We understand the possibility of determining celestial bodies shapes, their distances, their sizes
and motions, whereas never, by any means, will we be able to study their chemical composition.
Auguste Comte, 1830

Wobbling, Shifting, and Dimming

Hello again AST 111. A big oopsie on the prediction above! In this module we’ll survey how
planets around other stars are discovered. The big driver here is answering the ancient question
of “Are we alone”? About 20 years ago or so the number of known solar systems was one -
ours. Since then, and certainly in the past couple of years, there has been an explosion of
known exoplanetary systems, with several thousand now known. Finding and characterizing
other solar systems is a key step towards answering that ancient question.
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So why is it hard to detect planets around other stars? Stars are far away. Stars are big and
planets are small. Stars are bright land planets are dim reflectors. Here's an analogy for you.
Take a dime, so like a planet it only reflects light, it doesn’t generate its own light. Place that
dime next to a car’s headlight, the headlight being a proxy for the Sun. Stand a mile away and
try to read the date on the dime. This is why its challenging to detect an exoplanet, as
suggested by the illustration above.
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While mostly invisible, exoplanets are not undetectable.
What we mostly look for is a planet exerting an influence on its parent star.

For example, we can look for a planet's gravitational effect on its star. One way to do this is to
search for small periodic shifts is the star’s position on the dark night sky. This is called
astrometry. Another way is look for periodic wobbles is a star’s spectrum. This is called the
Doppler method or the radial velocity method.

Alternatively, one can look for a planet’s effect on the light output by a star. If a planet goes
across the face of its star, it will make the total amount of light dim a little bit, because the
planet’s blocking some of the light. This is called transit photometry.

In some cases, using the analogy above, its possible to read the date on the dime, to take a
picture of the planet. This is called direct imaging.

These are the four basic methods we use to hunt for exoplanetary systems.
Let’s explore each one in a bit more detail.
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Astrometry. An exoplanet and its star each orbit around their common center of mass. Recall
this insight from Newton from earlier in this course during our foray into how things move. Even
though a planet might be much, much less massive than its star -- like the Earth and the Sun --
a planet will nevertheless exert a gravitational force, gently tugging at its star.

The illustration above shows a planet and its star orbiting about their common center of mass.
Both objects, and this is the key point, do elliptical orbits about their shared common center of
mass. The star is being moved around. This means the position of the star on the night sky is
changing - this is what you hunt for.

For example, the illustration below shows the periodic wobble in the position of the Sun caused
by Jupiter. Jupiter makes the Sun move about their common center of mass at about 12 meters
per second - about as fast as the speediest humans can run.
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Displacement of the Sun due to Jupiter Credit: F.X. Timmes
as seen from 30 light years.



So, astrometry looks for the periodic wobble in the position of a star. Periodic. | stress the word
"periodic" because you want the change in position to repeat. That's the indication a planet is
orbiting. See a shift in position once doesn't mean anything. You've got to be able to see a
repeating signal for that signal to be telling you that something is orbiting.
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Doppler method. This method measures the periodic shift of a stellar spectrum caused by an
orbiting planet.

Here is how it works. Take a spectrum of a star. You know from our earlier exploration of light
and matter that the spectrum will contain lines from specific elements - hydrogen, sodium, or
whatever. As the unseen planet and its star each orbit about their common center of mass orbits
around, the star’s spectral lines will be shifted because the star is moving. If the star is moving
away from you, the lines will be shifted towards the red. If the star is moving towards you, the
lines will be shifted towards the blue. Our old friend the Doppler effect! So, as the star orbits
about the center of mass, the lines in its spectrum shift back and forth in a repeatable, periodic
manner. This is what you hunt for.
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The illustration above shows an example of what an astronomer might find with the Doppler
method. The plot shows the speed of the star versus time. First thing to note is the signal is
periodic. This means you likely have something orbiting. The amplitude of the curve - the
distance from the peak of the curve to the minimum of the curve tells you how fast the star is
moving in its orbit about the common center of mass. The time between two minima, or two
peaks, is the planet’s orbital period.

Recall from our earlier exploration of the the Doppler method - shifted to the red - that the
method only measures the component of the speed that is directly toward or away from you. It
does not measure the component of the speed that is across your line sight - moving left to right
if you like. This is why sometimes this method is called the radial velocity method - as a
reminder of what it measures and what it does not measure.

For exoplanet hunting, this translates into not knowing how much the exoplanet solar system is
tilted. Are we viewing it edge on or almost fully face-on? The radial velocity or Doppler method
cannot tell you that angle.
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Transit photometry. This method measures the periodic dimming of the star caused by a planet
passing in front of the star along the line of sight from the observer.

The illustration above shows an example. It plots the brightness as a function of time. As planet
goes across the face of the star it blocks a little bit of the light. You get a little dimming. Its that
simple. It is challenging because planets are small and thus don’t block a whole lot of the star’s
light, but with modern technology very doable.

One of the interesting things about transit photometry is that it can tell you the inclination angle
of the solar system. In this sense it is a perfect compliment to the Doppler method.

Another interesting aspect of the transit method is that as the planet enters or exits the edge of
the star, one can measure the composition of the planet’s atmosphere! To search for telltale
signs of life. The illustration below is an example.

Exoplanet Transit Event Credit: ESA




A limitation of the transit method is that, well, a planet must be able to transit across the face of
its star! The orientations of other solar systems are random. Some may even orbit face on from
our perspective. Only about 1% of solar systems are oriented such that the planet will transit its
star, thus potentially detectable by the transit method. Hence, to detect a large number of
planets, we can't just look at a few stars. Or even hundreds or even thousands of stars are not
enough. You need hundreds of thousands to millions to make that 1% pay off.

Never-the-less, these days, most exoplanets are discovered with the transit method. The
Doppler method is used to verify they are orbiting planets and obtain information the transit
method cannot tell you.

Technology has enabled the new method of direct imaging. That is, taking a picture of the

orbiting planet. Currently this is limited to relatively nearby stars and for planets that are not too
close to their stars, but that will improve with time. Here is an example:
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To do direct imaging you need to block out the light from the star so as not to overwhelm your
detector with too much light. You basically create an artificial eclipse. Then you can see better
the stuff around the star, much like what we do when our Sun is eclipsed by the Moon. The
image above shows a planetary disk with a planet marked that is orbiting about the distance of
Saturn. Above is another example of direct imaging, this time showing the detection of three
exoplanets.
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Its interesting to consider the volume of space where we have searched relative to the size of
the Milky Way galaxy. Below is an illustration of our planet hunting neighborhood. As the
illustration starkly shows, we have just begun our search for other worlds and maybe for other
habitable worlds as we continue to try to answer the ancient question of are we alone.

Thanks! Bye bye.



