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Introduction

It could be said that the seeking out of extrasplanetary systems and all of their oddities andlarities
to our own solar system, all the planetary sunimjiag undertaken, all of the new instruments and
techniques being developed to detect even lowéalreelocities (Vr) of stars that we suspect oftirap
orbiting planets, all of this is being done to aeswne simple question that has been on the mihds o
humans since we first looked up into the starry skye we alone? It can be argued that this ignbset
important basic question in all of science, evealif philosophy. If examined in detail, onedsithat
there are several important basic questions hezghare other planets that can support life? theee
other planets that support simple microbial lifa®dAinally, are there other planets that harbaeliigient
life? As exciting and thought provoking as thegediions are, they are not the prime focus ofpthjzer.
They are the ultimate big questions that astronsrasipeople are striving to answer. However, geoto
get to the answers of these profound questions tiier some intermediate milestones that we must mee
first.

This paper will explore what we have learned alesirtasolar planetary systems in general; how tihey a

similar to and different from our own solar systemd what has surprised us and made us take a close

look at what we thought we knew about planets. Mtee considers that it has only been eighteersyear

since the first extrasolar planet was discoverad,anly fifteen since the first extrasolar plangditing a

sun-like star was discovered, we have learnedngeindous amount about planets and how they form in a
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very short period of time. (Schneider 2010) Butatvhave we learned in those fifteen years anddueg
that helps us to answer those big questions pdsada

From the very start, the discovery of extrasolanpts has been upsetting--upsetting to the fornmetty
theories of how and where planets formed. In 19&hn State professor of Astronomy and Astrophysics
Alexander Wolszczan, using the Arecibo radio tedes¢ discovered the first planets known to exisside

of our solar system when he found three planetsimgithe pulsar PSR +1257+12 in the constellation
Virgo. (Web 4) Wolszczan found three small plargetsting a rapidly rotating neutron star over 3@0 p
from the Sun. Two of these planets had massetasitnithat of the Earth, while the third had a kena
mass similar to that of the Moon. When the discpveas announced, the world greeted the news with
disbelief. To find Planets orbiting a neutron stas totally unexpected. But, it taught those gegki
extrasolar planets that nature held the right tkaribe rules regarding where planets could possibly
And, it set the stage for future discoveries argkdrastronomers to expect the unexpected.

Since the distance between stars is so great arlayth of a parent star is so overwhelmingly btigh
compared to any orbiting planets, extrasolar ploahnot be seen directly. At optical wavelengthass
are typically 18 times brighter than even the largest orbiting etan(Beatty, et al. 1999) And, until
recently, they were not able to be seen or imagedtty. At infrared wavelengths, the situation is
improved somewhat, but even at infrared wavelengtiass typically far outshine their orbiting pléneln
fact, it wasn't until 2005 when an extrasolar pkanas actually imaged. And, this was done in ttieared
and done with the one of the largest telescop#®einvorld and using a Hubble Space Telescope (HST)
image to help confirm the planet itself. (Web Snc@ 2005, there has been progress in obtainingadpt
images of several extrasolar planets, but it reguine largest and most sophisticated instruments
astronomers have at their disposal. As a resétial methods have been developed to detectdaaht
distant extrasolar planets. Currently there ater@thods that have detected extrasolar planetRRédial
Velocity method (V), the Planetary Transit method, the Timing methbd,Direct Imaging method, the
gravitational microlensing method, and the astroyetethod. Out of the six methods listed above, tw
have proven to be the most reliable and repeatatziehave so far, captured the majority of the disoed
extrasolar planets. The Radial Velocity and ttenBlary Transit methods will be briefly describetbi.

At the end of November 2010, as this paper is beirigen, 504 extrasolar planets have been diseauvir
422 planetary systems, with 52 of those system&agong more than one planet. Of the 52 multipkngt
systems, thirty-four have been found to contain @)gplanets, thirteen systems have been foundntain
three (3) planets, three systems have been faucontain four (4) planets, one system has beemdftw
contain five (5) planets, and one system has baamdfto contain six (6) planets. (Schneider 20I8js is
compared to our own solar system’s eight majorgtnByY far, most of the planets have been detecte
using the “radial velocity technique,” where thestpum of a star with a planet or planets orbittng
changes it radial velocity toward or away from BartWhen the planet is behind the star and itsityras/
trying to pull the star away from Earth, the staf;ss very slightly red-shifted. Then, as the planet
continues in its orbit about the star it finds litbetween the star and the Earth and the plaiest to tug the
parent star toward the Earth. This results insta€s spectrum being slightly blue-shifted. Thagmitude
of the star’s spectral shift is dependent on theswd the star, the mass of the planet, and thentie at
which the planet orbits the star. As mentionedvabthe magnitude of the spectral shifi) is given as a
function of the relative velocities between thetkand the target star. And, they are very snittle new
wavelength that has been modified by the gravitalitug of the much less massive orbiting planet A,
(1 + vic), wheré\, is the rest wavelength, v is the radial velocityhe star and c is the speed of light.
Currently, the minimum detectable ¥ approximately 1 i, according to Dr. Debra Fischer, of Yale
University’s Astronomy Department. She was quickaomt out that new instrumentation that will allow
even smaller s to be detected and measured are being develgpesgher Oct. 2010, personal
communication)

