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LCP 12: Hitchhiking on an asteroid


LCP 12:       HITCHHIKING ON AN ASTEROID: 
                                   A HOT LINE TO EROS                    
The late astrogeologist  Eugene Shoemaker has said : 
“If you are interested in human exploration of space, there is only one way to get there.” 
He suggested that the near-Earth asteroids would make the “ideal stepping stones to outer space”. 
He argued that a six-months round trip to an asteroid, such as Eros, or 1982 DB, would fall somewhere between visiting the Moon and Mars in terms of difficulty. The feasibility of orbiting an asteroid and then landing will now be discussed. Indeed, a landing by a spacecraft has already taken place in 2001. 
This LCP is partially based on my article: 

 Stinner, A. (2000). Hitchhiking On An Asteroid: A Large Context Problem, Physics in Canada,         

      Jan/Feb., pp. 27-42.  See my website.
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Figure 2. The ellipse and its application to orbits.







                                                               Fig. 1 Asteroid Eros
IL  *** See the rotating asteroid.

http://en.wikipedia.org/wiki/433_Eros
Videos  
ILV ****  Eros 

http://video.google.ca/videosearch?hl=en&q=travelling%20to%20asteroid%20eros&um=1&ie=UTF-8&sa=N&tab=wv#
ILV *** Asteroid Mathilde sighted

http://video.google.ca/videosearch?hl=en&q=asteroid%20mathilde&um=1&ie=UTF-8&sa=N&tab=wv#
Eros was discovered on the same night (13 August 1898) by Gustav Witt in Berlin and Auguste Charlois at Nice. Eros is the first discovered Near-Earth asteroid, named after the Greek god of love, Eros(Greek Ἔρως). It is an S-type asteroid approximately 14 × 17 × 35 km in size. Eros  is a Mars-crosser asteroid and was the first asteroid that was known to come within the orbit of Mars. Eros is one of the few NEAs (Near Earth Asteroids) with a maximum diameter greater than 10 km. It is believed to be larger than the impactor that created Chicxulub Crater in the Yucatán\, which has been linked to the extinction of the dinosaurs (See LCP11).


Eros was visited by the NEAR Shoemaker probe, which orbited it, taking extensive photographs of its surface, and, on February 12, 2001, at the end of its mission, landed on the asteroid's surface using its maneuvering jets.

Objects in an orbit like Eros can exist for only a few hundred million years before the orbit is perturbed by gravitational interactions. Simulations suggest that Eros may evolve into an Earth-crosser within 2 million years. 
Visibility from Earth
On January 31, 2012, Eros is expected to pass Earth at 0.179 astronomical units with a visual magnitude of +8.5. But during rare oppositions, every 81 years, such as in 1975 and 2056, Eros can reach a magnitude of +7.1, which is brighter than Neptune and brighter than any main belt asteroid. Under this condition, the asteroid actually appears to stop, but unlike the normal condition for a body in heliocentric conjunction with the Earth, it never appears to be retrograde. Its synodic period of over 846 Earth days is among the largest of any body in the Solar System. (The synodic period is the time that it takes for the celestial object to reappear at the same point in the sky, relative to the Sun, as observed from Earth;
IL **** Many images of Eros, taken from Nov. 5 1998 to July 31 2001
http://near.jhuapl.edu/iod/archive.html
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 Fig. 2 First image Nov. 5. 1998                                Fig.  3  NEAR's First Close-Ups of Eros  Dec. 23, 1998
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Fig.4 NEAR's last image returned before

 orbit insertion, Febr.14, 1999.                                             Fig. 5. Large crater on Eros, March, 6, 1999.
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  Fig. 6 The trajectory of the planned mission to Eros by NEAR (Near Earth Asteroid    
Rendezvous)
The details for this trip can be found in LCP 12 Part II will be given later. 
IL ****  NEAR weekly status reports                                                                               http://near.jhuapl.edu/news/index.html\
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                         Fig. 7 Near Earth Asteroid Rendezvous- Journey to Eros
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                                                            Fig. 8 Asteroid Mathilde 

Taken from 

IL   ****

http://nssdc.gsfc.nasa.gov/planetary/image/near_traj.jpg
Videos:
ILV **** 

http://video.google.ca/videosearch?hl=en&q=NEAR%20and%20asteroid%20433%20Eros&um=1&ie=UTF-8&sa=N&tab=wv#
Look at especially: 
NEAR/Shoemaker Lands on Eros 
Shooting Eros 
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Fig. 9 Amor asteroids, like Eros are Earth-approaching Near Earth Asteroids (NEAs) with 
perihelion distances between 1.017 and 1.3 AU and semi-major axes greater than 1 AU. 
While they do not cross the Earth's orbit, the majority of them do cross the orbit of Mars, 
and those with extreme eccentricities have aphelia beyond the orbit of Jupiter.
Astronomer Clark Chapman, one of the leading scientists of the NEAR Project welcomes reader to the NEAR Website  with these words:
      Astrogeologist  Gene Shoemaker always said that he wanted to travel to Eros, lasso it, and hit it with a rock hammer. Eros, the size of a small city, is one of the largest of the asteroidal and cometary remnants from the solar system’s birth that can venture near the Earth. Shoemaker, co‑discoverer of Comet Shoemaker‑Levy 9, which famously crashed into Jupiter in 1994, thought that Eros might be like a road cut in the Heavens: it might reveal rock strata from the interior of the main‑belt asteroid from which Eros fragmented long ago.  


                                                     


Fig.  10 Gene Shoemaker examining the ejecta                    Fig. 11 Gene Shoemaker examining microcrystals blanket at the Wabar meteorite impact site.
On Monday, 12 February 2001, the NEAR spacecraft touched down on asteroid Eros, after transmitting 69 close-up images of the surface during its final descent. Watching that event was the most exciting experience of my life.  



 INCLUDEPICTURE "http://near.jhuapl.edu/iod/20010212a/20010212afull.jpg" \* MERGEFORMATINET 
[image: image14.jpg]




                      Fig. 12 Final descent to Eros                             Fig. 13  Location of the landing site
The location of NEAR Shoemaker's planned landing site is shown in this image mosaic taken on December 3, 2000, from an orbital altitude of 200 kilometers (124 miles). 
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                                    Fig. 14 Orbiting around a large peanut shaped mass
  [image: image16.jpg]


                                 [image: image17.png]









              Fig, 15 computer construction of the landing
Fig.  16 This is the last image of asteroid 433 Eros received from NEAR Shoemaker. Taken from a `
range of 120 meters (394 feet), it measures 6 meters (20 feet) across. 
IL **** Image archive of the approach and the descent to Eros

            http://near.jhuapl.edu/iod/20010731/index.html
Eros itself may have a better than 1‑in‑20 chance of ending its existence by crashing into the Earth, with devastating consequences, a few million years from now. In the near term, however, Eros and its brothers and sisters offer opportunities for space travelers on way‑stations en route to Mars, sources of fuel and other resources for space endeavours, and exotic, nearly gravity‑free worlds for us all to marvel at. Surprisingly, the first asteroids seen in close up pictures were the Moons of Mars, Phobos and Deimos, as photographed by the SC of the Viking Mission, in the 1970s. These two Moons are believed to be asteroids that were captured by Mars a long time ago. The first asteroid roaming freely in space to be photographed close up was asteroid 951 Gaspra.                                                                                                      [image: image18.jpg]
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                                                 Fig.  17 Asteroid Gaspra.

