
15.6 Planets Beyond the Solar System
Planets orbiting other stars are called “extrasolar planets.”

Until 1995, whether or not extrasolar planets existed was unknown.  Since
then more than 300 have been discovered.

We want to know:
   What methods are available for detection of
extrasolar planets?
   How common are extrasolar planets?
   Are they similar to planets in our solar system?
   Are other planetary systems like ours, with
terrestrial and Jovian (gas giant) planets?
   How common are Earth-mass planets?
Earth-like planets? Do they have water? Life?



Direct detection of extrasolar planets is too difficult

Most extrasolar planets have been
discovered indirectly, through their
gravitational or optical effects, and
cannot be seen directly due to the glare
of their star.

This are a couple of exceptions: This
star is a brown dwarf (ch.21), and the
planet is clearly visible.

If you wanted to directly detect an
extrasolar planet, what wavelength
region should you look at?

This would be called a “direct detection” and
will continue to be rare, and only possible for
massive planets, for (probably) decades.



Planets around other stars can be detected if they are large enough to
cause the star to “wobble” as the planet and star orbit around their
common center of mass. The magnitude of the wobble of the star
depends on the gravitational tug, hence the mass, of the planet.  Notice
that all you obtain is the mass of the planet.

Detection based on “wobble” of star produced by
gravitational tug of the planet on the star



If the “wobble” is partly in our line of sight (i.e. there is a component away
and toward us), it can also be detected through the Doppler shift as the star's
motion changes.  But the shifts should be tiny, and very difficult to detect,
even for massive gas giants like Jupiter.

1995: Surprise! “Close-in” Jupiters, periods of days!   Hot!!

The radial velocity method:
Wobbles detected using spectral line Doppler shift

The first extrasolar planet
discovered: 51 Pegasi

A multiple planet system:
Upsilon Andromedae

These two graphs show radial velocity
as a function of time: these stars are
approaching, then receding from us.

Orbits of the three planets
in Upsilon Andromedae



A different method for detecting planets: Transits
An extrasolar planet may also be detected if its orbit lies in the plane of the line of sight to us. The
planet will then eclipse the star, and if the planet is large enough, a (very small!) decrease in
luminosity may be observed as a function of time. This is called a transit.

Notice a transit requires a planetary orbit almost perfectly in the line of sight of an observer on
Earth. So transits will be found in only a tiny fraction of stars, even if all have planets.

The time to enter and exit the “dip” in the light curve is a measure of the planet’s diameter, so
the transit method gives you the mass and the density of the planet!  (Radial velocity method
only gives the mass.)

Only a few planets have been discovered this way so far, but the transit monitor satellites COROT
(European) and Kepler (U.S., launch in March) will change that by a huge margin, within a few
years.

Brightness as function of time is called a “light curve.”
For most stars it would be constant, but with planets it
may show variation of about 0.01to 0.1 percent:
Difficult observational challenge.



 Nearly all extrasolar planets have (so far) been discovered by radial
velocity method.  Why? Because they are mostly planets orbiting close to
their parent star, so moving fast, just what Doppler effect is sensitive to.

 More than 300 extrasolar planets have been discovered so far, over
100 since the publication of the last edition of your textbook.
Basic result: Much more variety than expected, mostly in orbital properties.

 Most have masses comparable to Jupiter’s (several hundred times
the mass of the Earth). This is purely a selection effect because it is more
difficult to detect smaller-mass planets--less effect on parent star’s wobble (or
fainter transit to detect--see later). But indications that there are many
more low-mass planets to come.   Current record is ~ 5 Earth masses.

 Orbits are generally much smaller, and in some cases very much
smaller, than the orbit of Jupiter.  Almost completely unexpected--
theory of migration of protoplanets had been forgotten.

 Orbits have high eccentricity compared to solar system planets.
This is still not understood.

Results so far (nearly all from radial velocity method)



Orbits of extrasolar planets

This plot shows the semimajor axis and eccentricity for some of the known
extrasolar planets, with Jupiter and Earth included for comparison.
Knowing these are mostly Jupiter-class planets, notice how strange this
diagram is compared to what we expected from our own solar system.

Mercury is at 0.4AU.
Why so many close-in
extrasolar planets, and 
none in our system?

Planets in our system have
nearly circular orbits with
eccentricity near zero--why
so many eccentric
extrasolar planets?



Another way to see the strange results: Orbits of 60 of the known
extrasolar planets. Note that some of them are very close to their star:

Orbits of extrasolar planets (continued)



 Theories show that Jupiter-like
planets can migrate inward,
through friction with gas in the
protoplanetary disk of the parent
star.

 This process must take place
early in the life of a planetary
system, since we see no gas disks
around stars older than about 5-
10 million years.

Sinking planets: Migration in young planetary systems

 Could an Earth-mass planet survive the passage of a migrating Jupiter?
Could such a passage actually assist the formation of Earth-like planets??