The V; method has detected 469 planets in 395 systegthnéider 2010) It is the most successful
technique for detecting massive planets that oefdtively close to their parent stars that artheF, G, K,
and M spectral classes. If the stars selectetbarmassive, as the O, B, and A classes are, tigen t
influence of even massive planetary companionsnwillbe adequate to cause a change in the Vr large
enough for our present instrumentation to detect.
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The second most successful extrasolar planet deiaoethod is the planetary transit method. Theshod
has detected some 107 planets in 105 systemsnédifen 2010) This method takes advantage of acehan
alignment of the extrasolar planet, its parent atat the Earth. If such an alignment exists, &adnaiting
astronomer is trained on the star that is thoughttve an orbiting planet, when the planet pass&esmt of
its parent star, it eclipses or transits and thesstight is temporarily reduced while the plaigein the way.
Then, as the planet moves off of the star’s disg Jight level of the star returns to its normaie In
principle it is simple; in actual practice, it isioh more difficult. A serious drawback of this mad is that
only about 10% of the planetary systems will beectty aligned for us to see their transits. Some
advantages of the Planetary Transit method arattisadible to yield the planet’s diameter with
considerable accuracy. Furthermore, the lengthmaf between successive transits can give astrorsome
the period of revolution of the planet around teg s With that known, the planet’'s mass can beutated
using the Newton’s form of Kepler's third law ofapletary motion: o= [4n%/ G(m+m,)] & And,

following the determination of the planet's mas$e tlensity (d = m/443r°) can be calculated to determine
whether the planet is a gas giant or a denseriegoglorld. And, while not an easy measurement &iem
as the planet is transiting, its atmosphere casab®led spectroscopically. In 2001, measuremeaits w
taken of the atmosphere of the large planet (HD28BXorbiting the star, HD209458, during three sitn
of the planet across the star. The results, pudalisn 2003, revealed that neutral Na as well asiatH
were present in the atmosphere of an exoplanehthied that the planet was so close to its strith
atmosphere was literally being boiled away by tigh lemperature. (Vidal-Madjar 2003) As recetatty
December 2, 2010, it was announced in the joulNeire that a super-Earth planet orbiting the Gtar
1214 had its atmosphere analyzed. Presently aewofitother transiting planets are having their
atmospheres studied, and in so doing, an entimlyfield of astronomy is being born.

At the brink of 2011, astronomy stands at the ba@gopof a new golden era in planetary astronomy.
Perhaps it is more appropriate to call it compuaeagixtrasolar planetology. The instrumentationtveamfe,
computer power, and the methodology now existHerfirst time to actually search with the real
expectation of determining whether or not a plameresent orbiting a given star. If there is anpta
present, we can determine what kind of planettiially is. It is now possible to make reasonaldyusate
determinations of its atmospheric composition anchaike at least a first order estimate of whethat t
particular planet has the right ingredients fag.lifin less than twenty years time, this is rapafpess and
makes one even more hopeful for the next majorfsteyard in understanding the intricacies of exttas
planets.

What We Thought We Knew

As late as the early 1990s, before the existenempextrasolar planets had been confirmed, itdiffisult
to know how accurate our ideas and theories of kdwere and how frequently planets formed actually
were. When one has only a single example of somgthiat one is trying to improve one’s knowledge

about, learning proceeds slowly. With only oneregke of a planetary system to work with, our own, i
was difficult to know what else might truly be pilids. Before the first system was confirmed in 29hat
is exactly the situation that the astronomical camity faced as it looked outward into the galaxy arto

the future.

To understand how astronomers developed theiriggeand ideas of how our solar system formed, we
must go all the way back to 1755, when the PrusBrdlosopher, Immanuel Kant first came up with the
concept of a solar nebula that contained dust asd glthough Kant did not provide the supporting
mathematics for this notion, he did provide a reably accurate account of how we believe our solar
system formed. Kant's solar nebula was large aaditgtionally unstable and over time, this regipna
gravitational instability succumbed to a slow atehdy collapse. One facet that Kant apparentlyight
was that these gravitational instabilities slovdyated and as they collapsed, they rotated fastefester
and eventually flattened out into a disk. It ig ofione such disk that our Sun and the planetaddrfrom.
(Beatty, et al. 1999) This collapsed, flat diskathiting gas and dust fit nicely with what astnoeos of
the time were seeing as they began to observe sgtem objects with optical aid from 1609 — irfte t
1900s. They saw the planets orbit a central Stindrsame direction and roughly in the same pliane,
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elliptical, but neat, nearly circular stable orbifée solar system was well-behaved—or at leagipeared
to be.

Once astronomers understood how stars producedyeaerd they discovered the excess infrared radiatio
around certain stars, they discovered that arowenayrof these stars was an accompaniment of copious
amounts of dust that would absorb the energy ednliyethe stars and then reradiate it longer wagghen
further supporting the dusty origin for stars afghptary systems that lie beyond the solar systésithe
twentieth century went on, it became expecteddtiar planetary systems, should they exist, wolsld be
stable and as well-behaved as the planets in ¢ar sgstem were, and apparently always have baen.
mentioned above, with only one planetary systegotby, it became natural to assume that all solar
systems would look pretty much like our own, withadl, rocky terrestrial planets close to the cdrdtar,
while the large, puffy gas giants formed much fartbut from the star; beyond the snow line where
volatiles could condense and form the cores aner dayers of larger, gas giants.

