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Earth!

Curiosity	(Mars)

Messenger
(Mercury)

Lunar	Reconnaissance
Orbiter



Planets	in	the	Solar	System



Planets	in	the	Solar	System



Planets	around	other	stars?



Planets	around	other	stars!

Lick	– Shane	Telescope



Planets	around	other	stars!



Discovery	of	51	Peg	b UC	Berkeley	undergrads

Lick	– Automatic	Planet	Finder Kepler

Transit

UCB	Students
Observatory



Why	attempt	direct	imaging?



Mapping	planetary	orbits



Studying	atmosphere	composition

~3000 K

~1800 K

~1000 K

<500 K

Gases,
Clouds,
Hazes…



5:1	brightness	ratio	(contrast)

Testing	your	eyesight



~ 1,000:1	contrast

Really testing	your	eyesight!



A	really,	really tough	challenge!

Our	Solar	System
from	45	l-y	away

~ 1,000,000,000:1	contrast

0.1”

25	mi

0.1”

1/20,000th of	the	
Moon	diameter



Finding	the	firefly	next	to	the	lighthouse



Larger	telescope	=	higher	resolution

14-inch	telescope HST	(94	inch)



Not	so	fast…

Hubble	(94	inch)



Not	so	fast…

Hubble	(94	inch)

Gemini	(319	inch)



What	is	going	on?
Larger	telescope

Sharper

2’ 4’



The	atmosphere	is	in	the	way!
Larger	telescope

Sharper	… and	then	blurrier!

The	blur	pattern
changes	every	millisecond!

2’ 4’ 7’ 12’ 24’ 48’

14’

60’



Going	around	the	problem

James	Webb	Space	Telescope

Hubble	Space	Telescope



Adaptive	optics

1) Sense	the	blur introduced	
by	the	atmosphere

2) Evaluate	the	correction	to	
apply	to	the	optics

3) Alter	the	shape	of	a	
formable	mirror

4) Rinse	and	repeat	every	
millisecond!



Not	so	easy… but	it	can	be	done!

1989
Obs.	Haute	Provence

Lick	– Shane	
Telescope

1977
UCB	Students
Observatory,
then	Lick	Obs.



Technology	to	the	rescue!

“standard”
deformable	mirror

Micro-chip
deformable	mirror

“giant”	(4	ft-diameter)
deformable	mirror



Moon

Binary	star
The	Sun

The	back	of	your	eye! Living	cells!

Neptune



Finding	the	firefly	next	to	the	lighthouse



Finding	the	firefly	next	to	the	lighthouse
“Tighten”	the	lighthouse	beam

(adaptive	optics)



Finding	the	firefly	next	to	the	lighthouse
Turn	off	the	lighthouse!

(coronagraph)



Coronagraphy

10,000:1	!

Sirius



The	state	of	the	art

Gemini	Planet	Imager



2004

2015

2012

2005

2011

2008

Uranus’
orbit

2010	(2003!)

A	young	Solar	System	“analog”



Not	quite	like	our	
Solar	System	planets!

These	systems	are	rare
(a	few	%	of	all	stars)



Similar	planet	composition

These	are	gas	giants,	with	atmospheres
made	of	standard	molecules	(CO,	CH4,	H2O)



Some	special	systems

HR	8799

A	nicely	coplanar	system



Some	remarkable	systems

b Pic

A	planet	interacting
with	a	disk	of	dust,	
comets	and	asteroids



Some	remarkable	systems

HD	106906

An	ejected	planet?

Dusty	disk
around	star

Planet	650	AU	away
(20	times	Neptune’s	orbit!)
on	a	highly	inclined	orbit!



What’s	next?

Extremely	Large	Telescope
Thirty	Meter	Telescope



What’s	next?

James	Webb
Space	Telescope



What’s	next?

Wide	Field	Infrared	Space	Telescope	(WFIRST)



What’s	next?

LUVOIR	+	“Starshade”



Dreaming	ahead…

Asteroid	Belt	
Astronomical	Telescope
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Dreaming	ahead…

Breakthrough
Starshot



A	journey	to	be	continued!


