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Abstract 

It is generally assumed that the temperature in the inner part of the primordial nebula was too 

high to form and agglomerate ice bodies. Yet, water is present in most of the terrestrial 

planets of our solar system. To investigate the reason for this we concentrate on comets as a 

potential water deliverer to the inner planets. The data for this work is taken from 3D 

simulations of comet trajectories inside a gas-dust disk with embedded planet embryos. We 

have developed a MATLAB code that could read data files from these simulations containing 

orbital elements of the comets and planetary embryos. Comets experience inward migration 

due to friction with the remains of the disk. We study comets of four different sizes.  

     We find that smaller comets migrate faster and therefore spend less time in the inner solar 

system. Smaller comets are numerous and are therefore destroyed in greater numbers than the 

larger comets. Larger comets on the other hand slow their migration and spending much more 

time among inner planets they are more massive and produce more massive collisions with 

the inner planets than the smaller comets. Therefore are larger comets a more promising 

source of water delivery to the inner planets. In Studying individual collisions we observe that 

a typical interaction involves regular close encounters with the same embryo during periods of 

100000 years or more before the two orbits intersect. This also tells us that with a large 

number of comets expected at this stage of solar system evolution the collective effect of 

comets on low-mass planetary embryos may be significant. 
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1. Background 

 

Low-mass stars similar to the Sun are formed in as a result of collapse of cool molecular 

cloud under its own gravity. This process, also known as gravitational instability, forces the 

cloud to first form a disk that is then gradually accreted to the star forming in its center. The 

accretion process does not consume the whole disk as some of the molecules collide and stick 

forming molecular clusters, then dust particles and eventually comets and planets. Part of the 

disk material is also ejected to jets which may be observed as Herbig-Haro objects. The disk 

is illuminated by the radiation of the central star that is getting more and more intense and 

includes substantial amount of UV. This radiation heats the inner parts of the disk evaporating 

dust particles and partially ionizing gas material. Water is a typical molecule in a protostellar 

cloud: it consists of hydrogen and relatively abundant oxygen atoms and easily condenses to 

form ice that can continue creating planetesimals, comets etc. In the presence of a strong 

radiation field water ice will equally efficiently sublimate back to gas form, thus we do not 

expect water to be incorporated in the inner bodies of the solar system in situ in the form of 

ice. It is therefore generally assumed that the temperature in the inner part of the primordial 

nebula was too high to form and agglomerate ice bodies. Still, water is present in most of the 

terrestrial planets of our solar system. Mars and, obviously, Earth have water. Venus may 

have possessed water (but that most likely has photo-dissociated) and the asteroids in the 

outer part of the main belt have water. So the question is where have all this water come 

from?  

     Muralidharan et al. (2008) considers three different scenarios. The water in the inner solar 

system could be local but it was accumulated through chemical reactions during planet 

formation rather than condensation. Alternatives are comets, formed in the outer regions of 

the solar system, as water carriers or hydrated asteroids formed and migrated to the main belt. 

All these scenarios are actively considered since none of them by itself seems to be capable of 

reproducing the isotopic distribution of water molecules on Earth. It is plausible that all of the 

above mechanisms contributed some fraction of the water around us. In this report we 

concentrate on comets as a potential water deliverer to the inner planets. 

     Planets formed in the protostellar nebula during the final stages of star formation. In the 

gas disk dust grains coagulate and gradually build kilometer-size planetesimals. The flows 

and turbulence in the primordial nebula act according to Brasser et al. (2007) as a size-sorting 

mechanism. Comets larger than 20 km in radii are less affected by the gas drag: they get 

scattered by close encounters with giant planets to produce the Oort cloud. Orbital 

perturbation of comets smaller than 20 km are efficiently damped by interaction with the disk 

so that they remain trapped in the planetary region slowly migrating inwards due to the loss of 

angular momentum. Ultimately the gas is exhausted and the growth stops. This process takes 

about 7-10 million years and what is left are the planets, planetesimals and comets. These 

objects will then have several billion years to interact before they settle on the fairly stable 

orbits we see today. Planetesimals collide forming asteroids and comets that occasionally are 

directed towards the Sun. 

