Planets Beyond the Solar System:

A New Astronomical Revolution
March 27, 2010

Alan Boss
The Crowded Universe: .
The Search for Living
Planets L

James Kasting
Finding a Habitable Planet

Debra Fischer
Searching for Earths in the
Alpha Centauri System

™. Adam Burgasser
\ ) Cold Stars, New Neighbors: By Steve Brehmer
N\

..~ Discovering Brown Dwarfs ~#%  The Bakken
' Minneapolis, MN




How Do You Search for Exoplanets? Direct Observation

It is hard to see a planet if it
Is close to a bright star — IR
Is better than visible.

Longer wavelengths mean
lower resolution — bigger
telescopes are required.
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We can calculate
the center of
mass for a
system. If the
system starts to
rotate, it will
rotate around the
center of mass.

R —

mq -+ 1meo

mqry -+ Mmely

Center of Mass

Two Stars of Equal Mass

center

e of mass a

star 1 star 2

Star 1 Is More Massive Than Star 2

center

G of mass s

star 1 star 2

Sun Is Much More Massive Than Planet

center
/ of mass -
x J

That means the star will
appear to wobble.

A planet doesn'’t
rotate around the
center of a star. The
star and planet both
rotate around the
center of mass.
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In 1973 George
Gatewood used
images from a
another
telescope to
show there was
no wobble.
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Astrometry

In the 1960’s Peter
van de Kamp
measured the position
of Barnard'’s star in
images that had been
taken between 1916

Fi1G. 1. Barnard’s star: Yearly means, averagmg 100 plates and 1962
and weight 68; time-displacement curves for P=25 yr, ¢=0.75,

His data seemed to show a
wobble, indicating a planet.
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Is there a different way
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Doppler Shift

In 1842 Christian Doppler proposed that the frequency of a moving &Q
source of sound would be different depending on the location of the ‘
observer. The Doppler effect also applies to light waves.




In 1672 Newton published
the results of experiments
that showed that white light
was composed of a
rainbow of color.

Joseph Fraunhofer, in 1814, looked
at the solar spectrum and saw the
dark lines that now bear his name.

In the 1860’s
Kirchhoff (left) and
Bunsen discovered

the connection

between those
spectral lines and

the elements.




A very hot body will produce a A continuous spectrum that passes
continuous spectrum of light. through a cool gas will produce an
continuous spectrum absorption line spectrum abSOrptlon SpeCtrum
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Using the absorption
spectrum of a star and the
Doppler effect....
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we can calculate the radial velocity of the
star as it wobbles because of an orbiting
planet.

bluesh|ft

1 I I

BLUESHIFTED

redshlft

1

REDSHIFTED




Velocity (m/s)

51 PegaSi Marey & Butler
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In 1995 Michel Mayor and Didier
Queloz using the Doppler shift, or
radial velocity method, announced
the first definitive discovery of an

exoplanet.
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Click the star to play the movie

The planet orbits the star 51 Pegasi,
has a mass of about 0.5 Jupiters, and
an orbital period of about 4.23 days!




How do we know it's
R SRS mass and velocity?
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Use the mass of the star to find the average radius of the planet’s orbit.

Use the radius and mass of the star to find the planet’s velocity in orbit.

Use the mass
of the star and
the velocity of
the star, from
Doppler data,
% hinjs Shel to find the
' Y mass of the
planet.

Amplitude = v _sini




We can simulate a graph that
represents the sun’s wobble caused
by the two largest planets in our
solar system, Jupiter and Saturn.

Simulated Doppler Velocity of the Sun

If we add real data to the graph
we can see that it might be
difficult to pick out the orbit of
Saturn.

Velocity (m/s)
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Years data the process becomes even
more difficult.
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Transits

Click the star to play the movie

If the orbit of a planet takes it between
us and it’s star the brightness of the
star will vary with time.

David Charbonneau used a 4”
telescope in a parking lot to see the
transit of HD 2009458b.

The HST also recorded the transit.

