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Abstract 

Comets are thought to contain rubble left over from the formation of the solar system. They are therefore thought to 

contain the most primitive material, in the form of ice, dust, silicates, and some organics. They are also believed to be 

the key to understanding the origin of life. Although our knowledge of comets has increased in the wake of space missions 

like Rosetta, the origin of life in the solar system is still a mystery. 

To date, we still do not understand how the first, most basic building blocks of life have formed. It is difficult to explain 

where the significant energy needed for photochemical processes comes from in a cold, dark environment, such as 

stellar ice clouds. Therefore, the synthesis of simple organic compounds during the evolution of our solar system remains 

enigmatic.  

There are two aspects of energy transfer into icy bodies I investigate as part of this project. On the one hand, there is 

still a mismatch between mathematical models of comet nucleus surface evolution and experimental results from the 

lab. On the other hand, we do not know how particle microstructure and mechanical agitation affect the chemistry (solid-

state photochemistry) of mixtures of ices, carbon, and iron minerals. 

I experimentally investigate the thermal and mechanical behaviour of cometary nucleus surfaces in the Planetary Ices 

Laboratory of Luleå University of Technology. First results indicate that energy transfer is highly dependent on the carbon 

content of the icy material. 

Introduction 

Comets are thought to contain rubble left over from the formation of the solar system.  

 

 

Figure 1: Image of Comet Hale-Bopp. Image credit: E. Kolmhofer, H. Raab; Johannes-Kepler-Observatory, 

Linz, Austria 
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In the classic definition, comets consist of a solid nucleus, coma and tails [1, 2, 3, 4]. A cometary nucleus is an ice-

rich porous body composed of a mix of volatile and refractory solids [1, 2, 3]. Active comets show detectable mass loss 

as they approach the sun [1, 3, 4], and their coma and tails make them appear fuzzy [1, 3]. Comets were formed in the 

outer solar system [1, 2, 3, 4]. Finally, and more importantly, comets are thought to contain the most primitive material 

from the formation of the solar system [2, 3, 4]. Comets are also believed to be the key to understanding the origin of 

life. However, their origin is still a mystery. It is difficult to explain where the energy for the photochemical process 

comes from in a cold, dark environment, such as stellar ice clouds, where comets originated. It is still unknown where 

the synthesis of simple organic compounds happened during the evolution of our solar system.  

 I experimentally investigate how comets work as heat engines. 

Methods  

Simulating a comet in space conditions in the laboratory requires advanced equipment. In the Planetary Ices Laboratory 

at Luleå University of Technology (LTU) water (H2O) and carbon dioxide (CO2) ice and snow can be produced artificially. 

Water snow is achieved by spraying water at high speed into a dewar with liquid nitrogen, see Figure 2, leaving us with 

small frozen circular water molecules. (Strictly speaking, we are making artificial snow, which is made of water ice 

granules rather than real snow which is made of flakes). 

 

Figure 2: Water snow production in the Planetary Ices Laboratory of Luleå Technical University 

 

Figure 3: CO2 snow production in the Luleå University of Technology 

CO2 snow is produced using a snowpack kit connected to a CO2 cylinder, see Figure 3, once filled up, we get a 

compressed block of dry ice. To get it back to fluffy snow we put the block of snow in a dewar with liquid nitrogen, which 

gets us small CO2 circular snow particles, see Figure 5 obtained from the microscope set-up in Figure 4. 
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Figure 4: Microscope with cooling plate set-up in the Planetary Ices Laboratory at Luleå University of 

Technology 

 

Figure 5: Fresh CO2 snow sample 

Carbon black is used as the first contaminant for the snow because carbon has been discovered on comets, and we use 

carbon black is a very efficient absorbent of solar energy. A mixture of water artificial snow and carbon black in different 

percentages per weight is used as the cometary nucleus analogue. The sample then is insolated with a solar simulator 

in a vacuum chamber, while cooled with liquid nitrogen, see Figure 6. 

 

 

Figure 6: Typical set-up for these cometary analogue materials experiments. We can see a “dirty” vacuum 

chamber, which has the sample inside, a solar simulator and the liquid nitrogen cooling system. 

Inside the chamber there are pressure and temperature sensors to get real-time measurements, temperature sensors can 

also be attached to the sample. There are cameras inside at different angles to record pictures/videos of the evolution 

of the cometary analogue with insolation.  

Outside of the chamber, we can do penetrometry tests, with our laboratory robot arm to measure the sample hardness. 

We can examine the sample under the microscope with the cooling plate setup (Figure 4) after cutting it into thin 

sections using our microtome. We can measure the optical properties of the sample with instruments such as 
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spectrometer and pyranometer. These are some of the tests we can perform on the sample inside and outside the 

chamber.  

Observations 

As mentioned above, the cometary analogue material is made of water artificial snow and black carbon mixed in different 

percentages per weight. Once irradiated with the solar simulator for a few hours, a fluffy carbon crust forms on the 

surface. Depending on carbon content, the sample can become much harder.  A typical outcome is presented in Figure 

7 from Kaufmann, E. & Hagermann, A. [5]. 

 

 

Figure 7: Sample before (left) and after (right) 18 hours of solar irradiation on a cometary analogue 

material with different amounts of carbon top: 0,2%, bottom: 0,4% by weight [5] 

In Figure 7 we can see that initially, the sample is well-mixed, however, after 18 hours of solar irradiation, the water 

sublimated and left a carbon residue in the form of a fluffy crust.  

This can be explained as follows: as the sample is being irradiated, the solar radiation penetrates the ice and is absorbed 

by the black carbon particles. The carbon crust is a great thermal isolator and absorbs almost all sunlight. Over the 18 

hours, we observe dust mantle formation and hardening of the ice. Even with such simple cometary analogue material, 

we see that the volatile component sublimates and the residual component undergoes a structural transformation.  

Discussion and Conclusion 

Our comet model is somewhat simplistic, comets go beyond just water ice and carbon, but to learn from experiments 

we should only test one parameter at a time. It is important to start with simple substances and fully understand the 

processes happening before we add more contaminants. In this case, only carbon abundance was changed and we 

already observed such interesting results, as the experiments progress we should have an analogue material closer to 

comets’ composition, for instance with the addition of CO2 snow, among others. 

The carbon component percentage affects the outcome of the experiment. One of the questions I intend to answer is if 

the crust formation makes the comet lose mass quicker or slower. If there is too much carbon in the sample, because 

carbon black is such a good thermal isolator, it will absorb all the light and block it from getting into the ice particles 

underneath. On the other hand, too little carbon, does not block enough light and we observe a quicker ice sublimation. 

We understand that there is ice sublimation on comets once they are closer to the sun, we can see that in Figure 1 

where we can see the gas tail in white. However, most comets do not lose all the volatiles completely from one orbit to 

the sun. They lose some mass, but not all of the volatiles are sublimated at once.  
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With my experimental work on cometary analogues, I want to understand how carbon content influences ice 

metamorphism. There are some results that show that there is an optimal carbon percentage which makes the energy 

transfer into the ice more efficient [5]. In other words, that is a “sweet” carbon percentage that still allows for the 

insolation to penetrate deep in the ice causing it to sublime and triggering hardening of the ice, while still leaving a 

fluffy carbon crust that does not block the light completely. 

I intend to quantify this energy transfer and explain the process going on in the ice in cometary nucleus analogues, 

through my experiments. My results will help understand how solar energy is transferred into a nucleus and how a comet 

evolves over time. They are also applicable to other icy bodies in the solar system, such as moons of giant planets. 
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