The Galileo probe, on route to Jupiter, flew within 1600 km of Gaspra. In October 1991, Galileo sent back high‑resolution images of this asteroid.  Again, in August, 1993, Galileo made a close encounter ( about 3000 km) with asteroid 243 Ida. Both Gaspra and Ida are classified as S‑type asteroids and are composed of metal‑rich silicates. Ida was found to be a large and heavily cratered, irregularly shaped asteroid, orbiting the Sun in the main asteroid belt between Mars and Jupiter (See Fig. ) . A surprise discovery was made by Galileo on the fly‑by when it became clear that Ida had a small satellite, later named Dactyl, after a group of mythological beings who lived on Mount Ida. The sizes of Ida and Dactyl are known (about 56x24x21 km and 1.2x1.4x1.6 km) but the mass can only be estimated. Therefore, the details for this binary system provide a number of very interesting elementary problems as a prelude to discussing the rendezvous with Eros.
[image: image20.png]



                                                                Fig. 18 Asteroids Ida and Dactyl
Dactyl orbits Ida with a period of 1.54 days at an average distance of 108 km, with an inclination of 9° to Ida's equator. The orbit is not very accurately known because Galileo coincidentally passed very nearly in its plane while taking the images.

(The origins of Dactyl are unclear, but two main hypotheses exist. The first is that Dactyl and Ida formed at the same time, and the second is that Dactyl was knocked loose by a later impact. Both hypotheses have problems and cannot explain the situation satisfactorily).

Dactyl was the first “asteroid moon” discovered. The discovery settled the long debate over the existence of asteroid moons. See Problem  .
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                                             Fig. 19 Eros and the relative sizes of asteroids

Recent attempt to rendezvous with asteroid 433 Eros
NEAR was the first  mission launched in NASA’s Discovery Program of  `faster, cheaper, better missions, and will soon be the first spacecraft (SC) to orbit an asteroid. The NEAR (the Near‑Earth Asteroid Rendezvous) probe recently (1998) raced passed the asteroid Mathilde, supposedly on its way to rendezvous with the asteroid Eros (See Fig. ) .

 Unfortunately, the mission failed and the SC was allowed to come back to Earth, to be redirected and used to make another attempt in February, 2000. NEAR is one of the so‑called Discovery Programs sponsored by NASA. Discovery Programs must cost less than $150 million (in 1992 U.S. dollars) and they must be developed within three years. What is new and exciting for industry and academic centers is that these projects are autonomous. Scientists collect the relevant data, design the program; NASA just buys the scientific data. According to one Internet report, this dramatic change recently gave a private entrepreneur, a retired computer expert, a chance to found Space Development Corporation, the first private space exploration company, which intends to send a probe to a  near‑Earth metallic asteroid. The intention is to mine the asteroid and the mission was dubbed by the Washington Post as `an astronomical El Dorado.        What do asteroids contain that we want?
Mining an asteroid, of course, requires that we land on it, anchor our processing equipment, and be able to use the Sun’s energy by way of solar panels. This will be a formidable challenge, as we will see shortly. Landing on a wildly tumbling asteroid like Toutatis, for example, would be very difficult, maybe even 
impossible. There have been studies to find out if it is possible to stop the rotation in order to attach solar‑powered processing equipment to the asteroid, so that the solar panels would always face the Sun. One study suggested that this might be done by first anchoring a cable, wrap it around the asteroid, and then use a rocket‑powered `space jeep to slow the massive body down, until it stops. They found that for a 100 m asteroid, rotating four times per day, about 30 tons of fuel would be necessary to accomplish this. We will see in a problem below that Toutatis has about 300,000 times more rotational energy (and on two spin axes!) than the 100 m asteroid, so that de‑spinning this massive combination of two bodies would be impractical. The problem for future asteroid miners will be to either find a smaller asteroid that has a slow rotation or select a larger asteroid, like Eros, that spins slowly. 
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Fig.  20 Radar image of asteroid Toutatis                                            Fig. 21 The orbit of Toutatis
A large asteroid passed near Earth on September 29, 2004. How close was it? Not close enough to worry about! Asteroid Toutatis passed within about 1.5 million kilometers (961 thousand miles) of Earth, about four times the distance to the Moon. It is about 4.6 km (2.9 miles) long. An asteroid that big would make a big mess if it actually hit Earth. Toutatis was discovered in 1989. It is named after a god of the Celts and Gauls. 

An important factor to consider will be the gravitational attraction on the surface of the asteroid. 

 The gravitational attraction on a small asteroid, say 1 km across, is less than 0. 01 % of the gravity on Earth. Living and working even on a large asteroid like Eros will be precarious for astronauts (asteroid miners?) to move around on the surface and do their work safely. Finally, we want to know more about the composition of asteroids, so that it will possible to devise schemes and methods to “deflect” them when they are on a collision course.
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Fig. 22 Planning and acquiring observations from NEAR's Near-Infrared Spectrometer (NIS) is a 
complex process that requires a detailed understanding of the strange shape and the 
rotational state of Eros. On February 13-14, 2000, just before insertion into Eros orbit, 
NEAR passed between Eros and the Sun
Why choose Eros?
Eros was discovered on August 13, 1898,  by the German astronomer Gustav Witt using photographic techniques that he pioneered for astronomy applications. Almost at the same time in Nice, France, another planet hunter, the astronomer August Charlois also photographed it. Unfortunately, August 14 was a Sunday and the following day a holiday, so he did not examine his plate until August 15. He therefore missed the chance of being honoured as a co‑discoverer of Eros. Interestingly, soon about 20 pre-discovery  photographs were found at the famous Harvard Observatory, dated from October to June 1896. Breaking with the tradition at that time, the asteroid was given a male name. Eros was the Greek god of love and the son of Mercury and Venus. After calculating the orbit, it was immediately realized that an unusual celestial object had been found. 
Up to that time, all asteroids discovered orbited between Mars and Jupiter; they were what we now classify as the Main Belt asteroids. The orbit of Eros, however, takes it inside that of Mars and its perihelion (closest approach) is 1.133 AU (See Fig. )  Earth reaches the point in its orbit closest to Eros= perihelion on about January 22 each year. If it so happens that Eros is also at its perihelion, then the distance from Earth will be a minimum, at about 22.4 million kilometers, or 0 .15  AU. Unfavorable oppositions occur in June, July and August. The last favorable opposition occurred on January 13, 1997 at 0.15 AU          

Eros 433

[image: image1.jpg]


[image: image25.png]Ty Astomy Sobvre 1000

A





Fig.  23 Star Charts for Eros: Jan. 3, 2001 and Feb. 12, 2001 (End-of-Mission: Descent Day)


In 1932 Eros came very close to Earth (0.17 AU) and many observations were made by more than 40 observatories world‑wide. They collaborated in determining the perturbation effects of the Earth on Eros. By comparing the orbital parameters at this point with those obtained when Eros was at apogee, the perturbation effects could be measured. Using Newton’s laws of motion and gravitation  allows astronomers to determine the orbit of Eros with great high accuracy. About ten years of work (remember, computers began to be useful only in the 1960s in astronomy) produced the best result for the solar parallax: 8.790  + 0.001 arcsecond. 


Determining the solar parallax accurately then allows us to find the length of the Astronomical Unit, which is actually the length of the semimajor axis of the Earth’s orbit. The pinpoint images of asteroids allowed for greater accuracy in determining very small parallax shifts than by using the position of Venus or Mars. The accurate value of the AU is important because all astronomical distances are expressed in terms of the AU.  Therefore, astronomical distances are no more reliable than the value of the AU itself. 
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                          Fig. 24 Using parallax to measure the distance to an asteroid 

Finally, the main reasons for using Eros for the first rendezvous of a SC with an asteroid were the fact that it is an easy and convenient asteroid to reach, and that the gravity produced on the surface was sufficiently high to hold a SC in orbit around Eros and later keep the astronauts and their equipment `glued’ to the surface.