As the Space Age dawned and the sixties ragedstonp@mers began to have access to high quald, hi
resolution images of the inner planets and the Moahnoticed a multitude of craters. As NASA’s
manned lunar program progressed and the time aapiek out landing sites that our spacecraft could
safely land in, geologists and planetary astronerf@rd themselves in the midst of a landscajerditt
with craters. For a time, they did not know foreswhether the craters were volcanic or impactieela
There was one certainty; there were a lot of tfamtoo many to be the result of volcanoes. Téfit |
impacts as the origin for the violent surface @& toon. As probes returned images form MercuryrsMa
and the Moon, it became clear that our solar sy$iedna very violent past and perhaps was not ds wel
behaved as we first thought. This line of thinkapened up new possibilities and introduced chiatasthe
equation in the history of the solar system. Dagitime 1960s and 70s, scenarios like the late heavy
bombardment and chaos theory and the Earth beowided with water and other volatiles from outside;
maybe even life itself was brought to Earth fromestworlds. These scenarios were well-founded and
some remain with us today. But, it finally premhesstronomers for an other than peaceful and gréath
for our solar system.

In 1975 Dr, William Hartmann published a papetdarus that put forth the giant impact theory to explain
the origin of the Moon. (Hartmann 1975) This thegained popularity and is now the leading theory t
explain the origin of the Moon. It brought to light least the possibility that the solar systes theen
shaped throughout its history, by impacts and veisg orderly as we had once thought. That impacts
have shaped and heavily influenced our solar sysemw, and has been since the mid-1970s, a patiro
“givens” in terms of how our solar system and ptapdnow others formed as well. It would be difficto
argue that other planetary systems could form witlsmall, leftover planetesimals or small chuniet th
were not assimilated into the larger major planétish that extra small-scale material remainindlisions
are bound to occur in many other systems. Trssmsething that we should expect to find evidencasof
we study new, multi-planet systems.

In summary of what we thought we knew about thenfdion and evolution of planetary systems,
astronomers theorized that our solar system forameldcondensed from the solar nebula approximatély 4
billion years ago. In this cold molecular clouerd were mass concentrations that fragmented ayahlie
contract under their own gravity. As gas and diwsh the nebula continued to fall in on the protasts
mass increased and along with it, so did its ggawhich enabled it to more effectively attract mor
material. It was assumed that there was some ssi@l rotation that accompanied this process aritie
protosun continued to contract, the rotational rateesased. This, in turn caused the contractiogdcto
flatten to a rotating disk. Within the disk, othmeass concentration began to accumulate matérfese
much smaller condensations became the planetge 8ie cloud, and later, the disk was denser ditses
the protosun, this massive, central condensatioreted more rapidly and gathered the majority ef th
material. The protoplanets acquired material nstoerly and depleted their orbital regions eventualhs
the future Sun continued to contract and warntdte eventually reached the ignition temperatuck an
pressure required for hydrogen fusion to occuapgiroximately 15.6 X 18 with a density at its core of
approximately 151g/cin (Beatty, et al. 1999)
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Because all of the planets formed from the sameadckmd disk complex at the same time, they alllvevo
around the Sun in the same direction and roughtigegreame plane. When the infant Sun ignited agcu
fusing hydrogen into helium, the inner solar systeas blown free of volatile material and dust amddl
practical purposes this ended the accretion ofrther, terrestrial worlds. Because the lighteremat was
blown outward from the inner solar system, all ttesmhained was denser, heavier material. And, lsecau
these young planets were still molten, they diffitieded and their heavier components sunk to theec¢o
become their cores. This accounts for our teradgtfanets occupying the inner solar system. Aatgr
distances from the young Sun, beyond the snow\Wwhet were to become our gas giants already had sma
cores. Because the further from the central cosat@m the lighter the disk material was and thegemal
was swept up and captured by Jupiter, Saturn, Wraand Neptune. Because in this region water@nd i
were at least ten times more abundant by volume tthedenser, heavier silicates that formed the
terrestrials was. This lighter material was aduetihe already formed cores of Jupiter and Satuhich
mainly formed from the original solar nebula duehteir higher mass, they were able to form coras th
more closely resembled the Sun, with layers of matel ammonia on top, along with trace amounts of
other substances such as sulfur and phosphorusttyBet al. 1999)

Beyond the extent of Neptune’s orbit, the densitthie thinning disk, which consisted of mainly ofs,
namely water and ammonia, contained some, butlitdeysilicate material. Since the disk at thistdnce,
was so thin, only very small bodies formed in tieigion. Here we find comets and Kuiper belt olgect
finish off the formal extent of the solar systeRFrom beginning to end this process, though notlyota
understood, is thought to take approximately 10ianilyears. Throughout that time period, the naghe
disk is diminishing as planets accrete materiahffoand add it to their own mass. Planet-planattsring
and mean-motion resonance conditions also develd@add small, but definite oscillations in the
eccentricities of the affected planets, which cemndhtically destabilize the delicate orbital and
gravitational balance, especially in packed plaiyetgstems. (Web 2) Additionally, during this tirte
larger, gas giants are capturing smaller icy pksigtals and gravitationally scattering comets thtoouter
reaches of the solar system into what we now ballQort cloud. To explain and account for the iude
of impact craters that dot nearly all planetaryfates in our solar system, including the surfadesast of
the satellites, gravitational interaction betwesa larger planets and smaller planetesimals thgthaee
been in eccentric or inclined orbits due to presiencounters with more massive solar system objects
This action tended to eliminate small bodies thateron eccentric or inclined orbits, while it tedde
preserve bodies that were on nearly circular othds were more stable and freer from destructive
collisions.