“The planets will scatter and accrete planetesimals, and this process will not only continue to 

change their mass, but will also alter their orbital elements”. “…the outer gas giants tended 

to pass material inwards, to Jupiter, which would scatter the material out of the Solar System. 
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For this reason, planet migration has often been associated with a source-sink model wherein 

only planets that can eject planetesimals migrate and drive migration of other planets”  Kirsh 

et al. (2007).  

    An important unit for assessing the efficiency of scattering between planets and 

planetesimals is the Hill Radius of the sun which for negligible eccentricity is given by 

 

       
  

   
 

   

 (1) 

 

where the planets mass    and the    is the planets semi-major axis. The important Hill 

factor   can be derived from the equation      . 

“A planetesimal with a semi-major axis of   that is close to    will overtake or be overtaken 

by the planet, as the two objects have different speeds and orbital periods (given by    

  in years and AU respectively). When the objects reach conjunction they can exchange 

angular momentum, changing the orbital elements of both objects in amounts determined by 

their relative masses. The planetesimal in particular will be scattered, normally suffering an 

increase of eccentricity and a divergence of its semi-major axis from the planet’s” Kirsch et 

al. (2008). 

      To determine the origin of water on earth experimentally, we study chondrites, which are 

non-metallic meteorites formed in the primordial nebula from grains and dust and not much 

modified by heat or collisions.  

     Muralidharan et al. (2008) examine the surface adsorption on forsterite (a primary form of 

silicates in the accretion disk, this mineral have been found in meteorites) as a potential 

source of water in the inner Solar System. 

     Alexander et al. (2006) bring up contamination and the influence of weathering as 

difficulties in determining the isotopic ratio of the hydrogen component of water in 

chondrites. There is some evidence of a genetic link between chondrites and comets, for 

example, a striking resemblance of the bulk elemental composition of comet Halley light 

elements (hydrogen, carbon, nitrogen and oxygen also known as the CHON particles) and of 

the meteoritic insoluble organic matter (IOM). There is also evidence that the ices accreted by 

chondrites contained some of the same volatiles as cometary ices. The selected meteorites in 

these studies were found in Antarctica (Alexander et al. 2006). 

       In computer simulations of planet migration Kirsh et al. (2008) used some 

approximations:  

 When the objects separation is equal to the sum of their radii, the planetesimal is taken 

over by the planet. 

 The simulations used     to     particles.  

 The eccentricities and inclinations taken from the Rayleigh distribution were small. 

 The time-steps were at maximum 2% of the minimum orbital period. 

 The simulations were run for a thousand up to a million particles.  

The simulations were performed with different planetary masses, varying eccentricity and the 

initial semi-major axis of the planet. One useful estimate, which Kirsh et al. (2008) uses 

throughout their work is the migration rate given by the average change of semi-major axis 
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with time: 

 

  
  

  
  

     

  
 (2) 

 

Kirsh et al. (2008) found that the migration rate for the low-mass planets is increasing in time 

reaching an asymptotic constant value. For high-mass planets migration is much more 

stochastic diverging significantly from linear (constant velocity) over time. 

    In Brasser et al. (2007) simulations of the influence of the gas from the primordial solar 

nebula on the formation of the Oorts cloud (OC below). Included the simulations 2000 

particles in each run, which are subjects to gravitational effects of the Sun, Jupiter and Saturn. 

The calculations used high time resolution (0.15 years) and followed particles for 5 million 

years unless a particle collided with a planet or came too close to the Sun. 

Simulations of the OC population by comets from the early primordial solar nebula in the 

Jupiter-Saturn area led Brasser et al. (2007) to conclusions that: “When the inner edge of the 

disk is much closer to the sun than Jupiter’s orbit, the majority of the comets ( 60%) end up 

on circular orbits inside of Jupiter…” and “Increasing the size of the comets decreases the 

effect of the gas drag. The effect of the gas drag becomes comparable to the scattering of 

Jupiter and Saturn for comets the size of 10 and 30 km respectively. Therefore, the presence 

of the gas acts as a size-sorting mechanism with large bodies reaching the OC while small 

ones remain trapped in the planetary region”. 

 

 
Figure 1: Proto-planetary disk model and the initial orbits of planetary embryos (blue) and comets (red). Shades of grey 

show column density of gas in the disk. 