The closest approach of Eros to Earth in the twentieth century was on January 23, 1975, at about 0.15 AU. On several later occasions it came very close again.  Because Eros often comes very close to Earth it has become the best observed of the NEA asteroids. Using optical observations, radar and other instruments such as infra‑red detectors, we know a lot about Eros.    

            Astronomers classify Eros as an `Amor  type asteroid. These cross the orbit of Mars, but not the orbit of the Earth. The origin of the Amor asteroids is not known; one hypothesis is that they may be fragments of a catastrophic impact in the main belt and then were expelled from the main asteroid belt toward the Sun.  It is interesting to know that the mass of Eros is estimated to be more than twice the total mass of all Earth crossing asteroid .  We conclude with ‘Eros facts’. These will be used in our calculations later

Eros “facts”:

          Size: approximately  35 km  x 14km x 14 km

          Mass: approximately 1 x1016 kg.

          Density: about 3 g/ cm3

          Period: 1.761y, or 641 d

          Rotation period: 5.3 h.

          Semimajor axis: 1.455 AU 

         Perihelion distance: 1.13 AU

         Aphelion distance: 1.78 AU

         Orbital eccentricity: 0.223        

         Orbital inclination: 10.8 degrees

         Geometric albedo: 0.16 

         Surface: Peroxine, olivine content

         There is no air and no evidence of water

         Daytime Temperature: about 100 degrees Celsius

         Night time temperature: about ‑150 degrees Celsius.


Students can be asked to show that gravity on the surface of Eros is less than 1% of Earth’s gravity, depending on where you measure it. You can also calculate the escape velocity and show that it is about 10 m/s. (Hint: Imagine Eros to be a sphere with an average radius that can be calculated using the density and the total mass. Show that the radius would be 

about 9300 m).
            Eros is an S‑type (most common among the inner belt asteroids), salicaceous asteroid. Composition: a mixture of metals (iron, nickel and others) and silicates.Relative abundance of elements: To be determined at next rendezvous. Shape: Like a `bent peanut or a `battered sausage.


The late astronomer Eugene Shoemaker once said : “If you are interested in human exploration of space, there is only one way to get there”. He suggested that the near‑Earth asteroids would make the `ideal stepping stones to outer space. He argued that a round trip to an asteroid, such as Eros, or 1982 DB, would fall somewhere between visiting the Moon and Mars in terms of difficulty. The feasibility of orbiting an asteroid and then landing will now be discussed..
A  HOT LINE TO EROS

In 1926, the German engineer-astronomer Walter Hohmann showed that the trajectory requiring the minimum energy to go to Mars would be the one as shown in Fig. 6. (We are using the acronym HOT to indicate a “Hohmann Orbit Transfer). As part of our task we will investigate the truth of this  claim. Our trip to Eros would be similar to one to Mars, except for the almost negligible gravity of Eros. Moreover, we shall assume,  for the sake of simplicity,  that Eros  is orbiting in the same plane as the Earth. The following, of course,  is only one plan to make such a journey. Students can design their own journeys, using other constraints. The constraints for us are:
1. 
The journey should not be much longer than one year.

2. 
The visiting time on Eros is limited to be about two to three weeks.

3. 
The total energy requirement for the round trip, excluding the launching itself should not  exceed a 
delta  V of 15 ( a change in velocity of 15 km/s), not counting the delta-V necessary for escaping 
the Earth’s orbit.

4. 
The return journey being very long must contain an opportunity to engage the astronauts in other 
scientifically worthwhile activities. We will try to find a trajectory that intersects  that of Venus 
and gets close enough for good observation.

5.
 Upon returning to Earth we must have enough fuel left to slow down the SC to about 7.3 km/s in 
order to go into a low Earth orbit (LEO) orbit at about 500 km above the surface of the Earth.  


The calculations for our space rendevous are given in three parts. First, the energy and time  requirements to travel to Eros will be investigated, by calculating a direct trajectory from Earth  to Eros, including the Hohmann Orbit Transfer (HOT). Secondly, a trajectory will be suggested that not only complies with our constraints but also allows a  close encounter with Venus, and finally, we will discuss the last stage of navigating when the SC arrives at the “sphere of influence” of the Earth .
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                     Fig.  25 A Hohmann Orbit Transfer (HOT) trajectory. 
[image: image29.jpg]t=299days
P\ u.sew

~t= ‘Hda\{s
Av= 7.60
ER= 3.1

1= time of trave| L .
A\ff total AV Eg;lg\'.\vo‘:\‘do‘: Eros
ER: energyraho berwecmg"amlao"

at Hime of launch





                                 Fig. 26  “Testing the waters” in planning a HOT line to Eros
The energy and time requirements for landing on Eros 

We begin by calculating the details for our journey from Earth to Eros, starting from perigee when Eros is close to Earth, as shown in Fig. 6.  The distance from the sun to the Eros for each intersection point is calculated, followed by the delta-V requirement and the time of transit (See Block I and Fig. 6 for details ). In this exercise we do not worry about the fortuitous alignments of the Earth and Eros required for such a journey by the HOT trajectory. 
Table I. Part of the spreadsheet for calculating the trajectory to connect with Eros 

	θ

(
	a

AU
	e
	r

AU
	VSC
km/s
	ΔVSC
	 VSC
	VEros
	 ΔV2
	ΔVTot
	T

Days
	

	60 
	2.75
	0.64
	1.24
	37.7
	8.30
	33.1
	28.4
	4.64
	12.9
	55.4
	

	90 
	1.61
	0.38
	1.38
	34.8
	5.17
	27.0
	25.80
	1.16
	6.33
	99
	

	120
	1.45
	0.31
	1.55
	33.9
	4.30
	22.9
	22.9
	0
	4.34
	152
	


	150
	1.40
	0.29
	1.71
	33.58
	43.98
	19.96
	20.46
	0.50
	4.48
	219
	

	180
	1.39
	0.28
	1.78
	33.50
	3.90
	18.82
	19.50
	0.68
	4.58
	299
	


In the table above some of the results generated by a spread sheet program are given (See Fig. and Block I l). From these results the following conclusions can be drawn:

1. 
To make a connection with Eros at angles less than about 60 degrees, in order to achieve a short 
transit time, is prohibitive because of the large delta-V requirement. Comparing the energy 
requirements ( delta-V / the lowest delta-V)2 shows that for an angle of 55 degree it is about 20:1! 
So a “quick” passage to Eros is wasteful, if not impossible. (Remember kinetic energy ids 
proportional to the square of the velocity). 
2. 
The first reasonable contact is with Eros is at about 80 degrees where the delta-V is 7.6. This is 
still a very high value and NASA would probably not accept it. However, a contact at 120 degrees 
where the value of the Delta-V  4.34, would be desirable.

3. 
A surprising result is that minimum Delta-V of about 4.5 is reached at about 120 degrees. But this 
value stays almost constant right up to 180 degrees at apogee. This was a surprise because the 
Hohmann orbit transfer (HOT) is thought to be the most efficient way to move from Earth to a 
planet 
like Mars. We will discuss this apparent discrepancy in problem xx. 
4 
It is interesting to note that if Eros is ahead of the Earth by less than about 15 degrees, Eros cannot 
be reached by our orbit transfer approach. Using the tables you can easily verify this. For example, 
let us say we wanted to connect with Eros at θ= 90 degrees. This trip would take the SC about 99 
days. The time for Eros to reach this point, starting from perigee would be 137 days. The 
difference is 38 days. For Eros to meet with the SC the asteroid would have to be in the position 
when θ = 27º. If you wanted to reach Eros by a Hohmann orbit transfer (HOT), the angle of 
Eros 
would have to be at about 15 degrees. It seems then that the window of opportunity to catch 
Eros 
between perigee and apogee is when Eros is between about 15 and 30 degrees from the axis.  