Essentially this is it. Very briefly this summarizkow we think our solar system formed and evotwesst
an approximately 10 million year span of timeddes not account for all that we see in our solsiesn,
but it does explain the more obvious features.ti&ytime the first extrasolar planets were found an
confirmed in 1992, astronomers knew enough abausthtar system to realize that there would be some
differences between our solar system and othéneyf did exist. But, what astronomers were nopared
for was just how different other, yet to be disaaeksystems would actually be, beginning with tagyv
first set of three extrasolar planets to be disoediethe three planets that orbited pulsar 12574<.
mentioned above, this system contains three staaleps; two roughly 4 times the mass of the Eamth a
the third with a mass approximately twice the massur Moon. These three worlds all orbit 1257 +12
inside of 0.46 AU. (Schneider 2010) From these pvezes of information, nothing seems out of place.
Again, what surprised astronomers so much abosisistem was that these planets orbited a neuton s
And orbiting so close, astronomers would have etgaethe planets to be destroyed.

Early Expectations for Extrasolar Planetary Systems

Expectations Vs what was discovered — Dr. Bill Gadle, UT Astronomy/McDonald Observatory
(Cochrane 2006, 2010 personal communication)

As a part of my research on extrasolar planetsntacted Dr. Bill Cochrane, of the University ofXaés’

McDonald Observatory, and inquired about the exgi@xts of astronomers in the field of extrasolangkt

research, both before and after the onslaughtsgbgeries of the last ten years or so. What follmveslist

of the expectations that the astronomical commumaty before extrasolar planets were discoveret®n t
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left side of the page and the reality, or what veatly discovered on the right side of the page. It khbe
noted that the quest is far from over. Even thdugihdreds of stars have been examined to determine
whether or not they have an accompanying systeptaokts, there are thousands more that have not yet
but scrutinized and still await the gaze of theasdlar planetary astronomer.

Expectations Reality

Planetary Systems are common So far, about 4% of nresequence stars have detectable
planets * (23%) from recent work by (Howard, Marcy, et
al.)

There are many planets per system. Several (Many systems of multiple planets have been

found

Jupiter is the prototype giant planet Many objectsare more massive than Jupiter. The
transiting planets indicated these are true giant lanet like
Jupiter

a > 5AU for gas giants There is a very wide range @emi major axes. How did

“hot” Jupiters get so close to their parents?
Nearly circular orbits . Many highly eccentric orbits

Terrestrial planets in the inner regions Terrestrid planets not yet detectable
* Terrestrials just now being detected in close-imrbits.
(Howard, Marcy, et al. 2010)

* Not taken from Dr. Bill Cochrane information. (Howard, Marcy 2010)

Expectations Vs Reality

In this section our expectations will be compaxethe reality of what has been found to dakee
planetary systems common?Well, that depends on how “common” is definedtifBates of the number
of stars in the Milky Way range from 100 — 400ibitl. Utilizing a somewhat conservative humber @d 2
billion, let us calculate the number of stars vétheast one planet that reside in the Milky Waym® 90 %
of the stars in our galaxy are main sequence stdhe spectral classes F — M. This gives us apmately
180 billion main sequence stars in our galaxy aldheve take Howard and Marcys’ most recent wask a
an accurate estimate of the prevalence of plaséita&e above, that 23 % of main sequence staes hav
planets, this yields approximately 41.4 billionnggary systems in the Milky Way. (Web 6) & (Howard
Marcy 2010) It should be noted that the 23 %\very conservative number as the Howard and Marcy
findings are only interested in close-in planeta imass range between 0.5 — 5 Earth masses. thbus,
density of planet bearing stars is higher

Making some rough calculations for the dimensiams$elume of the Milky Way, we find that its
approximate volume isr? x T, where r is the radius at ~50,000 ly and ifsisverage thickness at about
6,000 ly. Thus, the approximate volume of the M¥ay galaxy is some 4.71 x £0y* (Web 6) This
rough calculation suggests that for every 1,138flgpace, there will be a star with at least oaael.
Does this mean that the expectation above, thattday systems are common, matches the realityhaf w
we have found so far? Perhaps, but the expectatisrnvague in the first place, so it is difficifithot
impossible to determine whether or not our expestatwere correct. This density of planetary syste
puts direct communication with an intelligent alsgrecies well beyond a human lifetime. Perhaps thi
indicates that our expectations were not met. @rother hand, 41.4 billion is a big number and liikkely
to end up much higher.

This is surely not the final word on the prevalentextrasolar planets. The core accretion model of
planetary formation calls for the growth of planitdegin in a disk of dust and gas. As time gogghe
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small planetesimals grow, not only through the @ibon of dust and gas, but also from the impadh wit
other planetesimals, both large and small. Thapagts, occurring over hundreds of thousands,tif no
millions of years, generate a very large quantitgust. All of this dust, radiates strongly in tinérared
(specifically at 24 and 7@ ). This can be detected utilizing the Spitzer $gatescope. (Trilling, Bryden
2008) Observations have shown that systems withslar planets present emit strongly in these
wavelengths. Additionally, there are many “suspstzrs that have not yet been found to host ptaroeit
are in the FGKM spectral classes and have the ctegistic higher metallicity levels that will sote
discussed. It is probable that in the next 1 e&y the 23% of FGKM stars that host planets widiease
significantly. (Fischer Oct. 2010, personal comnaation)

As a part of my research, | spoke to Dr. Franc&sume of the Observatoire Astronomique in Switzeklan
Dr. Pepe explained that searching for and studgkigasolar planets is an exciting, but complex
undertaking and that no one has all of the answidesand his colleagues believe that as many as@0%
Sun-like stars have Neptune-mass planets, to ghyngoof smaller Earth-mass planets that are béhaw
limit of detection utilizing the Ymethod. (Pepe Oct. 2010, personal communication)

Before proceeding any further, it is important émitont a bias that our current methods for planet
detection introduce into our efforts to detect pkan Both the Vand Planetary Transit methods favor the
detection of large, massive planets that orbitectostheir parent stars. Additionally, since we siill in

our early stages of development in detecting pamwet were bound to find the planets that wereeetith
find first. And, that is exactly what we have darel are still doing presently. It is quite poks#énd
probably very likely that any star that has onenetaalso has several more that are currently belowimit
of detection. If alien astronomers with the sagehhology within a few hundred ly were taking V
measurements on the Sun for about as long as vee they might have detected Jupiter, for its influee
on the Sun is sizeable at 12.5m gLissauer, Marcy 2000) They would not have beleserving long
enough to detect Saturn with its twenty- nine yeariod and its much weaker 2.7¢hé, effect on the Sun.
Detecting Earth would be out of the question asdtices only a 10 cm'sV, signal on the Sun due to its
very low mass.

