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New Worlds, Baby!  



1973 
You’ve come a long way, Baby!  
 
You can smoke like a man.  
You can act like a man. 
You can think like a man. 
 
Is that really the best we can 
be? 

Presenter
Presentation Notes
1973: a little too late for me – in college, studying nursing.  After a few years, started taking classes in physics and had to justify this all the time.  Nothing like the trail-blazers before me Sandy Faber, Jocelyn Bell, Vera Rubin, Margaret Burbidge, Margaret Geller or the pioneering generation before them: Henrietta Leavit, Annie Jump Cannon. I had to build up my background – SFSU was a fantastic place for this and that’s were I met a classmate Paul Butler and young prof Geoff Marcy.  In grad school (1992) at UCSC, the professors acted responsibly, telling the entering students that there were not many jobs.  As I was graduating 



1995 
first planet detected 

2014 
thousands of 
planets? 

Presenter
Presentation Notes
1995 - 2013.  Hundreds of planets, thousands of unconfirmed candidates. Enough already? 



Presenter
Presentation Notes
It depends on what we are looking for - I think the answer is hundreds of Earths around nearby stars so that we can figure out if there is life elsewhere.  
1961: Drake pen’s his famous equation



Our Solar System 

• Eight planets 
• Lots of rocky “debris” (terrestrial planets and asteroids) 
• Most planets have moons 
•     

• Nearly circular orbits 
• Only one inhabited planet  

Presenter
Presentation Notes
Quick review of our solar system.  Detectability of exoplanets depends on their mass, size, orbital periods.  So you will see strong biases in the zoo of exoplanets. 



Mercury 

Venus 

Mars 



Jupiter = 317 earth masses 

Neptune = 17 earth masses 

Uranus = 14 earth masses 

Saturn = 95 earth masses 



Presenter
Presentation Notes
Astronomers expected that other solar systems might be similar to our own, with gas giant planets orbiting far from the host stars



9 

Pulsar timing: uses the Doppler effect, need to collect 
data over the entire obit to model.  

Presenter
Presentation Notes
In 1992 Wolzszcan & Frail discovered 3 Earthlike planets orbiting a neutron star. should have been a tip off that truth was stranger than fiction.  Reaction of astronomers: not a planet b/c it can’t host life. 



Radial Velocity technique: uses the Doppler effect 
- need one full orbit 

Presenter
Presentation Notes
The first successful technique for exoplanet detection: the Doppler technique. Measures the velocity wobble of star. Never see the orbiting planet but mathematically deduce the mass, orbital period, shape of the orbit. With 1995 precision, could have detected Jupiter, but it would have taken 12 years for one cycle to complete. 



1995 



Presenter
Presentation Notes
First planet detected. Surprise: Planet could not have formed in this high temperature environment. Revised models of planet formation. 



Photo credit: National Geograph  

Presenter
Presentation Notes
I began working on exoplanet detections in 1997 with colleagues GM, PB, SV. 



Artist: Lynette Cook 

* 

1999 

Presenter
Presentation Notes
First multi-planet system; remarkable discovery.  A hint that planet formation was a robust process and that planets might be common.  Business man asked: Isn’t astronomy just a hobby supported by rich nations? What is the practical application of this discovery?  Part of human nature?  Desire to know our place in the Universe? It’s taken me 15 years to figure out my answer to his question. 



2012 

Presenter
Presentation Notes
aCen: closest star system. First earth-mass planet detected. Most difficult system to detect. Recent controversy - follow-up observations taking place now. 



RV Planet count: 515 



Many scientists were skeptical about the 
interpretation of the RV data.  However, we 
knew that the orbit of some of these planets 
should be oriented so that the planet would 
transit in front of it’s host star.   



Transit Technique: the planet passes in front of the 
star, dimming the starlight for a few hours.  The bigger the 
planet, the greater the light decrement. 

Artistic license: star and 
planet are not resolved! 

Presenter
Presentation Notes
Need Doppler measurements in addition to transit to know the mass of the transiting object.



1999 

Presenter
Presentation Notes
Inflated radius, losing mass.



Transiting planets: models allow us to determine interior 
structure of planets orbiting stars hundreds of light years 
away 

Image credit: Greg Laughlin, UCSC 

Planet count: 308 

Presenter
Presentation Notes
149026 sent astronomers back to the drawing board, trying to understand how a planet with such a massive core could have formed. 



Kepler Mission: transits from space 

2009 

Presenter
Presentation Notes
ground-based transits enormously successful.  Launch of a space mission: Kepler



2011 

Presenter
Presentation Notes
Kepler has dramatically changed our understanding of the diversity and statistics of exoplanets.  A few highlights: Kepler 11



Presenter
Presentation Notes
Surprise: how many planets nature could pack in.



Tatooine 

A Saturn mass planet orbiting a double star system! 

2011 



Kepler Transit Candidates: many are multi-
systems 

Dan Fabrycky, U Chicago 



“Practically all Sun-like stars have planets”  
 
•~17% have planets 0.8 - 1.25 with P < 85 days 
•~50% have planets 1.25 - 4 times the mass of the Earth 
•10% have larger (up to Neptune-size) planets with P < 400d 

Candidate count: 2740 

Presenter
Presentation Notes
Kepler spacecraft has lost 2 of 4 reaction wheels, not likely to continue. 



27 

Microlensing: the star with a planet passes in front of a 
distant and gravitationally distorts space so that the source 
light is lensed, and brightens (for a few hours or days). 

Planet count: 21 

Presenter
Presentation Notes
Showed that planets like Neptune and Saturn in more distant orbits were common.



Direct Imaging: challenging and exciting work on the 
horizon with Keck Adaptive Optics Imaging. 