When can this trip be realized? 
The calculations were done in preparation for the “real” case. First, we must know the relative positions of the Earth, Eros and Venus. Fig. 8  shows the configuration for these, for January 25. 2000 and for January 25, 2005, five years later. The initial positions were taken for Dec.1 1999 to be the following (angle measured counterclockwise from the vernal equinox):




Earth:    68 degrees




Eros:    183 degrees




Venus: 131 degrees.


From here the date of January 25 was chosen because the Earth will be near the perigee of Eros, or the closest approach of the asteroid to the Sun. To be realistic we will first have to find out when the positions of Earth (keeping the Earth located at this point) and that of Eros are favourable. Based on our earlier calculations, we know that Eros must be somewhere between θ=15 and θ=30 degrees from Earth in order that a SC launched at perigee can “catch up” to the asteroid. 


To find this favourable relative position we simply look at the configuration every 365 days, or one Earth rotation. It turns out that after five Earth rotations the configuration is minimally acceptable 
(See Fig.   ). Eros is now at θ = 30( degrees, which happens to be just the maximum  angle possible to send our SC on the orbit that connects with Eros. We next find the position on the orbit of Eros where  a contact is possible. It seems that we can only “chase” down Eros at θ= 120(, in a time of about 152 days. This is the only angle where the transit time of the SC and that of Eros are the same. We are also fortunate to find that here the Delta-V requirement is the minimum, or about 4.3 km/s. 


It should be noted that these calculations would be easy if Eros were on a circular or near circular orbit as Earth and Venus are. The speed of Eros varies in a complicated way and a table had to be generated that shows the time in days for a given angle, starting at perigee (see Block 2 ).    
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                                     Figs.  27 A proposed trajectory to Eros, Venus, and back to Earth
Landing and working on Eros
Even a brief search on the Internet reveals a buzz of planning and organization aimed at investors daring enough to claim the potential riches that could result from space exploration, especially in asteroid mining. A typical advertisement is the following: 
IL ** 

http://www.pfadvice.com/2006/02/27/getting-really-rich-3554-amun/
As an example of the economic value of space resources, let's consider the smallest known M-type asteroid, the near-Earth asteroid known as 3554 Amun (two kilometers in diameter): The iron and nickel in Amun have a market value of about $8,000 billion, the cobalt content adds another $6,000 billion, and 
the platinum-group metals add another $6,000 billion. 
           — John S. Lewis, Mining the Sky. 
 (It is interesting to note that the asteroid Amun was discovered by Gene Shoemaker and his wife 

The promise of great riches has attracted numerous companies,  and new private commercial efforts are now being mounted to visit asteroids  and the Moon for mining purposes.
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                                    Fig. 28 An artist’s conception of future mining on an asteroid.
It is interesting to note that in the 2,900 cubic kms of Eros, there is more aluminum, gold, silver, zinc and other base and precious metals than have ever been excavated in history or, indeed, could ever be excavated from the upper layers of the Earth's crust.

Before those great riches are harvested, however, a lot of preparatory work will have to be done. Fist, the mass, density will have to be established with a high precision, and the composition  be studied and determined. We only have an idea what the surface of an asteroid would be like: silicate dirt, mixed with nickel‑iron granules and volatiles, or pure metal and pure powder?

Landing on an asteroid and then later launching materials from an asteroid will be much different from landing or launching on the Earth or on the Moon.


The low gravity on the surface of an asteroid is good because it will take very little energy to remove the ore but it will also provide new challenges. Staying attached to and moving skillfully around on an asteroid might be done using harpoons, a net, or even magnets. A spinning 
asteroid would pose problems for placing the solar‑powered processing equipment so that it faces the Sun for a long time. For example, how do you stop the rotation of a large rock with a mass of millions of tons? These questions can generate a host of interesting problems for students: will walking be difficult? If you pushed against the ground with a force of only 10 N how high would you fly? What is the escape velocity on Eros?
[image: image32.jpg]




Fig. 29 Computer animation depicts the NEAR spacecraft resting on the surface of Eros. 


Photo: JHU TV/Spaceflight Now.




 (The gravity on this spot would be less than 1% that on Earth)

The actual mining operation on an asteroid, however, would be much simpler than mining on Earth, or the Moon. For example, we do not need heavy mining and transport machinery and we don’t need complex processing equipment as we would on the Moon in order to get valuable materials. 


However, on our first trip we simply want to get basic data of the composition, mass, density, magnetic field of Eros. A good landing sight for future longer trips to Eros for the purpose of mining will also have to be established. Finally, the feasibility of various methods of diverting the course of an asteroid of the type of Eros that is on a collision course with the Earth will be investigated.
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                                                    Fig. 30 Details of NEAR Spacecraft
Returning to Earth 
After a considerable time and trying many trajectories it was found that when the perihelion distance rp is  about 0.51, a connection with the Earth can be made in about 259 days. The total return trip then would be about 431 days.

Below are three values chosen from the large number of values inspected. The range for both, rp and ra were limited to .40 to .72 and from 1.58 to 1.61 AU respectively. We managed to find a value of rp that worked. 
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                      Fig. 31 An extreme trajectory to visit Eros
 Table II.   Looking for the HOT line to Eros
For ra = 1.61 AU
	rp
AU

aphelion distance
	a
AU

semimajor

axis
	P
Days

Period

of rot.
	e
eccentricity
	θ
Degrees

Angle

after 

perihelion
	 tSC
Days

Time to

return to Earth
	tTotal
Days

Time to

make round trip
	tEarth
Days

Time for Earth to reach the angle θE
	
	

	.40
	1.01
	367.7
	0.60
	126.6
	240.0
	412
	438
	
	

	.51
	1.060
	398.3
	0.518
	116.8
	257.4
	431.1
	431.6
	
	

	.60
	1.11
	423.9
	0.46
	105.9
	273.7
	446
	417
	
	

	.70
	1.16
	453.0
	.394
	93.5
	288.0
	460.0
	404
	
	


The return trip is planned so that the orbit intersects that of Venus and makes contact with the Earth. The time of flight from Earth to Eros is about 152 days and after staying on the asteroid for 20 days a return flight will “chase”  Venus before entering the sphere of gravitational influence of the Earth. The value of rp for this trajectory turns out to be  about .51 AU and the period P is 398 days. The value of the angle θEarth θ, the angle from perigee along the major axis of the returning trajectory ellipse, to where the trajectory crosses the axis of the Earth,. is about 117  degrees. The total time taken for the SC to reach the Earth is about 431 days. Of course, for this trajectory to work, the Earth must arrive in about the same position at the same time. A simple calculation shows that, indeed, the Earth also arrives here in about 431 days. (See Table II  and Block 2  for details).

 
Moreover, it will take about 61 days for the SC to travel from perigee to this point.  This angle determines the intersection with the orbit of the Earth and also tells us the number of days it takes to come back to Earth after perigee has been reached at 0.51 AU. The angle  θVenus to reach the crossing of the orbit of Venus is about 83 degrees and the time of flight to reach the orbit of Venus is about 32  days. (See  Block).