Figure 1 below, is a histogram plot from the Exttas Planet Encyclodaedia. It plots the number of
planets discovered per year all the way up thradghember 28, 2010.

Number of planets by year of discovery
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(Schneider 2010) Figure 1

While histograms are typically not used for preidigtwhat might happen, if figure 1 is examined &altg,

the dramatic jump in the number of planets discedreén 2007 is quite striking. As better equipment

developed and put into operation, along with alsimimprovement in data reduction, analysis sofeasnd

computing power, we can expect the trend of area®ing number of planets being found each yeahéor

foreseeable future because there are so many ed@digrs that have yet to be examined. Ultilidneg

telescope facilities at the ESO, La Silla Obsemyaito Chile (HARPS) or the W.M. Keck facility in Kaaii
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(HIRES), the Vlevel of detection is currently at or just undeng™ Utilizing the next generation of
instrumentation, Earth-mass planets orbiting véogesto its parent star will be detected and thaber of
planet discoveries is likely to explode. (Web& (web 8) & (Howard, Marcy 2010)

The next expectation was tredtronomers expected many planets per systentHow do the results stack
up in this area? As was mentioned in the intrddacto far 504 planets have been detected in 422
systems. 52 of those systems have been foundtainanore than one planet, or about 12.3%. $trinst
the numbers with only 12.3% of the planetary systéaving more than one planet and of those 12.3%, 3
of the 52 multiple planet systems have been datdotbave just two planets. This hardly fulfilsrou
expectation of many planets per system. HoweWds aot lost. While the numbers above report the
planets that have been detected and verified. Maorg await confirmation and announcement. In a
recent article published i&cience that describes work done by astronomers at UI&grCalTech, Yale
University, the STScl, and others, the number ¢faesolar planets confirmed and even more impostantl
the number of small, Earth-mass planets (with nggsbetween 0.5 and 2 Earth masses) may soon be
dramatically revised upwards. It is reported g team that small planets are common in closehitsy
just as is found for large, massive, gas giantgianThe group also suspects that Earth-masstplaile
also be found at greater distances than the 50thioperiod that they were searching for. Howewatithis
increased distance, the gravitational tug imposethése low-mass planets on their parent starsoeill
much more difficult to detect. These planets ddfinitely require improved detection methods befitrey
are easily confirmed. This may boost the averagel®er of planets per system and put our expectataon
par with reality in the next 1 — 2 years.

Jupiter as the prototype giant planet—If we allow some flexibility and consider planst#&h up to three
times Jupiter’'s mass, a Jupiter-like planet, thenam be seen from figure 2 below, a total of 422qts
fall into this category. This accounts for ne@#f6 of the extrasolar planets discovered to ddtaile the
majority of the planets discovered so far are iddgges giant worlds similar to Jupiter and Saturmass,
there are other key attributes where they diffenfthe gas giants in our solar system.

MNumber of planets by mass
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(Schneider 2010) Figure 2
In our solar system, the semi-major axis of alhaf outer gas giant planets are large; beginnitig wi
Jupiter at 5.2 AU and ending with Neptune at aadisBO AU. As can be seen in the correlation diagra
figure 3, that plots the semi-major axis Vs planetaass of the discovered extrasolar planets. oNlgt are
most of these alien worlds much more massive thamas giants of our solar system, but they termakib
in very tight orbits. This was one of the majorsises as planets began to be discovered. Plgnetar
systems in this configuration were definitely unesjed.
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"Planet Semi-Major Axis" vs ""Planet Mass'" (484)
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As a result of this major difference, astronomeosked to come up with theoretical models that could
explain this very different planetary layout. Besa our core accretion models did not allow for the
formation of gas giants so close to the parent asronomers devised various theories to explainthe
giants in many other planetary systems got th€nar models held that the gas giants formed out foeyo
the “snow line” where the volatiles and ices coutaidense out and form cores and outer gas layeéng of
Jovian worlds. (Kraus, Covey 2010) But, with sangngiant planets much more massive than Jupiter,
where did they get the light, raw materials in sadiot and hellish environment?