HD 209458b Charbonneau et al. 2000
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Planetary Characteristics Planetary Orbit

Kepler 4b ! : ! 3.2135 0.04558
Kepler 5b : : : 3.5485 0.05064
Kepler 6b | ¢ i 3.2347 0.04567
Kepler 7b : : : 4.8855 0.06224
Kepler 8b | : : 3.5225 0.0483

CNES/ESA’s CoRoT Mission

Orbital Semimajor
Declination 4 APP- Distance Spectral pianet Mass Radius . "‘"I‘ jor  Orbital
colinationS mag- )59 typebd b i mpg P axis  eccentricity
- @k @k ]

7 Constellation Right
X ascension

Inclination Discovery
(¥ ]| year

“| Monoceros | 06"48M19% | —03°06'08” | 13.6 1560 GOV 103 | 149 15089557 0.0254 0 85.1 2007
Serpens 19N 27MQ78 | +01°23'02” | 12,57 930 G7V 3.31 | 1.465 1.7429964 0.0281 0 87.84 2007
Aquila 19" 28™M 13.265° +00° 07’ 18.62" 13.3 2200 2166  1.01 4.25680 0.057 85.9 2008

"| Monoceros | 08"48M47% | -00°40°22" | 13.7 072 | 119 920205 = 0.090 2008

"| Monoceros | 06" 45m™07sS | +00° 48’ 55” ¥ : 4.0384 | 0.04947 f ‘ 2008
Aquila 18" 44M17.425 +6°39'47.95" 139 33 | 1.16 8.89 0.0855 ; 2009

"| Monoceros | 06" 43M49.05 | -01°03’ 46.0” |11.668 489 0.0151 0.150 0.853585 0.0172 5 2009

Serpens 18" 43M 0g® +06° 12" 15" 5 . { 95.2738

CoRoT — launched in May, 2007




Gravitational Microlensing

Einstein’s theory of general
relativity predicts that light will be
bent as it passes near a mass.

MAGNIFICATION MAGNIFICATION

LENSED IMAGES Because of <{ G
SOURCE . . .
e o 0)\0 | gravitational lensing,

1 an unseen star passing

|

in front a source star

causes the image of v
the source star to

brighten.

The profile of the
brightening will
be different if the
unseen star is
accompanied by
a planet
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Direct Observation

The Spitzer Space
Telescope produced
this image of the
HR 8799’s debris
disk in January,
20009.

Dedris Disi around Star HR 8783
Spazer Spaco Tolescope * MIPS
MASA 7 JPLOach / I S fvie. of Avinins) »0008

In November of 2008, Christian Marois
announced the discovery of three planets around
HR 8799. His group used the Keck and Gemini
telescopes in Hawaii to obtain this infrared image.

Companion as Semimajor axis Orbital period
(in order from star) (AU) (years)

d 103 M, ~24 ~100  |>0.04(18lnote 2]

Eccentricity

This image was produced
. 1053 M, 38 ~ 190 ? by the vortex coronagraph
b 7% M, ~ 68 ~ 460 ? on the Hale telescope in

Dust disk 75 AU 2010




® Jupiter

® Saturn

e« ®Neptune

Uranus

@
)
v
v
o
-
=

L
-
—_
L)

wJ

i
v
T

o ® Earth
Venus

. aMars
1.0
Qrhiz LAd)

..but, how do we find habitable planets?




o-CenturiA & B

Simulations
suggest that
earth-like
planets could
evolve in this
system,

and be found
after 90000
Doppler
measurements
over 5 years

Push the Limits — Look in the Neighborhood

velocity noise from the stellar surface

if you can
look in
longer
wavelengths
with a
precision of
3 m/s or
better.




Freezing Point of Water
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Look for Liquid Water

Our knowledge of stellar evolution
indicates that water on earth should
have been frozen until 2 billion
years ago - if the atmosphere was
the same composition as today.

Land

CaSiO3 + 2C0O2
therin
+ HO Ca*+ + 2HCO3 —>
Ca*+ + 2HCO3" +SiO2 CaCO3 + COz + H20

(Volcano)

(metamorphism
CaCO3 + SiO;

metamorphosis

The carbon-silicate cycle my have
helped by pumping more CO, , a
green house gas, into the atmosphere
when water froze.




Look for Molecules Associated with Life

Promising!
log AN}, photons m 251

8 10 14 20
I L
WAVELENGTH (MICRONS)

HTS took a H ' Swain et al. (2008) - HD 189733 b with HST Nicmos |

spectrum of

HD 18973 when the

planet was visible

and again when the

the planet was behind the star. The
difference of the two is the spectrum ,
of the planet’s atmosphere. h




Between Planets and Stars

2
'H+'H—>?H+e" +v

’H +'H = He +y

In 1939 Han Bethe worked
many out many of the details for R ECTINPS TR
the fusion reactions that happen ————

in stars. He won the Nobel "Be+e” = Li+v

Prize for his work in 1967. "Li+*H —2*He "B—"Be +e” +v

As a gas cloud
starts to collapse
due to the force of

In 1925 Wolfgang
Pauli developed
the exclusion
principle.

from the hot gas
Increases.