Where will Venus be when the SC arrives at this crossing? Unfortunately, Venus will be about 24 days, or 30 degrees passed this crossing. However, it is an interesting problem to find the closest approach to Venus (See Fig. xx).This can be done geometrically by trial and error first. In addition, students can also calculate the time when the SC, Venus and the Earth will be in line. This will serve as a check on correctness of the transit orbit. .
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                                                   Fig. 32 Finding the closest approach to Venus

Students may also want to determine a trip that connects with Eros and find a return trajectory that gets close to Venus. Can this be done in less than 2 years, given  constraints of an easy return trip as well as reasonable time and energy requirements? 


It should be remembered, however, that an approach to Venus should be close but not so close that significant perturbations will be felt by the SC. For example, if the close approach is 0.01 AU, it would represent a distance of about 1.5 x 109. Students can compare the gravitational attraction of Venus with that of the Sun for this distance. They should find that even at this distance the gravitational attraction of the Sun is still about a 1000 times greater and therefore the perturbation effects of Venus can be neglected. Can you get as close to Venus as the distance from the Earth to the Moon? If not, what is the closest we dare approach Venus? Students can also determine the size of Venus as seen from this distance and  compare it to the size of the Moon as seen from the Earth. They can also suggest what instruments and sensors they would use to study Venus from this advantagous position.

Finally, we must be prepared for the large radiation from the sun at 0.5 AU. The sun will be twice as large and the radiation measured in watts/m2 about 4 times as high as what we would encounter outside the atmosphere on Earth. How can we protect ourself  from this radiation? What will be the temperature on the metallic SC that faces the Sun? What will be the temperature of the metal that is in the shadow? 




              Fig. 33  Approaching Venus. An ultraviolet image of Venus by Pioneer Venus Orbiter,        


taken  on 11 February 1979 on orbit 68/69 from a distance of 65,000 kilometres.                              
The final approach to Earth

When our SC approaches the Earth at about .01 AU, or 1x109 km, preparations must be made for entering the Earth’s gravitational sphere of influence. It is easy to show that at a distance of about 2.6x108 km the gravitational attraction of the Sun and the Earth are equal in magnitude. This represents a distance of about 2/3 the distance between the Earth and the Moon. 

The motion of the SC at this distance is very complicated, however, especially if the gravitational attraction of the Moon is also important. Discounting the effect of the Moon, we would still have to deal with the notoriously difficult “three-body problem”, involving the Earth, the Sun and the SC. Students should find the resultant force produced by these bodies and speculate on the motion it produces.
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Fig. 34 Final approach to Earth

We can find the approximate velocity of the object at the start of the Earth’s “sphere of influence”, that we now define as a distance of about 1x108 m or about 15 Earth radii. For practical purposes of our calculations this can be considered ”infinity”. The gravitational effect of the Earth at this distance is only about 4.1 x10-3 times  or 4 1/1000 the gravity on the surface of the Earth.  In addition, from here on we disregard the gravitational effect of the Sun (See Fig. 10).The velocity  of SC here is about 30.6 km/s, at an angle of about 30 degrees to the direction of the Earth’s motion.  

What would be the speed of the SC at a distance of 500 km above the surface of the Earth where we are planning an orbit insertion? 

For our case, this problem is equivalent to asking what the speed of an object would be, if it fell from a distance of 2.6 x108 m (interpreted as “infinity”) to a height of 500 km (5x103 m ) above the surface of the Earth, given that the velocity of the SC (relative to the Earth) is already 15.6 km/s at that distance. Using the conservation of energy principle (See Block 3) the answer is 17.3 km/s. This value is considerably higher than what the speed would be if the relative velocity between the Earth and the SC had been zero. “Free fall” velocity at 500 km above the Earth would be about 10.8 km/s. The time it takes for a “free fall” event from a distance of 1 x108 m is about 6 hours, but for our case the time will be less than two hours.


If we did not apply retroactive rockets the SC would simply remain in a hyperbolic orbit and escape the gravity of the Earth. However, at a distance of about 1x108 m on its way out, leaving the Earth’s gravitational sphere of influence, the speed relative to the Earth would still be 30.6 km/s. But relative to the Sun we would have a lower speed. The Earth would have lowered the speed of the SC, thereby changing its own velocity (lowering, or speeding up?) by an infinitesimal amount. Refer back to Figures 2 and 3. 


To place the SC in orbit we have to apply retroactive rockets and lower its speed from 17.3 km/s to 7.6 km/s, a delta- V of 9.7 km/s! That represents a great deal of energy and would be much too high for an actual space journey. Luckily, ours is only an academic exercise and we don’t have to worry about finding the most optimum trajectory possible. 


Once we are in a low Earth orbit (LEO) a shuttle will meet us and take the crew plus their booty from Eros back to Earth, some 431 days after our journey commenced. International recognition will surely await us and after a few months we will probably be planning another trip to Eros. But this time we will want to ensure a close encounter with Venus and on our way back we may use the Moon as a gravitational break.
Concluding remarks


According to our calculations, the total delta-V of our journey would be almost 20 km/s. How much energy does a delta-V of 20 km/s represent?  How much fuel and, finally, what would the ratio of the mass of fuel to the payload be?


A simple calculation shows that even if we had fuel with the energy content of TNT ( 1 ton of TNT is equal to 4.2 x 10 9 J of energy) we could only speed up a small SC of 2 ton total mass ( 1 ton of fuel and 1 ton of payload) by about 1.6  km/s. In fact if we could change the velocity of a 1 kg mass using the energy available in 1 kg of TNT that was “massless” we could change its speed by no more than 2.9 km/s. That means that the kinetic energy of a kg object moving at 2.9 km/s is the same as the chemical explosive energy of a 1kg bomb made of TNT.


Is it then possible to build a SC that is able to produce a delta -V of 20 km/s? The answer is yes, but the payload to fuel ratio would have to be about 1:10. For our journey to Eros then we would probably need a SC that had a total mass of about 50 tons, 45 of which would be fuel and burn up on the way. 


The greatest delta-V requirement was found to be during the re-entry of the gravity of the Earth. Even if we arrived at almost zero relative velocity (traveling parallel to the Earth orbit upon reentry) we would need a delta-V of about 10.8 km/s - 7.6 km/s or 3.2 km/s  at a height of LEO (500 km above the Earth). 

Unfortunately, the orbits of the returning SC and that of the Earth crossed at about 30 degrees and that added a delta-V of 6.5 km/s, a significant increase in energy requirements. The lesson we have learned is that we must try to reconnect to Earth by a Hohmann orbit transfer (HOT) or at least by  a modified HOT. A modified HOT can be defined as any trajectory that connects to the Earth’s orbit by overlapping it, other than the those that make connections along the axis of the orbit of the asteroid. 

To summarize: 
Time Table for the Journey to Eros and Back:

	Date of Launch from Earth
	January 25, 2005

	Time if flight (from Earth to Eros)
	152 days

	Date of arrival at Eros
	June 23, 2005

	Resident time on Eros
	20 days

	Date of departure from Eros
	July 12, 2005

	Time of flight from Eros to Earth
	259 days

	Date of crossing the Earth’s orbit
	November 27, 2005

	Date of closest approach to Sun
	January 27, 2005

	Date of close approach to Venus
	About February 26, 2006

	Arriving in LEO
	March 31, 2006


Total time of trip: 431 days.

Postscript

Challenges to the student:
Clearly, an optimum journey to Eros would have to consider a return trip that followed a modified Hohmann orbit transfer (HOT) where the SC arrives at the orbit of the Earth, moving parallel to the motion of the Earth and with a relative velocity of near zero. We could have come back from Eros on a HOT line, starting from the same position . 