Planetary migration was turned to as a way fortgatamets to form out where our models predict they
should, but provides a way for them to fall in todvéhe central star. In the dusty and gaseousdisk
believed to be conducive for growing planets, tlamet is acted upon by the disk material as a taonal
torque is applied to the planet that robs it ofldagmomentum and causes it to migrate inwards ricbiee
star. If this disk remains intact nearly all thaywn to the star, the planet will continue to laskital speed
and spiral into the star. (Matssumura, Pudritz 2088wever, if the planet either clears a gap @oenters
a gap, the migration will stop. This type of mitpa is referred to as type | orbital migration.rigitage
2008) Because of the vast complexity of planesgstems and because there are so many variabégyg, ev
system is different. So, some planets will stagrttnward migration before they are at risk ofrafing

into the star and some will not. This leaves uh &ivery diverse population of planetary systems.
(Armitage, Rice 2005) & (Armitage 2008)

The eccentricities and the orbital inclinations othe orbits of many giant extrasolar planets presented
astronomers with additional surprises. Astronomegpected to find orbits with low eccentricitiesdan
inclinations just as we find in the orbits withiaresolar system. After all, if the orbits of thiapets are
highly elliptical and highly inclined, this can k#o intersecting planetary orbits which meansfteguent
gravitational perturbations would induce considerahaos and reduce stability of the entire playeta
system. In our solar system any eccentric or kigtdlined orbits that may have been present earle
solar system'’s history have lead to the ejectiodemstruction of the planet(s) that possessed thidstal
characteristics. As can be seen in figures 4 &I6W, there are a large number of planets with
eccentricities and inclinations far higher than angur solar system. Mercury has the most ecreotbit
of any of the planets in our solar system (e = §)2@3\nd, although Pluto has now been moved taltharf
planet category, most are familiar with its higbital inclination of approximately 1.7 The rest of the
planetary orbits are nearly circular and in the sgane, with little chance for collisions betweha major
planets.
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How do we explain the high number of eccentrictsrbind highly inclined orbits in the Extrasolarriga
Encyclopaedia depicted in figures 4 & 5? As th@esee unexpected, modifications to existing theosied
models were required. (Takeda, Rasio 2005) A®daland Rasio state in their 2005 paper that agp@ss
contributor to eccentric orbits in some systemeierred to as the Kozai mechanism, whereby ardista
binary companion can induce oscillations in thesaticities of even distant planetary orbits. They
describe that this distant companion could evea Bistant massive planet. “The Kozai mechanism is
effective at very long range and its amplitudelisgty dependent on the relative orbital inclinatfon
(Takeda, Rasio 2005) Based on their work, theyebelthat the Kozai mechanism can produce many
highly eccentric orbits. At the time this paperswaublished there were ~150 known extrasolar pdanet
their median eccentricity was 0.28, which is higtiian any planet in our solar system. In the vVigiof
the Sun, roughly half of the stars have companidnis. quite possible that some of the unseen and
undiscovered companions are brown dwarfs that ¢cawyltheir gravitational influence at a great disia,
be inducing highly eccentric orbits in some planetystems.

A detailed look at three selected systems
A closer examination of three selected extrasdimgiary system follows. As can be seen in tapthel
members of each planetary system are listed aldthgkey attributes of the system: planetary maadius*,
period of revolution, the semi-major axis, ecceitlyj and orbital inclination. Planetary radiusay of
discovery and the parent star’'s metallicity are éilted. As a point of comparison, the gas giahisur solar
system, along with Earth are also listed. Befbeediscovery of the first extrasolar planet orlgtanSun-like
star in 1995, our planetary model was all we wamiliar with. And, it is often the first thing rearchers and
even the general public do is to compare a nevdgadiered planet or system with ours.
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SEM-

PLANET M. Radius | PERIOD | MAJ AXIS ECC. |INCL. DISCOV. DIST. [Fe/H|
(Maup) - Stats | (Raup) * | (days) | nj) _ stats (deg) (vear) (pc)

55 Cnc e 0.024 - 2.82 0.038 0.07 - 2004 | 13.02 | 0.29

55 Cnc b 0.824 - 14.65 0.115 0.014 - 1996

55 Cnc ¢ 0.169 - 44.34 0.24 0.086 - 2002

55 Cnc f 0.144 - 260.00 0.781 0.2 - 2007

55 Cnc d 3.835 - 5218.00 5.77 0.025 : 2002

HD 10180 ¢ 0.041 - 5.76 0.064 0.045 - - 40 0.08
HD 10180 d 0.037 - 16.36 0.129 0.088 - -

HD 10180 e 0.079 - 49.75 0.270 0.026 - 2010

HD 10180 f 0.075 - 122.76 0.493 0.135 - 2010

HD 10180 g 0.067 - 601.2 1.422 0.19 - 2010

HD 10180 h 0.203 - 2222 3.4 0.08 - 2010

Jupiter 1.000 1.000 4332 5.200 0.048 | 1.300 0
Saturn 0.299 0.843 10760 9.550 0.053 | 2.480

Uranus 0.046 0.358 30718 19.200 0.043 | 0.770 1781

Neptune 0.054 0.346 60215 30.100 0.010 | 1.770 1846

Earth 0.003 0.089 365.25 1.000 0.017 | 0.000

Table 1 provides a tool to easily compare the setksystems with our solar system. Table 1

* Only when an extrasolar planet transits its st@r accurate radius measurement be made. Thesggti not transit.

The high orbital inclinations as is illustratedrigure 5 with data from the Extrasolar Planet Elmyaedia were very
unexpected. The sample systems selected for cagopan this paper have not had their inclinatidetermined as yet.
In our own solar system, none of the major plasktav high inclinations. However, one of the wayss inclination of
a planet’s orbit can be affected is through graiateal influence resulting from a close encountéhwnother object,

or possibly through the Kozai cycles mentionediearllf our understanding of the various typeplainetary migration
is correct, it is likely that many systems haveasignced major disruption induced by planet-plageattering. (Winn,
Fabrycky 2010)
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Stellar Metallicity