Recently, more Jupiter-like orbits have been found; this one has twice the mass of
Jupiter and an orbital period of 6 years. You can see why it has taken so long to
discover planets in Jupiter-like orbits: You have to observe for at least one orbital
period.

It takes six years for this planet to orbit just once, and observers usually demand
more than one orbit for confirmation.

The blue line is the radial
velocity curve for Jupiter.
Notice how much more difficult
its detection would be.

Jupiter-like planetary orbits have been found

This represents about ten 
years of observations!



 Planets orbiting within 0.1 AU of their stars
are called “hot Jupiters”; they are not
included in the previous figure but are
numerous.  Some are vaporizing as they are
cannibalized by their parent star.  See
illustration.

More results on extrasolar planets:

 Stars with composition like our Sun (about
1% elements heavier than helium, by mass) are
found to be more likely to have planets than
planets with fewer heavy elements, showing
that the “dusty disk” theory is plausible.

HD 209458 b (“Osiris”)
First transit discovery, 
evaporating exoplanet



Results, continued
 The number of lower-mass planets with larger periods continues to
increase, pointing toward the possibility of a very large number of Earth-
like planets, and solar system-like giant planets.

 Recent (last five years) surprise: detection of planets with masses
like Neptune (“hot Neptunes,” about 20 Earth masses), then “super-
Earths” (about 5-10 Earth masses, probably rocky or ice), using radial
velocity and other techniques. The stage is set for discovery of an Earth-
like planet!

MOA-192b: 3.3 Earth masses.
Current record holder.

Gliese 581c: 5 Earth masses, 
distance from star close to what 
is needed for liquid water



Many of the other planetary systems discovered so far appear
to be very different from our own--this came as a surprise.
However many multi-planet systems are now known, and one
system has two planets that resemble Jupiter and Saturn. (See
earlier slide with a Jupiter-like orbit for reminder of why it takes
so long to find these planets.)

 Selection effect biases sample toward massive planets
orbiting close to parent star; low-mass planets, or planets far
from their star, would be very difficult to detect this way, at
least from the ground.  An example is on next slide.

 Best estimates are that about 20 percent of stars like Sun
have Jupiter-class planets.  In that sense we are unusual because
we have two gas giant planets.  But a significant fraction of
systems with Jupiters have “close-in” hot Jupiters, not like ours.
So with respect to giant planets, we appear to be an unusual
system.

15.7 Is Our Solar System Unusual?



A substantial fraction of stars that have been measured have planets around
them of the sort that can now be detected.  They are mostly gas giants like
Jupiter, but closer to star.  Why didn’t our Jupiter migrate?

Nearly all of these have been discovered using the radial velocity method.  This
method (and most other methods) miss planets far from their stars, so can’t tell
how common systems like ours are.

The detection of Earth-like planets is the “holy grail” of 
planet detection. Earth-mass planets should be 
discovered soon from orbiting transit observatories   
CoRoT and Kepler.

The transit method involves looking for changes in a 
star’s brightness as a planet passes across it.  It 
requires planets whose orbits are nearly exactly lined 
up with our line of sight, so must detect extremely small 
changes in stellar light in only a tiny fraction of stars surveyed.  This is why space
observations are required.

Launch of transit detection missions CoRoT (2008) and Kepler (March 2009) mark
new era: If Earth-like planets exist, these missions will find them, giving their mass
and their density.  That tells us if the planet is an iceball (lower density) or rocky
(higher density).  But not water, life.

15.7 Is Our Solar System Unusual?



• The solar system is orderly, not random; yet strong evidence
for catastrophic collisions. Need formation theory that explains
this.

• Condensation theory is the current favorite—large cloud of
interstellar gas and dust starts to collapse, the Sun forms at the
center, residual gas and dust remain in a rotating disk. Dust
particles act as accretion nuclei to form the planets, by sticky
collisions with other dust particles.

• Rocky planets would form close to the Sun; outer planets
contain icy materials that would vaporize or escape at higher
temperatures.  Their cores grew massive enough to accrete gas
in the disk before it got blown away (5-10 million years).

• Asteroids, comets,… never condensed into a larger object, but
may have delivered organic molecules and water to the Earth.

Summary of Chapter 15



• Leftover planetesimals were ejected from the main solar system and are
now in the Kuiper belt and the Oort cloud. Some occasionally enter the inner
solar system as comets.

• Collisions during the growth of planets probably explain oddities of orbits
and rotations of planets and moons, including formation of our own moon.

• Over 300 extrasolar planets have been detected; most are massive and
orbit close to their star. This is the result of selection bias, but still shows a
possible fate that apparently did not occur in our solar system.  Other
systems, more like ours, are and will be discovered as longer periods can be
observed.

• Further conclusions cannot be drawn until it is 
possible to detect terrestrial-like planets.  CoRoT 
and Kepler will almost certainly find rocky planets 
with masses like Earth, but whether, for example, 
they have oceans or life remains at least a decade 
away.

Summary of Chapter 15 (cont.)




