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•  Quiz 4: Thursday June 8 (last day of class)
•  Final: Wednesday June 14, 4pm -7pm



Last  Lecture	
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Are  Astronomers  Inflating  the  Truth?	

•  In the 1970s three 

problems with the Big 
Bang were widely 
discussed: 
-  Horizon problem 
-  Flatness problem 
-  Relic monopole problem 
-  Origin of cosmic structures 

•  Universe expands by 1026 
between 10-36 and 10-32 
seconds after the Big 
Bang 



Horizon  Problem	

•  Cosmic Microwave 

Background looks the 
same (statistically) in 
every direction 

•  But, the opposite sides 
of the sky should not 
have been in “contact” 
at 380,000 years after 
the HBB 

•  How could they be the 
same temperature to 1 
part in 100,000? 
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Pre-Inflation the entire observable Universe was in causal contact



Flatness  Problem	

•  The mass/energy in the 

Universe causes an overall 
“warp” in space time 

•  There is a critical density 
of mass/energy that 
makes the Universe 
spatially “flat” 

•  “Ω”= ratio of mass/energy 
density to the critical mass 
for a flat universe 
-  ΩM  is  the  contribution  of  

maAer  (and  photons)  to  the  
density  	
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Huge increase in size naturally 
drives Universe to be spatially 
flat



Magnetic  Monopoles	

•  Predicted by Dirac to 

explain discrete electric 
charges in 1930s 

•  A part of modern String 
Theory and other GUTS 
theories predict the 
presence of massive 
monopoles that should 
exist at early times and be 
stable 

•  None found: density 10-29 
that of protons 
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Monopole freezeout occurred 
preInflation and monopole density 
diluted by (1026)3



Seeds  of  Galaxies	


•  We can grow the ripples seen in the CMB into the 
galaxies and large scale structure we see today (with 
Dark Matter) but what is the origin of the initial 
inhomogeneities? 
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Quantum fluctuations pre-Inflation 
grew with Inflation to provide the 
inhomogeneities seen in the CMB



Dark  energy	

•  Obervations of SN 1 at 

large distances and 
lookback times show the 
expansion was slower in 
the past 

•  Λ, the cosmological 
constant was not zero, 
but rather had a value 
of ~0.72: consistent with 
that needed to 
reconcile the Universe 
expansion age and 
stellar ages 
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ΛCDM  Universe	

•  Combining all these 

concepts and 
comparing with the 
distributions of the 
CMD flucutuations 
makes the outcome 
pretty clear 
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The  Universe	

•  The mass/energy 

budget of the 
Universe is now well 
established 

•  Dark Energy 
dominates, Dark 
Matter a distance 
second 

•  Everything else is just 
a smattering 



The  long  view	

•  Cold and Dark 
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iClicker	

Which of the statements below best describes the 
“Horizon Problem” in cosmology? 
A.  Because of the finite speed of light we can only 

see out to a certain distance: the “cosmic horizon” 
B.  The cosmic background radiation is extremely 

uniform in mean temperature even at large angles 
there was no causal contact when the Universe 
was 380,000 years old 

C.  The curvature of space time is exactly “flat”: Ω=1 
D.  Our view of the distant universe is distorted beyond 

the light-speed horizon 
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Last  Topic:  Exoplanets	

•  There is a long history 

of looking for planets 
orbiting stars other 
than the Sun 

•  All claims before 1992 
were proven false 

1992 Aleksander 
Wolszczan and Dale Frail 
unexpectedly 
discovered two planets 
orbiting a pulsar 
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The  1st  discovery  of  a  planet  
orbiting  a  main-­‐‑sequence  star  
other  than  the  Sun  kicked  off  a  
new  field  of  science  in  1995	
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Didier Queloz and Michel Mayor (Swiss 
astronomers) announced 51 Pegasi b on 
October 6, 1995



51  Pegasi  b	

•  51  Peg  b  was  about  the  

mass  of  Jupiter,  but  its  
orbit  was  only  4  days  
(Mercury’s  orbit  is  88  
days)	


•  “Hot  jupiter”  took  
everyone  by  surprise	


•  No  Solar  System  
analogue,  theory  
problems	
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Radial  Velocity  Method	

•  The original method 

for inferring planets is 
based on: 
-  Reflex motions 
-  Precision radial velocity 

measurements to 
astonishing accuracy 

•  Much of the 
development and 
discovery has UC/
Lick/Keck roots 
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Radial  velocity  detection	

•  The Sun and Earth 

orbit their 
“barycenter”  

•  Over an earth year 
the Sun’s reflex 
motion is 0.1m/sec 

•  For Jupiter it is 12.8 m/
sec over 12 years 

•  Very hard to 
measure!! Human’s 
walk about 1 m/sec 
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RV  planet  detection	

•  The early observations were subject to enormous 

scrutiny 
•  However, once they knew to look for that signal, 

exoplanets started being discovered at a fast 
rate 
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RV  Planet  Selection  
Effects	