 

The data for this work comes from 3D simulations of comet trajectories inside a gas-dust disk 

with embedded planet embryos carried out by Piskunov and Rickman, Uppsala (in 

preparation). The density and velocity of gas and dust in the disk is a snapshot of 3D MHD 
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simulations by Lyra et al (2011). Figure 1 shows density of the disk in logarithmic scale as 

seen from the top and from the side. 23 planetary embryos with masses between 0.5 mass of 

Mars up to 10 Earth masses were randomly placed on nearly circular orbits between 0.5 and 

15 AU (shown in blue in Figure 1). The number, the mass and orbital element distributions 

follow the prescription of the Nice model (Brasser et al., 2009). The embryos are still 

sufficiently small not to affect the disk dynamics dramatically by opening the gaps and/or 

creating Lindblad resonances. Comet orbits are affected by gravitational forces from the 

central star, planetary embryos and the disk. In addition, the disk exerts an aerodynamic drag 

depending on the relative velocity between the comet and the material in the disk. Thus, 

highly eccentric and/or inclined orbits experience strong drag. The drag also scales with the 

mass to cross-section ratio vanishing for larger comets. Simulations started with 2000 comets 

on orbits with semi-major axes between 10 and 15 AU, eccentricities below 0.04 and 

inclinations less than 2 degrees. Comets were followed for half a million years (fragments of 

initial orbits are shown with red arcs in Fig. 1). The orbit integration was performed with the 

Mercury code by Chambers (2000). The code was modified to incorporate the gravitational 

force and the aerodynamic drag of the disk. The hybrid integrator was used for speed but 

close encounter were treated with Öpik approximation (Öpik, 1976). The integration was 

performed for 4 comet diameters: 1 km, 10 km, 50 km and 100km using identical initial 

conditions. In all cases the comets were assumed to be spherical with mean density of 0.6 

g/cm
3
. The orbital elements for each comet were sampled every 10 years and stored for post-

processing. 

  

2. The Assignments 
For this project we have received data files containing orbital elements of the comets and 

planetary embryos throughout the simulations. Files were sorted in 4 directories, one for every 

1, 10, 50 and 100 km size of the comets. Each directory included 2000 files with orbital 

elements of comets and 23 files for planetary embryos. Files contain record with orbital 

elements (for the analysis we used semi-major axis, eccentricity and inclination) sampled 

every 10 years of the simulation time. We have developed a MATLAB code that could read 

these data files. Identification of a comet was done through the corresponding file name. The 

data in the files is ordered sequentially in time. Our MATLAB programs for reading orbital 

element files have the following general structure: open the next data file, read data and create 

a vector for each physical parameter of the orbit, repeat the procedure for the next file. Storing 

orbital elements in vectors with the index indicating time help us to:  

 Count how long comets of different sizes have occupied certain distances from the 

Sun. 

 Calculate the mean value for the eccentricities and follow how they change with 

changes of the semi-major axis. 

 Calculate how much time comets spend at a certain distance from the Sun. 

 Calculate the eccentricities and compare these with the inverse of the semi-major axis. 

These calculations give us tools to investigate the comets behavior in the early solar system. 
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We have also selected a few comets that experienced close encounters with planetary 

embryos. The integration procedure keeps track of all “collisions” recording the times and the 

names of the “particles” involved. In section 2.5 we followed closely some of these cases 

involving a planetary embryo and a comet. 

 

      

2.1. The life-time histogram 

The first task was to implement a MATLAB code for a lifetime histogram of simulation 

(Figure 2). The motivation for this was to investigate if the comet size has any influence on 

the time a comet spends in the region with planets during its lifetime. Higher fractions will  

imply larger chances of colliding with one of a planetary embryos adding water content to this 

planet. We divide the orbits in four regions of the semi-major axis  : 0-1 AU, 1-2AU, 2-3AU 

and 3-5 AU. For each comet of a given size we count the number of comets in these regions 

and present the cumulative histograms for each comet size. The results are presented in Figure 

2. Different colors correspond to different distance intervals. We selected the residence range 

between 0 and 300000 years divided into 30 bins. For example, a bin corresponding to 

100000-110000 years plotted in green shows the number of comets that spent the 

corresponding amount of time on orbits with semi-major axis   between 2 and 3 AU 

Figure 2: A cumulative histogram counting the number of comets that spent the corresponding amount of time on orbits  

with the semi-major axis   : 0-1 AU (Black line) 1-2 AU (Red line) 2-3 (Green line) and 3-5 AU (Blue line).  
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Figure 2 shows that small comets are numerous and spend more time at shorter distances 

(their migration slows down) and therefore, they have higher chances of collisions with inner 

planets.   