As the gas cools
due to radiation the
cloud shrinks even

4 It tells us that no two
fermions (protons, neutrons,
or electrons) can be in the
same place at the same time
— they can not be

degenerate.

more.




A cloud of gas can not shrink past the If the core reaches this point
point where the particles in it's core before fusion starts it will
would be degenerate. become a brown dwarf.

ca. 1963
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In a star like our
sun, once the
inward
gravitational force
is balanced by the
outward pressure
the star burns
steadily for most of
its life.
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models from Burrows et al. (2001)




It is some times
easier to find a
brown dwarf if you
compare visible and
infrared images.

Near Infrared Image
Click to flash

Special detectors are
required to see infrared.

Very Cool Stars are (infra)red

| infrared —>

E o i
/\ 5500 K Images from Cool Cosmos: http://coolcosmos.ipac.caltech.edu
/ ! Wien'’s Displacement Law: Because Of their

I pkl = SOOO K pm
o g temperature brown
3000 K )
dwarfs give off most
1000k of their light in the
S T infrared
Wavelength —————> S .

First brown dwarf
discoveries were

The first brown PR reported in 1995
dwarf was P -
reported the e ®
same year as the o Gliese 2298
first exoplanet. o T=1000 K

R
e, AL [ .
3 L

We now know of more then 700 brown dwarfs




M dwarfs (3500-2100 K)

magnetically active, youngest
brown dwarfs

L dwarfs (2100-1300 K)

molecule-rich atmospheres
contain clouds of “hot dirt”

T dwarfs (1300-600? k)

coldest known brown dwarfs,
H,O, CH, and NH, gases

Y dwarfs (<600? k)

As yet undiscovered,
possibly hosting H,O clouds

Cooler brown dwarf have
more complex molecules

in their atmospheres.

Just like stars, brown
dwarfs fall into
categories.

Brown dwarfs share
many properties of
stars.




ey ) S What Next?
g : /A , o ' ‘: - . e

Better coronagraphs
to block the light from
the star.

NN .
\\\\\\\\\\\\ rResolving power
‘\‘ 22/ Through the ages, the smallest pinpoint

\“““ (i discernable as separate and distinct
| by the most powerful optical device of
the times.

5 Space
Effective light ; Telescope
resolution in

arcseconds Mt
{arcsec] Palomar
e &

Bigger 1400 1600 1800 2000
telescopes for Ml
better resolution Keep track of the count at

at longer http://planetquest.jpl.nasa.gov/
wavelengths.




Problems

Using the graph at the right, and knowing that 51
Pegasi has a mass of about 1.06 the mass of the sun
(spectral class G), answer the following questions.
What is the period of the star’s wobble?
What is the magnitude of the star’s radial
velocity?
Calculate the radius of the planet’s orbit.

Velocity (m/s)

Calculate the radial velocity of the planet. e
TIME (Julian Day - 2450000}

Calculate the mass of the planet.

Locate the center of mass of the Sun and Jupiter in relation to the center of the
sun.

What is the radial speed of the Earth around the Sun?

What would be the probability of seeing Jupiter orbit the Sun using the transit
method?




Hubble has a 2.5 m diameter mirror.

A. What would be the resolving power of a telescope with a mirror this size for
470 nm visible light and for 10 um infrared light?

How many arcseconds does this represent?
If 51 Pegasi is 50.9 light years from earth, what is the closest a planet could
be to the star and still be resolved with this telescope?

What is the advantage of looking in the infrared?

If this telescope orbits about 550 km above the earth what is the smallest
object it could resolve on the earth’s surface in 470 nm light?

If 656.3 nm light (red line of the hydrogen spectrum) strikes a diffraction grating
with 4000 lines /cm,

A. What will be the angle to the first order maximum?

B. If the planet orbiting 51 Pegasi has a radial velocity of about 50 m/s what
will be the Doppler wavelength shift for 656.3 nm light?
C. If this is a red shift what will be the new angle to the first order max?

Go to www.exoplanets.org, select “Exoplanet Data Explorer — Potter” , then
select two variables to plot. Talk about what you discovered from your graph.