By now the reader should be able to show that this orbit would have a period 547 days, would not cross the orbit of Venus,  and the SC would arrive in about 273 days, the total time of the trip being 445 days, just a few days longer than the one we planned. Unfortunately, the speed of the SC upon arrival in the vicinity of Earth would be quite high, about 33.0 km/s. Moreover, upon arrival the SC would  not meet the Earth because it would be  117 degrees of arc away!

The following are examples of challenges physics instructors could develop and present to groups of students:

1 
Consider a HOT line, starting from Eros at apogee  and ending on Earth at perigee.



a. When could this take place? 



b. How long would the journey be?



c. Show that the total delta-V for the whole trip could be as low as about 12.2 km/s.

2. 
Answer the same question for a HOT line starting at perigee of Eros’ orbit and ending at the Earth at 
apogee. Show that the total delta-V this time is slightly lower, about 11.2 km/s.

3. 
Find a trajectory such that you can come back from Eros on a HOT line on a later date and connect 
with the Earth at near zero relative speed.  Describe the ellipse necessary to accomplish this, find 
the total time of the travel and the total delta-V requirement. Discuss the pros and cons of choosing 
this trajectory over the one described in this article.  

4. 
You are given the task of retrieving water in large quantities from Eros (or any one of the 
candidate asteroids mentioned above.) and depositing on the Moon at the sight of a Moon colony 
(Water could be synthetically produced on an asteroid and brought back to a Moon colony). Your 
trip starts on the Moon and ends on the Moon. You need an extended time of at least several 
months on the asteroid. Find the total time for such a trip, the delta-V necessary to accomplish this 
and show that obtaining 
water in large quantities this way would be much cheaper than bringing it 
to the Moon from the Earth. You might consider “parking” the payload in a low-Moon-orbit 
(LMO). . 

5. 
Investigate the advantages and disadvantages of using the Moon for a gravitational break, once or 
even twice before placing a payload from an asteroid in LEO at about 500 km. Assume that you 
can achieve the maximum gravitational breaking effect the Moon can provide, a delta-V of about 
2.5 km/s. 
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                                                         Fig.  The gravity slingshot effect
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                                        Fig. 35 Using the Moon for gravitational breaking
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                                         Fig. 36 The gravity slingshot effect
 IL *** Gravity assist travel
http://www.daviddarling.info/encyclopedia/G/gravityassist.html
Choose your own asteroid
After having discussed the trip to Eros, solved some of the problems generated in this presentation and discussed those that the students suggested themselves, students should be asked to work in groups of two or  three and  and choose their  own asteroid. From among the ones suggested below each group can pick one and plan their own trip to the asteroid for the purpose of mining and bringing back materials to the Earth‑Moon system. In the table below are listed some of the candidate near-Earth asteroids (NEAs) deemed best for manned missions

Candidate asteroids for mining:

Rank           Asteroid              Total `Delta‑V’                   Rendezvous `Delta‑V’

                                                          (km/s)                                 (km/s)             

1               1991 JW                        5.946                                  1.981                                      

2               1989UQ                         6.383                                  1.937     

3               1989ML                         6.530                                  3.003

4               3361 Orpheus                7.144                                  2.408

Details for the above asteroids can be seen on the following ILs:

IL *** Asteroid 1991 JW
http://hea-www.harvard.edu/~fine/Astro/flybys.cgi?page=detail&object=1991+JW&when=2009-05-23%26nbsp;21:36:00
IL *** Asteroid  1989UQ

http://newton.dm.unipi.it/cgi-bin/neodys/neoibo?objects:1989UQ;main
IL *** Asteroid 1989ML
http://en.wikipedia.org/wiki/(10302)_1989_ML
IL *** Asteroid 3361 Orpheus                


The average time for a round trip mission is about 3 years and “reasonable” round trip mission opportunities occur every 3-4 years. 

Note: These values of delta-V, of course, do not take into account the delta-V necessary to escape the Earth’s orbit.


Students  can look up the orbital  elements of these asteroids on the Internet and then plan a trip, after having verified the Delta-V values for that asteroid. In addition, in order to identify your asteroid, and then later name it (unofficially, of course) students should know that:

1.
 An asteroid is given a provisional name, indicating the year and month of its discovery. This name 
consists of the year and month of its discovery. The name consists of the year the year, followed by a 
letter showing the half month (e.g. A ‑ January (1.half), B ‑ January (2 nd half), followed by another 
letter indicating the sequence within the half month. So, 1997 BC would be the third asteroid 
discovered in the second half of January 1997. 

2. 
When an asteroid”s orbit is understood well enough (by consensus of the astronomy community) that 
its position can be reliably predicted, it is given a permanent number and name. Numbers are 
assigned sequentially. So, `345 Eros is the 345th asteroid to be numbered.    

To the student: 
In your group report, describe the trip you are planning, your objectives, the type of material you want to bring back and give detailed account of  the journey. You may want to place the SC into LEO first and then launch the vehicle. Coming back you could land on the Moon, or place the payload in LEO. Perhaps you could even use the Moon for breaking your speed before landing or placing the payload in LEO. Also discuss the psychological and social problems that members of the crew may experience and how one could prepare for these.


Be prepared to make a presentation to the class, giving collective and individual responses to the many problems that you have encountered on the way to the finished plan.

Good luck!

Detailed calculations:
Block I:


[image: image41]
                                       Fig. 37 The ellipse and its application to orbits

1. 
To find the velocity of  body orbiting about the sun:

              Use the vis viva equation which is based on the total energy of an orbiting body being 

            Etotal = ½ m v2 -  G Ms m.                          This total energy can be shown to be equal to 

                                             r          
                                                      - G Ms m 
                                                             2a
Therefore         v    = {GM s ( 2 / r - 1/a)}1/2 , where G is the Universal Gravitational constant. 

And Ms is the mass of the Sun. These values are 6.67x10-11 m3 / s2 .kg,   and 2.00x1030 kg.

2. 
It is more convenient to write this equation in the following form:

                         
    v = 29.7 x ( 2/r - 1/a)1/2 (km/s)


where the “average” velocity  of the Earth is 29.7 km/s and a and r are given in 
astronomical units AU. The distance to the sun from the Earth is 1 AU (1.5x1011 m)

3. 
To find the semimajor axis of the connecting ellipses (See Fig. ):


However, we know that rp ( the perihelion of the SC) for  the connecting orbit must be 
equal to 1.00AU. Why?


Since at the connecting point r is the same for the ellipse of Eros and the connecting 
ellipse we have :

                                 a1 ( 1 - e12)          =    a2 ( 1 - e22 )     

                               1    +   e1 cos θ            1 + e2 cos θ

where e1 = .223, the eccentricity of Eros,  e2 the eccentricity of the SC, a1 = 1.455 AU, 
the semimajor axis of Eros, and and a2  is the semimajor axis of the SC .

We can now generalize and find the expression for any Amor–type asteroid. After some 
algebra we find that 
                                  a2      =           1  - cos θ K____                             

                                                  2 – K ( 1 + cos θ)                   
where                                       K =  a1 ( 1 - e12)          

After some algebra it follows that for Eros we get :



  a2   =         1  -  cos θ K​​​​____       
                                                    2 – 1.38 (1 - cos θ)

That is, the semimajor axis of the SC for any connection with any asteroid of the Eros-type.
This will be true for the any earth-asteroid configuration, provided:

           1. The asteroid is of the same type as Eros, that is it approaches the Earth but does not 
intersect the orbit of the Earth.