 

2.2. The median eccentricity 

The eccentricities of comets are increased in close encounters with planets. The aerodynamic 

gas drag reduces the eccentricity due to smaller mass to cross-section ratio for smaller comets. 

Comets larger than 20 km are less affected by the aerodynamic gas drag. Therefore scatters 

that increase in eccentricity by close encounters with planets, which should be more 

pronounced and longer lasting for larger comets and nearly undetectable for smaller comets. 

In the median eccentricity histogram (Figure 3) we investigate this expected dependence of 

eccentricity with location of planets comets size. Higher eccentricities would imply close 

encounters of planets. For each bin we count the median for comets of a given size and also 

the upper and the lower quartile for the comets. The quartiles are shown with dotted lines. We 

selected the semi major axis range to be between 0 and 15 AU divided into 16 bins. For 

example, a bin corresponding to 11-12 AU plotted in black shows the median eccentricity of 

all comets when they have orbits with this range of semi-major axis.  

     Figure 3 confirms that larger comets shows a larger increase in their eccentricities than the 

smaller comets do, especially in the regions 4-7 AU – the place where planets are either 

massive or numerous.   

 

Figure 3 : The median (black lines) and the quartiles (dotted lines) eccentricities for each comet size  is counted for each bin: 

 0-1 AU, 1-2 AU up to 14-15 AU, which corresponds to the semi-major axis  . 
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2.3. The time spent histogram 
We investigate further the migration of comets by comparing migration rate and pattern for 

different distances from the Sun. For this we construct a “time-spent” histogram. The 

motivation for this was to see if the disk, the planets and comet sizes influence the migration 

rate. The longer comets spend in a region with planets the larger are the chances of colliding 

with one of a planetary embryo. Comets lose energy and angular momentum due to 

aerodynamic gas drag and migrate inward at a steady rate. The size affects the interaction 

with the disk and thus the migration rate. Therefore, we expect larger comets to migrate at a 

slower rate, which implies larger chances of colliding with one of a planetary embryo. 

We study the range between 0 and 14 AU. We calculate the time in years the comet have 

spent in each distance interval and construct histograms for all comet sizes. The results are 

presented in Figure 4. Note that the histograms are cumulative: that is the time shown may not 

necessarily by accumulated in a single continuous visit but may be a result of several visits to 

the same solar distance (e.g. due to close encounters with planets). We divided the selected 

range into 14 bins. For example, in a bin corresponding to 8-9 AU each black line represents 

the time in years that one particular comet spent in that region, the line plotted in red shows 

the mean life-time for all the comets with semi-major axis between 8 and 9 AU. Figure 4 

confirms that the smaller comets migrate 

 with a steady and higher rate while the larger comets migrate inwards slowly. The four major 

planetary embryos in size is located on 5.5, 8.6, 11.8 and 15 AU, which correlate, with the 

embryo located at 15 AU not included, very well to the larger residence times due to  

 resonance trapping  in some of the bins. 

Figur 4: Cumulative histograms of the time comets have spent in each distance interval: 0-1 AU, 1-2 AU up to 13-14 AU. 

The black lines represents the time in years one comet spent in that region, the red line represents the mean time in years. The 
time shown could due to close encounters of planets be several visits to the same solar distance.  
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2.4. Evolution of eccentricities 
Comets lose energy due to aerodynamic gas drag. Larger comets lose due to their mass less 

energy and gain more energy in close encounters of planets. The comets eccentricities 

increase in close encounters of planets so we investigate how the eccentricities evolve for 

comets and planetary embryos in terms of their energy. The motivation for this is to see how 

the eccentricities behave for different comet sizes and to their energy per mass unit (1/AU) 

also to locate certain regions with numerous objects with high eccentricities in both the 

comets and the planetary embryos, which imply very large chances of collisions between the 

objects. Ignoring the work of dissipative forces like aerodynamic drag the energy E of a 

comet on an orbit with semi-major axis a is one of the constants of motion. It is given by the 

following equation: 

   
     

  
 (3) 

 

We plotted the comets and the planetary embryos eccentricities with their corresponding 

inverse semi-major axes. In this plot comets evolve into the inner parts of the disk which 

should look like lines going from left to lower right. The embryos are smaller and the gas 

density is higher, so damping wins more and more.  