Planet count: 31 

Presenter
Presentation Notes
Once the planet can be resolved, we can try to obtain spectra of the atmosphere - current research effort.



Transits with Kepler (2740)?  

Doppler observations (515)?  

Imaging (31) 

Microlensing (21)?  

Transits with ground-based telescopes (308)?  



Why Earths? 

Best chance of detecting life we can recognize. 

Presenter
Presentation Notes
one could argue that this view is myopic - that life might be Si-based and floating in methane clouds. We will have a difficult time recognizing such exotic forms of life. Best shot: search for signs of C-based life inhabiting planets awash with oceans of water. One key signature of life on Earth is the high concentration of oxygen in our atmosphere - given T and P, out of equiquilibrium. If all life were extinguished the O2 would vanish. Earth acquired this aerobic currency when photosynthesizing cyanobacteria appeared a few Gya. After a prolonged gestation, life crawled out onto the continents. Fossils of these creatures date back 500 Mya to the Cambrian explosion and are embedded in rusted iron formations, evidence of a dramatic rise in oxygen concentrations. This chemical dis-equilibrium shouts to the Universe that life exists on this planet. What are the odds elsewhere? 



Why look? 

What are the practical applications?  



1. Consider our place in space 

Earth  Mars   Jupiter    Saturn   Uranus  Neptune                    Sun 



33 
Our Sun appears to be an unremarkable star, like 
billions of others in our galaxy. Billions of galaxies 
i  th  U i   

1. Consider our place in space 



   The Universe  Contains  Billions  of  Galaxies 

1. Consider our place in space 

Presenter
Presentation Notes
Hubble Deep field.  How can there not be other worlds with life?



Fair sample of the Universe: a representative volume,  
large enough to show the average structure.  

2. Consider the rareness of our 
composition 



Open this closed box 
flood of E-M radiation 

2. Consider the rareness of our 
composition 

Presenter
Presentation Notes
Photons of light in huge quantities. All flavors - from extremely low frequency radio waves to microwaves, infrared, visible, UV, x-rays and gamma rays. One of most pervasive: photons that originated in the very young universe now have wavelengths stretched out by the expansion of space and time. lowered their energy to microwaves: cosmic background radiation. Adding to this: photons originating from stars and cooling gas.  Space looks empty, but it is a heaving soup of unseen photons racing across eternity.



Open this closed box: light elements 
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2. Consider the rareness of our 
composition 

Presenter
Presentation Notes
H and He (all formed in the BB). Most of the gas is extremely hot, in the form of plasma (ions).
Other elements in the Periodic Table are even more rare, 1 He for every H; 1 Oxygen for every 1500 H atoms. In this colder gas are molecules and traces of compounds - 70% are organic compounds containing carbon (flexible chemical bonding). For every ~100 atoms: a grain of dust. The elements that we require to build our planets, our bodies, our atmospheres are just trace pollutants. 



Neutrinos 

2. Consider the rareness of our 
composition 

Presenter
Presentation Notes
Neutrinos: extremely low mass subatomic particles, less than a millionth the mass of electrons. Released during nuclear fusion rxns in stars. The Universe is transparent to neutrinos; 65 billion pass through your hand every second. Eight minutes ago, they were generated in the Sun.



Something else in this Fair Sample that we can barely 
sense. It does not reflect or absorb light. The only sign of 
it’s presence is the gravitational pull of its mass.  
 

........Dark Matter. 
Drifts through solid matter but moves slowly and outweighs 
normal matter by a factor of 5. 

2. Consider the rareness of our 
composition 



In 1995, we learned that there was something else in this 
Fair Sample.  
 

........Dark Energy. 
We can compare energy and mass:  E=mc2 and as far as 
we can tell, dark energy makes up ~75% of the stuff in our 
Fair Sample. 

2. Consider the rareness of our 
composition 



2. Consider the rareness of our 
composition 

Presenter
Presentation Notes
In the 1990’s, we learned that the magnitude of our ignorance was even more extensive and that matter we could see and dark matter that we could not see were just 25% of the stuff in the Universe: dark energy was driving the expansion. 



3. Consider our place in time 



3. Consider our place in time 



3. Consider our place in time 

Presenter
Presentation Notes
The dinosaurs lived for 6 days on the cosmic calendar. We have appeared in the last seconds.



We do not dominate the Universe in any sense - our 
place in space is small.  
 
We are rare stuff in the Periodic Table 
 
We are newcomers to this planet.  

3. Consider our place in time 

Presenter
Presentation Notes
Of all the species that have existed, we are the only ones that have the technical capability to look out into the Universe and try to understand our origins, our history and our fate. 
We have learned that there have been major mass extinctions - at least one from an asteroid collision, most from climate change on the planet. Our ability to look outward will help us to survive. 



http://www.youtube.com/watch?v=MrqqD_Tsy4Q 

http://www.youtube.com/watch?v=MrqqD_Tsy4Q


Presenter
Presentation Notes
Astronomy is not just a hobby for wealthy nations. It is woven into our heritage and culture. The spin-off technologies have irrevocably changed us and our long-term survival is tied to this science.



Presenter
Presentation Notes
Vision plan for humanity.  Imagine humanity after we survive for a week on the cosmic calendar. We will be the alien civilizations of our science fiction today, exploring the universe.
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Rocky 
Planets 
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Presenter
Presentation Notes
I still expect that the Doppler technique can find habitable worlds. 
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2012 

Presenter
Presentation Notes
The challenge is that small rocky planets, orbiting at HZ distances only induce reflex stellar velocities of 10 cm/s. 
Precision: 3 m/s, 1 m/s... need a factor of ten. 



Presenter
Presentation Notes
Now, need to improve by a factor of about 5.  But what are the practical applications? 
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