2. It is coplanar, or near co-planer rot the orbit of the Earth.

Setting θ equal to 90 º we get:                                               

                                            a2   =     ___1  -    0                 = 1.61 AU. 
                                                          2 – 1.38 ( 1- 0) 
4. 
To find the Delta-V in km/s:


Use the vis viva equation     v    = {GM s ( 2 / r - 1/a)}1/2  to calculate the orbital velocity 
of Eros at a given angle θ and the arrival velocity of the space craft. Thus:

                                                  Δv = (vSC  - veros(

Notice that we have assumed a near parallel approach to Eros. However, if there is an 
angle α between the two velocity  vectors then it is easy to show that the relative velocity 
becomes:

                                            Δv = {(vEros - vSC cosα(2 + (vSC sinα)2 }1/2 (See Fig.  ).       
5. 
To determine the time of transit for the SC :


The time of transit along an ellipse can be calculated from Kepler’s second law and is 
equal to the area under the portion of the ellipse determined by the angle Θ and divided by 
the total area of the ellipse. The geometric solution to this problem was worked out by 
Kepler, but it took the power of the calculus to provide an analytical solution. The area of 
an ellipse is simply π a b.

Therefore, the transit time   Ttransit = Area under the potion of the ellipse considered                                                                                                       π a b

An essentially straight-forward geometric argument leads to Kepler’s equation, written in 
modern algebraic form:
                             Ttransit = 365 a3/2 ( E – e sin Θ)/ 2 π, 


where                            E =      cos -1     ( e + cos θ )

                                                                         (1 + e cos θ) 
(Care must be taken, however, to express E in radians!)

Table III: Comparing the times for the Sc and that of Eros for making contact
	Angle 
	r (AU)
	Time (Eros) days
	Time (SC) days


	30
	1.16
	42 
	0

	90
	1.38
	155
	99

	120
	1.56
	194
	152

	180
	1.78
	320
	299


The only angle where the times are equal is about 120 degrees: Time for Eros to get there: 194-42 = 152 days. 

Block II:

Please refer to Fig. 6 for this section.

1. 
To calculate the trajectory parameters for an ellipse that has a semimajor axis that 
guarantees overlapping the orbit of Venus and connecting with the Earth:

                                          ra =       aEros ( 1 - e2 )         =       1.61 AU
                                                        (1 + e cos 130()


where ra is the aphelion distance of the new ellipse for the SC.

2. 
 To find the semimajor axis of the new ellipse: 

                 a = ra + rp , ;   for our case this becomes    a = 1.61 + rp
                             2                                                                   2
3. 
Using a spreadsheet, the value of rp  was determined to be  .51 AU
4. 
The period of the trajectory is given by    P = 365x a3/2
5. 
The eccentricity is obtained from     e = a - rp
                                                                            a
6. 
To find the value of  θ for which r = 1 AU , we simply solve for 

                             θ = cos -1 a ( 1 - e2) -1

                                              e

To calculate the time Δt it takes for the trip from Eros and back to Earth:

                      Δt =   P   +     P ( E - e sin E) ,  where   E = cos-1   ( e + cos θ  )
                                 2                  2 π                                           (1 + e cos θ )  
(Note: The angle θ here is taken from the point of departure of the SC, measured counterclockwise)

The total time for the whole trip then is given by   tTotal  =   t   + ttransit
  Meanwhile the Earth rotates through an angle of 360( +  θ and the time for this rotation is simply:  

                               tEarth   =     365 +    θ x 365  
                                                                 360   
These two times, of course, must be the same.

Block III:

Please refer to Fig. 10 for this section:

1. 
To find the resultant force of the Sun and the Earth at 2.6x108 m:

 
Estimate the angle where the orbits of the SC and the earth intersect and find the resultant 
force, using the inverse square law of gravitational attraction:

                                                              F =     GMm
                                                                            R2
2. 
To calculate the velocity of the SC at a distance of 1x108 m from the  Earth, use the vis 
viva equation. We will consider this distance to be the “radius of influence” for the Earth. 
(Since the gravitational attraction of the Sun and Earth are equal in magnitude at 
2.6x108m, at 1x108 m the attraction of the Earth will be about 7 times as high and 
increasing very rapidly.

                                                 v= 29.7 ( 2/r  - 1/a )½ km/s
3. 
Seen from the frame of reference of the Sun the motion will be as shown in Fig. 10. The 
angle between the motion of the Earth and that of the SC at this distance can be estimated 
geometrically. 

4. 
Seen from the frame of reference of the Earth the motion will be as shown in Fig.10. 



a. 
To find the velocity of the SC when reaching a height of 500 km above the 

             Earth, if no retroactive rockets are used, 

                                                             GM m      +   ½ m v12   =    ½ mv22 

                                                              6.9x106

where v1 is the velocity at the “radius of influence), taken here as “infinity”, found to be 
15.3 km/s,  and v2 is the velocity at a distance of 6.9x 106 m from the Earth. The velocity 
would be about 17.3 km/s and the SC would escape. 

4. 
In order to place the SC in orbit at LEO we must slow it down to about 7.6 km/s. For a 
simple circular orbit:

                               
 
  
   v2        =   GM     
                               
  

RE + h        (RE + h)2

where h = height above the Earth.

_____________________________________________________________________________
Supplementary Questions and Problems 

Mass, density and surface gravity of asteroids
1. 
Astronomers estimate the total mass of the asteroids to be about 0.1 % of the mass of the Earth. 
The mass of the Earth is 6.4 x 1024 kg (refer back to Chapter III).



a. 
Show that the average density of the Earth is about 5.5 g/ cm  3. The radius of the 



Earth is 6.4 x106  m. 


b.
 Estimate the radius of the original “planet”, planet X , assuming that the density 


of planet X was the same as the present average density of the Earth.  

3. 
Now calculate the surface gravity of planet X. Compare this value with the gravity we experience 
on the surface of the Earth.  

4. 
Assuming that there was a satellite with the mass of a small asteroid  (about 1014 kg), what would 
the period of rotation have been if the satellite had a circular orbit of 10 km above planet X?  
Bode’s Law 

IL *** Bode’s law described

http://www.astro.cornell.edu/academics/courses/astro201/bodes_law.htm
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                                             Fig. 38 Bode’s law of planetary placement

Look up Bode’s law and then answer the following:
1. 
Compare the distances of Neptune (discovered in 1846) and of Pluto (discovered in 1936) and 
comment on the effectiveness of Bode’s Law. Where does such a “law” come from?
2.  
Bode’s Law can be expressed numerically by adding 4 to the progression 0, 3, 6, 12, 24, 48, and 
so on, and then dividing by 10. This yields a sequence in which the first four numbers are: 4, 7, 10, 
16, If these numbers are regarded as astronomical units (the distance between the Earth and the 
sun taken as 1  AU):



a. 
Find the next four and show that the first four and the last three agree quite closely 


with the positions of Mercury, Venus, Earth, Mars, Jupiter, Saturn, and Uranus, 



the seven planets known at the close of the eighth  century.  


b.
 Bode believed  that there must be a planet in the unoccupied position of 2.4 AU. 


The discovery of Ceres at 2.8 AU, just 20 years after Uranus had been 


discovered was 
convincing evidence for Bode that his law was a reliable 



predictor of planetary bodies. Olbers was a respected astronomer.  Still he 


believed in the Bode’s Law, especially  after the discovery of Ceres. How do 


you think did Olbers justify his “belief” in this law?