•  Larger  mass  planets  
produce  a  larger  reflex  
motion  at  fixed  distance  
and  host  star  mass	


•  Closer  planets  produce  
larger  reflex  motion  at  
fixed  planet  and  host  star  
mass	


•  Smaller  mass  host  planets  
have  a  larger  reflex  
motion  at  fixed  planet  
mass  and  distance	
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RV  exoplanets	

•  After the initial 

announcement some 
planets were 
discovered in older 
data 

•  12 years after 51 Peg 
b there were more 
than 300 known 
exoplanets 
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Lick,  Keck  ESO	

•  University  of  California  

astronomers  and  UCSC  
astronomers  have  played  
a  world-­‐‑leading  role	


•  Built  and  used  the  most  
important  instruments  at  
UCSC  and  deployed  them  
at  Lick  Obs  and  Keck  Obs	


•  Developing  techniques  for  
stability  and  software  for  
analysis  has  been  key	
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Transiting  Planets	

•  Radial velocity 

searches were hard 
and “expensive” in 
observing time 

•  Strong bias toward 
more massive planets 
in close orbits 

•  Starting around 2006 
people started looking 
for planets “transiting” 
their host star 
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Transiting  basics	

•  For systems with orbits 

that are very closely in 
the line of sight, when 
the cooler planet 
crosses the hotter disk of 
the star, the total flux 
goes down: transit 

•  There is a more 
complex increase and 
decrease in total flux 
during 
“occultation” (seconda
ry eclipse) 
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The  predicted  light  
curves  are  seen!	


•  The orbit period is 
easily determined 

•  The relative size of the 
planet and star are 
measured with some 
understanding of 
temperature 

•  The tilt of the orbit 
with respect to the 
Earth is known 
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Transit  Details	

•  Planets tend to be 

small compared to 
stars and the signal is 
very small (2-30 parts 
per 1000) 

•  Hard to measure from 
the ground with 
changing 
atmospheric 
conditions 
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Transit  Details  
continued	


•  The details of the 
geometry are 
important 

•  “grazing” transits by 
binary stars can 
masquerade as 
exoplanets 

•  Long-lived star spots 
can cause confusion 
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Science:  Are  we  sure?	

•  Have demonstrated 

the transits are 
caused by planets in 
two ways: 
-  “transit timing 

variations” for 
multiplanet systems 

-  Followup radial 
velocity measurements 
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Transit  observations	

•  From the ground this is 

hard as the brightness 
variations are 
typically smaller than 
1%  

•  Nevertheless some 
heroic monitoring 
efforts were put 
together in the 
middle 2000s 
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The  Kepler  Satellite	

•  Launched March 

2009 
•  1.4m primary mirror 
•  Focal plane of 42 

large CCDs 
•  Earth-trailing orbit 

around the Sun 
•  Pointed at one 

location for four years 
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The  Kepler  Mission	

•  Observed primary field 

reading out ever six 
seconds to produce 
high-cadence ”light 
curve” for ~145,000 stars 

•  The stability of observing 
above the atmosphere 
allowed very high 
precision: 0.01% in 
brightness 
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Kepler  as  a  game  
changer	
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Earths and superEarths

Radial Velocity sweet spot
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Other  techniques	

•  “astrometric” 

detection follows 
motion of orbit on the 
sky of host star 

•  Very few discoveries, 
but wait for large-
scale space-based 
measurements: 
estimates are GAIA 
will find 70,000 high-
mass planets in its 10-
year mission(!) 
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Gravitational  Lenses	

•  Very sensitive 

technique, but also 
rare, one-time event 

•  Because for well-
aligned events there 
is a large 
magnification, this 
can reveal low-mass 
planets 

37 



Direct  Imaging:  firefly  
by  a  lighthouse	


•  This is hard because: 
-  planets tend to be 

fainter than parent 
stars by factors of more 
than 107 (10 million) 

-  Need to find a way to 
block the light from the 
host star using a 
“coronagraph”  
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Direct  imaging	
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Direct  Imaging	

•  It is also hard because 

at the distances of even 
the nearest stars the 
separation on the sky is 
very small and gets 
smaller with distance 

•  Typically a few tenths of 
an arcsecond 

•  Need largest telescopes 
and adaptive optics or 
space 
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Direct  Imaging	

•  But, it works!  
•  As of 2017 there are 

around 20 directly 
imaged plants 

•  They tend to be the 
equivalent of outer 
Solar System planets 
because of the angular 
separation problem 

•  One big advantage of 
directly imaging the 
planets is it is possible to 
take spectra of their 
atmospheres 
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Direct  Imaging	


•  How do know they are not just background sources? 
•  Orbits 
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Planet  demographics	


•  https://
apod.nasa.gov/
apod/ap151205.html 

•  On average in the 
Galaxy there is at least 
1 planets per star 

•  ~300 billion planets in 
the Galaxy 

•  ~11 billion Earth-like 
planets 

•  Based on 3610 planets 
including 610 systems 
with more than one 
planet  
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Demographics	


•  28 systems known with 
four planets 

•  21 systems known with 
five planets 

•  4 systems known with 
6 planets 

•  Planets unexpectedly 
found in binary and 
triple star systems 
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What  have  we  learned?	