In terms of stellar astrophysics, Iron is the nfosuently measured element in nearby stars. s $e/H
ratio is the ratio its iron to hydrogen by masRolfles, et al. 2008) In the years following 198&ronomers
began noticing that stars with high metallicitiesded to host planetary systems. This trend lisiNustrated
in Figure 6, which plots the Fe/H ratios for thetm extrasolar planets. In this histogram, the’See/H
would be 0. 353 out of the 504 planets discovéwathte have metallicities close to that of the.Stihe Sun’s
metallicity is approximately 1.8% by mass. Thieypdes a basis of comparison with other stars pldimetary
systems. Again, as can be seen in Figure 6 belea/ld threshold of ~ -0.765, there are very feweta
hosting stars, which provides astronomers withwagoful tool in searching out which stars shouldelzamined
in closer detail when looking for planetary systems

Number of planets by star [fe/h]
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16
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exoplanet.eu (01/12/10) Star [FEIH]
(Schneider 2010) Figure 6
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A Comparison of Three Extrasolar Planetary System$o Our Solar System

Since the two most successful methods for deteetitigasolar planets bias us toward our detectirggla
planets around FGKM stars, our views on which statgally do host planets are still skewed attime. That
being said, that does not prevent us from companmcontrasting the known systems. The systelested
here are all multiple planet systems that contanymplanets. Our solar system contains eight n@gorets
and a host of smaller planetary satellites, conutsyf planets, asteroids, and a considerable ahajwtust
that is left over from its formation, has been asled comets, or released from the numerous imfjetthave
occurred over the past 4.6 billion years. Becafishe immense distance that separates even teestlstars,
we do not as yet have the familiarity with anylod bther systems that we do with our own solaresyst
Progress is being made by astronomers as they teegearch for satellites of transiting planets.

A comparison of the four stars in the comparisaugris shown below in Table 2. All of the stars &rthe
FGKM spectral classes mentioned above.

A COMPARISON OF PARENT STARS
distance spectral Teff | Age Fe/H Radius Mass
Sun Sun
(pc) class (K) | (Gyrs) radius mass
The Sun 0 G2 5800 | 4.65 0.00 1.00 1.00
55 Cnc 13.20 G8V 5240 | 5.50 0.29 1.15 1.03
GJ581 6.26 M3 3480 | 8.00 |-0.33 0.38 0.31
HD10180 40.00 G1lV 5911 | 7.30 0.08 1.20 1.06

data from (Schneider 2010) & (Freedman, Kaufmann 2008)

Table 2

The 55 Cnc Systenmas an interesting history since its first planaswliscovered by Paul Butler in 1997.
Then, in 2002, Geoff Marcy discovered a third ptahat orbited 55 Cnc in ~ 14 yr. Its minimum mégssini)
was found to be = 4 M. At the time of its discovery, this planet was finst large planet to be found orbiting at
a distance very close to Jupiter’'s 5.2 AU makinig flystem a possible analogue to our own. Thethegsame
year a third planet was found orbiting very clasati only 0.25 AU. (Fischer, et al. 2008) As #iddial planets
were found in this system, it became the firstesysknown to have four planets. Utilizing the Hbegidance
Sensor on the HST, researchers at the Universiterpés found that the fourth planet orbited atry ¥gh
inclination of some 53+/-6.8. (Cochrane, et al. 2004) The discovery of thetfoplanet in this system seemed
to leave a large gap that was later filled wher€86 f was discovered in 2007. (Fischer, et al8200t is very
interesting to note that in this system, unlik@im solar system, there is an M-class star orbaingl 000AU.
This is very type of long-range gravitational irghce that has been invoked to possibly oscillatiomsclination
and eccentricity through the Kozai mechanism.

55 Cnc has one of the highest metallicities of stay within 25pc of the Sun. (Fischer, et al. 2008 not
surprising that it now is known to contain five pétis compared to our eight. Unfortunately thigesysis not
aligned so that its planets transit. If it didwibuld allow us to measure the diameters of thésmmeps to
determine their densities. This would allow th&ed®ination whether these worlds were gas giakésJupiter,
ice giants like Neptune, or perhaps large ter@gptanets. This planetary system will continué¢owatched
closely as there is still a large gap between 56 Cé& f.

The Gliese 581 Systemade the headlines in September, 2010, when rémeaBteven Vogt published a

paper in Astro-ph that claimed that a fifth andlsiglanet (GJ 581f and GJ 58g) had been detediki. would

be the second system known to contain six plarigte. noteworthy point of this announcement was @Gt
John S. Gianforte Page 13 12/16/2010



581g has a minimum mass of only 3.1 Earth’s, ontb®fowest mass planets yet detected. This plarsaid
to orbit the star in 36.6 days at an average distaf 0.146 AU. For this M3 class star, this isha middle of
its habitable zone (HZ). (Vogt, et al. 2010) As t& seen from Table 1, these planets have ntegat added
to the Extrasolar Planet encyclopaedia becausehidnay not been confirmed. In fact there is a detsging
between two competing planet-searching camps otheher not these two “new” planets really exigbgt
and his team from UC Santa Cruz combined datahbdyobtained using the Keck HIRES spectrograph and
data from the ESO’s HARPS spectrograph. When tamed Dr. Francesco Pepe, a member of the Sveiss te
that has also been utilizing ESO’s HARPS spectgrae was very open about the importance of this
discovery and that extreme care needed to be sreraithen publishing results. But the Vogt team is a
dedicated and very experienced team, with the d&goof many extrasolar planets to their creditthdugh
the final verdict is still out, it is likely thahese two planets will soon be confirmed and a nelate will take
the center stage. This is the way science woBexause the Swiss team had already announced {par-Su
Earths in this system at the edge of the GJ581'snH2007, and 2009, they were particularly sensittybeing
“scooped.” (Pepe 2010, personal communication)aBge this star is an M class star, its Habitabte £612)