Determining the distance to a planet 
Although the concept of heliocentric parallax is simple, the standard approach cannot be used for student experiments because one needs professional photographic plates attached to large and  expensive telescopes, taken over a span of six months. Jonathan Marr, a  physicist at Union College, Shenectady, NY,  has devised a simple approach to determine the distance to an outer planet, like Jupiter. He describes a method that allows students, using simple telescopes and photographic procedures, to find the distance to Jupiter, using only a time delay of one week. 
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Fig. 39 Geocentric parallax: Determining distances of asteroids by long-baseline-
 


triangulation techniques.

A new technique called long base line triangulation is being used by astronomers at the University of Manitoba in Winnipeg and the Observatory in Victoria, to determine the distances to and the orbits of near-Earth asteroids. This baseline is very short compared to the diameter of the Earth’s orbit, but it is long enough to determine the distance to an asteroid. 
\

Ordinarily it would take at least three sightings, several days apart, to determine the distance to an asteroid. Using a base-line and then triangulating, on the other hand, requires only one simultaneous viewing. One problem with this approach, however, is the difficulty in achieving simultaneous observations between the two stations. Moreover, a large field of view would be needed to reveal the pattern of background stars; therefore a small CCD would not work. Another problem has to do with the fact that asteroids are typically millions of kilometers away and therefore the angle the asteroid subtends (see Fig.   ) may only be a fraction of arcseconds.


Assume that the distance between Winnipeg and Victoria (along the surface of the Earth) is 2500 km.Simultaneous observations are made to determine the distance to a recently identified  asteroid. The angle measured was 1' and 26'’. 
Problems
1. 
Find the distance to this asteroid. (Note: you first must calculate the baseline, using the radius of 
the Earth as  6.40 x106 m. Assuming that the limit of observation is about 1" of arc, what is the 
distance to the farthest  asteroid  you could measure? Express this distance in terms of AUs.  

2. 
The asteroid Icarus was about 400,000 km from Earth in June 1968. 

    

a. 
How many Earth-Moon distances was that?

    

b. 
Using the Winnipeg-Victoria baseline, what the parallax angle for Icarus have 


been?  

3. The distance to Mars at opposition is about 7.8 x 107 km.  

    

a.
 Using the Winnipeg-Victoria baseline, what would be the parallax across this 


baseline? 
    

b.
 Ordinary telescopes students use have a resolution down to about 1 arcseconds. 


Could you use such  a telescope to find the distance to Mars to an accuracy of 2 


significant figures? Discuss.
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Fig. 40 Long baseline triangulation method of finding the distance to an asteroid
Estimating the size of an asteroid
The albedo, or the fraction of incident light reflected, is an important parameter in finding  the “diameter” of an asteroid.  If the apparent brightness and the distance are known, then we only need to have the albedo to determine the diameter. This, of course, can only be an ‘educated’ guess. Moreover, we are only able to compare the apparent brightness to the intensity of visible light (wavelengths between about 400nm and 700nm).


Astronomers are able to determine the apparent brightness magnitude of an asteroid by comparing the brightness of the object to that of the sun. This is accomplished with photometric detection and the apparent magnitude is then converted into units of J/ m2/s (Joules per second per square meter) , after appropriate allowance is made for the absorption of light as it travels through the atmosphere. Although the procedure is complicated, astronomers are still able to arrive at consistent “guesses”(see problem below). 


We know the absolute brightness of the sun and are able to calculate the corresponding light energy output to be about 4x1026 Joules per second (J/s). To find how much of this light energy impinges on the surface of the asteroid we can use the inverse square law, if the distance from the sun to the asteroid is known. If we now also know the distance to the asteroid we can estimate the “radius “ of the asteroid.We can illustrate this procedure with the following  problems:
Problems

1. 
Asteroid X is found to have a close approach to Earth at 0.15 AU, when the albedo was 
determined to be about 0.10. That means about 10% of the light is reflected from the surface. The 
photometric detector recorded an apparent magnitude which was converted into J/s/ m2. We will 
only look at the simple case when the asteroid is in line with the Earth. In reality, of course, there 
is always a significant angle between the sun, the asteroid and the Earth and the orbit of the 
asteroid is not in the plane of the Earth orbit.

Note: For a first-order approximation assume the motion of the Earth and the asteroid are in the same plane and that the distance from the sun to the asteroid is 1AU. Also assume that the asteroid is perfectly spherical and smooth. Finally, neglect the absorption of the light by the atmosphere. (Astronomers often begin their calculations with a simplified model to get a “feel” for the answer to expect before  the “real” situation is tackled.)

a.
 Calculate the light energy intercepted by the asteroid in Joules/second/square meter 
(J/s/m2).  (The  answer here is simply the solar constant on the surface of the Earth, 
1.4x103 J/s/m2  that we used in LCP .

b. 
Draw a circle and, using “rays” and the law of reflection, show that the “effective” area for 
reflection  is not the surface 4/3  R2, but only the area of a circle,  R2.

c. 
Now calculate the total energy reflected toward the Earth in J/s, remembering that the 
albedo is 0.10.

d. 
The photometric data suggest that the light energy received from the asteroid is about 
3x10-15  (J/s/m2). Using the inverse square law,  estimate the “ diameter or the “size”  of 
the asteroid. 

Questions
1
.Many astronomers believe that some of the Earth-crossing asteroids are actually extinct or 
dormant 
comets. 



a. 
What do astronomers understand by extinct or  dormant here?



b. 
There are many examples of such comet/asteroid transformations on the Internet 



and the 
references.Find one and give details.
2. 
Many astronomers believe that a clear distinction between asteroids and comets cannot be made.

   
 Do a little research and comment.

3. 
Imagine landing on a wildly tumbling asteroid like Toutanis for the purpose of mining activities. 
How would you manage to settle down on the surface, place solar collectors  and establish a 
direction? Discuss.

4. 
If the two large rocks are really “contact binaries”, that is, are held together by gravity, how do you 
suppose they got that way?
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                 Fig. 41 The asteroid Toutatis

Problems: 
1. 
The two distinct parts of Toutatis may be connected in a very small neck. Imagine that neck 


holding together the two parts, one about 2.5 km across and the other about 4 km.



a. 
Estimate the gravitational force where contact tis made.



b.
Consider the tumbling action of Toutatis. How, and at what rate  would the 



asteroid  have to tumble  so that the two rocks would overcome their  gravitational 


attraction? Discuss.

2. 
The estimated mass, “radius” and rotational speeds of the planets and  asteroids given below. 
Complete the table as indicated and then answer the questions below:

 

a. 
Calculate the bulk density 



b.
 The surface gravity



c. 
The centripetal acceleration due the planet’s or asteroid’s rotation



d. 
The escape velocity from the planet



e. 
The period of a 25 cm pendulum on the surface of the planet or asteroid

Comment on these values and discuss some of the implications for space travel. For example: is it possible to land on Icarus considering the neutralizing effect of the “centrifugal” force on the gravity?
Table 4:

	Planet

Asteroid


	Diameter

   (km)
	Mass

(kg)
	Rotation

Period

 (hrs)
	Bulk

Density

g/cm3
	Surface 

gravity

 (m/s2)
	Centri-

petal

accel. (m/s2) on

surface
	Escape velocity

(m/s)
	Period

of 

25 cm

pendulum

(s)

	Jupiter


	1.4x 108
	2x1027
	6
	
	
	
	
	

	Earth


	6.4x106
	6x1024
	24
	
	10
	
	
	1

	Ceres


	1000
	8.7x1020
	9
	
	
	
	
	

	Mathilde


	~50
	1.0x1017
	418
	
	
	
	
	

	Apollo
	1.6
	2x1012
	3 
	
	
	
	
	

	Icarus
	1.4
	1x1012
	2.3
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