The Solar 
System is not 
typical 
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Solar System



•  Most multiple systems 
discovered to date 
are far more 
compact  

•  Don’t forget the 
strong biases in the 
detection processes, 
but even modeling 
this, the Solar System 
stands out. 
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http://exoplanets.tommykrueger.com/app/ 
 
http://exoplanets.org 
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What  have  we  learned?	


We also are missing the 
most common planet 
seen in the galaxy: 
“super-Earths” or “mini-
Neptunes” 
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Why  the  differences?	

•  We may need to 

account for 
differences in host 
stars better 

•  Evolution of planet 
systems may be 
stronger than we think 
-  Early evolution may be 

strong and chaotic 
-  Longer-term evolution 

may also be chaotic 
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Why  the  differences?	

•  We may still be in the 

phase when 
detection bias is 
dominating our views 

•  As the samples grow 
from using different 
methods, this will be 
sorted out and 
“correction factors” 
will be replaced with 
data 
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Life,  the  Universe  and  
Everything	


•  The search for life off 
the Earth got serious 
in the 1960s 

•  This was 35 years 
before the first 
exoplanet was 
announced 

•  Concentration was 
on detecting leaked 
radio waves from an 
intelligent civilization 
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SETI	

•  Carl Sagan and Frank 

Drake were the leaders 
of the efforts 

•  The idea was to 
observe nearby stars 
over many radio bands 
and look for signals that 
could not be explained 
by natural sources 

•  Got NASA funding in 
the 1970s, canceled by 
Proxmire in 1995 
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SETI  2017	

•  With the discovery that 

the Galaxy is filled with 
planetary systems the 
interest in SETI was 
reignited 

•  Paul Allen, Franklin 
Antonio, Yuri Milner 
($100M “Breakthrough 
Listen”) donated millions 
of $ to support a burst 
of activity 
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SETI:  other  approaches	

•  There are a number 

of SETI offshoots 
searching for 
“technosignatures” 

•  Lasers (Optical SETI at 
Lick Observatory) 

•  City lights on the dark 
sides of known 
exoplanets 

•  Dyson Spheres 
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The  Drake  Equation	

•  Frank Drake first wrote 

down an equation 
that was intended to 
quantify the possibility 
of life based on 
several (poorly-
known) factors 

•  As time has gone on 
the factors are 
becoming much 
better constrained 
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Fermi’s  Paradox	

Fermi was a prominent 
physicist from the first half 
of the 1900s who 
considered the rapid 
advance of human 
technologies over only a 
few hundred years, the 
vastness of the Galaxy 
and asked “why have we 
not been visited by an 
advanced civilization?” 
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Biosignatures,  Habitability    
and  Exoplanets	


•  Originally  the  “habitable  
zone”  was  the  orbits  
around  a  star  where  water  
could  exist  in  liquid  form	


•  Further  from  hoAer  stars,  
closer  to  cooler  stars	


•  Concept  extended  to  other  
solvents  and  to  include  
properties  of  specific  stars  
like  element  abundances	
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Habitable  Zone	

•  First exoplanets in the 

habitable zone were 
discovered in 1996 
and were gas giants 

•  With Kepler, we now 
have many super-
Earths in the HZ and 
the first Earth-like 
planets iin the HZ of 
other stars 
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Biosignatures	

•  With the HZ planets 

we now have targets 
to look for any kinds 
of life signs (not only 
intelligent life: think 
about Earth history) 

•  Looking for signatures 
in the spectra of 
exoplanets of 
chemistry that 
indicates life 
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Biomarkers	

•  Oxygen  and  oxygen-­‐‑

based  molecules  is  a  key  
biomarker	


•  The  “red  edge”  of  
absorption  due  to  
chlorophyll  would  be  for  
exoplanets  with  
significant  areas  of  plants	


•  Methane  in  the  presence  
of  oxygen  probably  
requires  bacteria  
(methanogens)  	
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Biomarkers	

•  This is hard! So far we 

have had to rely on 
differential 
spectroscopy in and 
out of eclipse to try 
and tease out an 
exoplanet 
atmosphere spectrum 

•  Good for the era of 
really big telescopes 
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SETI,  Biomarkers,  what  
do  we  know?	


•  Nothing!	

•  But  we  are  right  at  the  

very  beginning  of  a  new  
field  of  science	


•  Stand  by  for  super-­‐‑
SETI,  JWST,  Tess,  
TMT…	


•  If  life  off  Earth  is  
discovered,  it  will  be  
the  most  important  
discovery  of  all  time	
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