitution decreases or in other words the sticking forces increase starting at about 900 K. This is consistent with the results reported in this paper. Using dust, the coefficient of restitution is generally lower and sticking can result more readily. Otherwise, the increased sticking probability also starts at about 900 K for basaltic dust.
At first sight, the experiments by Demirci et al. (2017) seem to be in contradiction to the experiments by Bogdan et al. (2019). It has to be kept in mind though that in the first experiments the sample was measured cooler than the temperature tempered at while in the last experiments samples were really hot during the experiments. This way, the effect of changes in mineral content or grain size onto stickiness are traced in the first experiments referred to. This is different from carrying out the experiments hot, which changes, for example, the viscosity, plasticity, or surface energies of the material.
As the later experiments, i.e., the experiments reported in this work, were carried out at high temperature they include the effects of changing static properties of the sample, for example, composition and grain size but also the dynamic properties of increased sticking, for example, due to plasticity at high temperatures. Obviously, the increase in sticking properties due to high temperatures wins over reducing sticking effects of other particle properties.
With the knowledge of the mineralogical composition of the basalt powder1 the temperature dependent viscosity can be calculated with the model of Giordano et al. (2008), i.e.,
[image: equation](3)
This equation describes the viscosity of basalt for temperatures near 1000 K. Hubbard (2015) proposed that collisions between two particles behave sticky, if the viscosity fall below a critical value ηs = tMμ. In this case, tM is the Maxwellian relaxation time of the material and μ the shear modulus. With μ = 4 × 104 Pa for chondrites and for typical collision timescales of Δt = 10−4 s (Kelling et al. 2014) the viscosity of basalt is equal to the critical value at a temperature of 875 K. So collisions of basalt aggregates above 875 K should lead to more sticking cases. Indeed, we see in our data that the probability of sticking collisions is higher above this temperaturethan below this temperature (see Fig. 9). This behavior was also reported by Bogdan et al. (2019).
Collisions at a still higher temperature were also observed but due to too efficient levitation, aggregates, for example, flipped over, preventing a classification of these collisions. The experimental setup has the ability to study collisions up to sublimation temperatures and we plan to optimize the experiments to do this.
5 Application to planet formation
We cannot give an ultimate factor by which aggregate sizes will increase if dust grows at hot conditions. Obviously, dust can grow to larger sizes in the inner part of protoplanetary disks outside of the sublimation line of silicates. From our data we suggest that the region between the sublimation region and the 900 K line will stand out. Demirci et al. (2017) argued that 1000 K might be a limit seen in the extrasolar terrestrial planet population. Does this interpretation still fit if we now see more sticking in hot collisions instead of smaller aggregates in cold collisions but with tempered dust? We cannot give a confirmative answer in this paper, but two extremes seem possible. On one side, more sticking implies larger growth and these larger aggregates might seed planetesimal formation. This seems inconsistent with a 1000 K limit for planet formation. However, there are still many evolutionary steps from planetesimals to planets. On the other side, larger aggregates drift inward faster. As the next thing inward is the sublimation line, the dust is taken out of the system. Therefore, the growth region might be drained of dust more readily, preventing the formation of planetesimals locally. This would be in agreement to fewer terrestrial exoplanets on orbits with higher temperatures. It has to be kept in mind though that temperatures also change locally over the lifetime of protoplanetary disks. What might be a preferential zone for growing dust at one time might be an inactive zone later or vice versa. To answer, in what direction this might go, more elaborate simulations might be needed. It is clear however that the onset of planet formation is different at high temperatures.
6 Conclusions
In this work we present, for the first time, a new experimental setup that is capable of studying slow collisions of dust aggregates at high temperature. This does not allow for a wider interpretation on planet formation yet but we provide another piece in the preplanetary puzzle. We show that dust at high temperatures, starting at 900 K in our case aggregates differently, i.e., it likely grows much better as the sticking probability increases, which might also shift the bouncing barrier to larger aggregate sizes.
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1 Example basalt composition (Kremer Pigmente): 50% SiO2, 2.5% TiO2, 12.1% Al2O3, 2.1% Fe2O3, 10% FeO, 0.16% MnO, 9.6% MgO.
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Basicsketch of the experimental setup. The basalt aggregates are placed on the plano concave lense which serves as an experimental platform.
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Top view of the experiment platform with the levitated basalt aggregates. The gold coated center is highlighted in the picture. The collision dynamics of the basalt aggregates are recorded with a frequency of 1000 frames per second.
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Temperature calibration measurements for the basalt aggregates at ambient pressures p ∈ [24, 405] Pa and laser driver current I ∈ [7, 27] A. The temperature is measured with a thermal camera assuming an emissivity ɛ = 0.72 for basalt (Golden 2013). The function [image: equation], with fit parameters T0, T∞ (p1), α, IΔ and I0, is fitted to the data and is used to determine the temperatures for the experimental runs.
In the text



	[image: thumbnail]	Fig. 5
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and the maximum collision velocity is [image: equation]. In total we analyzed 244 collisions between two individual aggregates.
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Typical dependence of the coefficient of restitution on the collision velocity for the temperature interval T = 896– 946 K. All data are separated in a high-k region at lowvelocities and a low-k region beyond about 2 cm s−1, which also includes sticking events with k = 0.
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for the different temperature intervals. To exclude collision events near the sticking velocity only collisions with velocities greater than 0.02 m s−1
are taken into account.
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Sticking probability PSticking in dependence of the temperature T. For T > 900 K the collisions of the basalt aggregates show an increase in the sticking probability. The temperatures are binned in an interval of 5 K and only temperature intervals with more than 4 collisions are taken into account. The 875 K line is plotted in red. Indeed, collisions beyond this line result in more sticking.
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Average collision velocities for multiple temperature ranges with standard deviations.



	T
	[image: equation]
	[image: equation]
	vc,min
	vc,max



	(K)
	(cm s−1)
	(cm s−1)
	(cm s−1)
	(cm s−1)





	596–690
	4.8
	2.0
	2.1
	9.8



	740–850
	5.7
	2.9
	2.1
	15.2



	896–946
	5.0
	2.1
	2.0
	12.1



	1040–1085
	5.6
	3.0
	2.4
	12.2






Notes. To exclude collision events near the sticking velocity only collisions with velocities greater than
0.02 m s−1 are taken into account.





  
    
      Fig. 8 
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Histograms of the coefficient of restitution k
for the different temperature intervals. To exclude collision events near the sticking velocity only collisions with velocities greater than 0.02 m s−1
are taken into account.


    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
Sticking probability PSticking in dependence of the temperature T. For T > 900 K the collisions of the basalt aggregates show an increase in the sticking probability. The temperatures are binned in an interval of 5 K and only temperature intervals with more than 4 collisions are taken into account. The 875 K line is plotted in red. Indeed, collisions beyond this line result in more sticking.
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