Figure 5 illustrates the competition between the excitation of eccentricity due to close 

encounters with embryos and the damping due to gas drag. Each cometary orbit is represented 

by a black dot and planets are shown in blue. The minimum distance is set to 0.5 AU avoiding 

the artifacts near the inner edge of the disk model. 

 

Figur 5: The comets (black dots) and the planetary embryos (blue dots) eccentricities for each comet size and to their energy 

per mass unit (1/AU) 
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In figure 5 we can see that the smaller comets are much more affected due to gas drag than the 

larger comets, as a result figure 5 confirms that larger comets lose energy slower than the 

smaller comets. 

 

2.5. Colliders 
With information from several close encounters leading to collisions between comets and 

planetary embryos we investigate the objects behavior from the start until comet destruction. 

The motivation for this was to found out if collisions happen as a result of a single close 

encounter or whether multiple close encounters are needed to alter the semi-major axis and 

eccentricity and set up a comet on a collision course. We selected four planetary embryos 

with corresponding colliding comets and plotted their trajectories in a diagram with the time 

going through 0 to 400 000 years and focusing on events in the inner Solar system. The 

results are presented in Figure 6-8. The comets (the red line) trajectory shows how the comet 

approaches the planetary embryo (the blue line). Each plot shows one orbital element for the 

selected pairs. On each panel we also display the time of collision. We also plotted in Figure 9 

the semi-major axis in close up for the last 10000 years prior to the collision. Figure 6-8 

clearly show that all comets experience multiple close encounters prior to collision. Figure 9 

show that larger comets suffer several perturbations before the hit arrives. The eccentricities 

and inclinations in Figure 7-8 suggest that the planetary embryos are affecting the larger 

comets to a greater extent, which comply with the fact that larger comets gain energy in close 

encounters.   
 

Figur 6: The comet (red line) approaches the embryo (blue line) 



13 

 

 

 

 

 

Figur 7: The comets eccentricity (green line) with the corresponding embryos eccentricity (blue line)  

Figur 8: The comets inclination (green line) with the corresponding embryos inclination (blue line) 
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3. Results 
We have performed statistical analysis of the results of numerical simulations of comet 

migration in the early Solar system. Comets experience inward migration due to interaction 

with the remains of the disk. Occasional close encounters with planetary embryos excite 

comet eccentricity and orbit inclination making the loss of angular momentum through 

aerodynamic drag even more efficient. We study comets of four sizes (1km, 10km, 50km and 

100km), which are closely related to the drag efficiency (given that density of comets is the 

same for all sizes). In this work we studied the rate of migration, the amount of the time 

comets spend in the inner solar system and the properties of collisions with planets.       

We find that smaller comets migrate faster (consistent with larger expected aerodynamic 

drag) but they spend less time in the inner solar system plunging into the Sun. Large comets, 

on the other hand, slow their migration with decreasing semi-major axis thus spending much 

longer time among the inner planets. It is also true that a fraction of comets (of all sizes) get 

trapped (at least temporarily) by planetary embryos spending some time on orbits close to that 

of a perturbing planet. 

This size-sorting effect of the disk acts as described in Brasser et al.(2007) except that we 

have not seen any large objects ejected to the Oort cloud. This is probably due to the small 

Figur 9: The comet (red line) approaches the embryo (blue line) in time of collision 
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number of planetary embryos (23) included in simulations and the focus on the inner 15 AU 

of the disk.  

The mean eccentricity and inclination of comets decrease with time but this goes faster for 

smaller objects. Between 2 to 6 percent of comets are destroyed in collisions with planets. 

While larger comets come in smaller numbers, they are more massive and produce more 

collisions with the inner planets. From this perspective they seem to be a more promising 

source of water delivery to the inner planets. Studying individual collisions in detail we see 

that a typical collision are preceded by regular close encounters with the same embryo that 

may last 100000 years or more before the two orbits intersect. This also tell us that with a 

large number of comets expected at this stage of the solar system evolution the collective 

effect of comets on low-mass planetary embryos may be significant. 
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