is much closer in, where at least two planets sesils mentioned in the introduction, being thstfio discover
and announce a confirmed Earth-mass planet orhitsrgiar in its HZ would garner a tremendous anafin
satisfaction, publicity and down the road, muchewsekfunding. A discovery such as this is descried
astronomers themselves as finding the “Holy GreAstronomy.” (Vogt, et al.2010) It would alsoipbto a
large number of smaller, Earth-mass planets just aar own solar system. If GJ581f and g are icom&d,

that would give this system more planets in itsitadlle zone than the Sun has. That is somethitigjrié
about. Gliese 581a possibly has six planets aiti This ties it with HD10180 as the systemihguthe

most planets yet discovered. Our solar systenetgges; with our detection limits still quite high,is very
likely that many more systems already known to haseets will have their planet counts increaseithén
coming months and yeatrs.

The HD 10180 Systens a rich planetary system orbiting a star thatisy similar to our Sun. As shown
in Table 2, this star’'s mass, radius, and effedtweperature are very close to the Sun’s. In aadib the
star’s similarity to our own, there are six confadhNeptune-mass planets, with a suspected 1.4-Fash
orbiting only 0.02 AU out. The fact that there @o many Neptune-mass, or ice-giant-mass plaressihis
system remarkably similar to our solar system. déiection of so light a planet despite its proxynd its star
represents the intense efforts being made by Astnens utilizing the ESO’s HARPS spectrograph on3tiéen
telescope at the La Silla Observatory in ChileisEmall planet is only inducing a df 2km hf, which is
about walking speed. Again, as is the case fa€i®& HD10180a is a metal rich star containing shgimore
heavy elements that the Sun. (Lovis, et al. 2010)

The planetary layout in the HD10180 system seerhgte all of its planets orbiting at a semi-majasa
distance of only 3.4 AU. Certainly a star this sias, could have several, more distant planetsateagas yet
undetected. If we apply the core accretion andigttzonal instability theories to this system, anigght even
say with certainty that more planets await discgvet just so happens that this gap lies in thedflthis star.
And, since they have so far resisted discovery; toelld be between Earth-mass and Neptune-masstgplati
one examines the semi-major axis of the planeis viery clear that this system is stacked densily close-in
planets. Despite this close spacing comparedrtsaar system, the Lovis team, utilizing the HARPS
spectrograph is convinced that the system is dycelipistable over long periods of time. They hastineated
the system’s age at roughly 4.3 Gyrs, which diffessn the age of the parent star listed in the &dtar Planet
Encyclopaeda.

If the eccentricities of the planets in this systmm examined, it is easy to see that they alseblanatch up to
the eccentricities of the planets in our solareyst This is another strong point of comparisomuizg the
dramatic similarity to the Sun’s family of planetBut, while this system shows similarity to outsjoes
illustrate the dramatic diversity of the known @solar systems display to us. HD10180 does conlage in
planets as many other systems do, but it has ritedupass giants.
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Conclusion

It is evident from the presentation of the matenahis paper, the field of extrasolar planetasyr@nomy is
exciting, fascinating and still immature. Considgrthat the first system was discovered only eightyears
ago, much has been learned. Just before subniitimgaper, | checked the Extrasolar Planetary
Encyclopaedia one more time and found that yetremgilanet, number 505, had been entered. As more
research teams join in the search and the hardavarsoftware continue to improve, the planet coulht
continue increase every month.

With the Kepler and COROT spacecraft keeping d figm aloft on suspect stars, this will bring aban
exponential increase in the numbers of planetssgsttms we are aware of. That influx of data s gtiarting
to arrive. These space-based platforms have gladded systems to the growing list of known systamd
they are expected to continue this exploratiorséweral years more before being replaced by evea mo
advanced platforms.

It would appear that the universe holds as mucérdity in stellar and planetary systems as Natare bn
Earth does for life. Perhaps we will soon findnany suspect already, that life in the universesidiverse as
it is on Earth, just on a far grander scale, it thare possible. As the late Dr. Carl Sagan salus
wonderfully successfulosmos series and book, it is a wonderful time to beealg we wade out into the
cosmic ocean. The researches | spoke to resegrithdnproject certainly seemed to think so.

It seems we live in a solar system that is in thgany of many others throughout the galaxy antaisty
well beyond; some are very similar and some arg @ifferent. We have a firm understanding of hdars
and their systems of planets form and evolve awee.t Our theories of core accretion and inward@lary
migration seem to explain the systems we are newoglering. But we have much yet to learn. Wéddilnot
know if Earth-like worlds are rare or if they amnemon. We think in the end, we will find many bét as
our equipment and techniques mature and developstilVdo not know if life is rare or common. &gl do
not know whether or not complicated or intellighfe has arisen elsewhere. These are the quegtiahs
continue to drive scientists of all disciplinegpr@be even further into these matters. Perhdpghiese very
guestions that drive all of science.
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Image 1 A depiction of the Gliese 581 system commbarith our solar system, Zina Deretsky, NSF
Figure 1 Histogram plotting planets discoveredymar (Schneider 2010)

Figure 2 Histogram plotting planet mass (Schneafdi0)

Figure 3 Correlation Diagram—planetary mass Vs.iseajor axis (Schneider 2010)

Figure 4 Histogram plotting planet eccentricity iBeider 2010)

Figure 5 Histogram plotting planet orbital incliimat (Schneider 2010)

Figure 6 Histogram plotting stellar metalliciti€gS¢hneider 2010)
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