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Chris Engelbrecht Seminar 
11h30 Thursday (tomorrow) 

Observations of variable stars and stellar 
pulsations



The three biggest questions facing 
philosophers, scientists, and society 
today…





Why are we here?

Where did we come from?





Are we alone?



Are We Alone in the Universe?

• Is our Solar System unique?

• Is the Earth unique?

• Is life on Earth unique?



Are We Alone?

• Are there other Solar Systems out there? Yes!

• Are there other Earths out there?       Probably

• Is life on Earth unique?                            ???



We know about our Solar System. Let’s look for more!



We just point the telescope and find a planet...



Planet gets lost in the glare



DN = 5122

DN = 1417
DN = 1382

Contrast ratio in a bad sky:    5:1



Contrast ratio with Hubble: 105 : 1 (barely)



Contrast ratio necessary to find a planet:    109 : 1

Planets are too tiny and faint to be seen 
next to their blindingly bright host stars!



Directly imaging planets around other stars is hard!

• The planets are faint

• The stars are bright

• Planet and star are right next to each other



Direct Imaging of Exoplanets

• Contrast ratio between star and planet:

• ~ few x 10-9 for both Earth and Jupiter

• Typical contrast ratio in best detectors might be 10-4 within a 
few pixels.



Image of Planet Around Beta Pic, in 
IR



Exoplanets: Transit Searches

• Look for exoplanets by searching for planets 
briefly passing in front of their host stars.



Transit Search

• Transit Depth: 

• This is not difficult! Easy to do on small 
telescopes.

• Orbit of planet must be edge-on for us to see 
the transit. 
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Exoplanet transit, 20% drop (simulated)
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Exoplanet transit, 20% drop (simulated)

Mean = 106 photons per integration



Exoplanet transit, 20% drop (simulated)

Mean = 104 photons per integration

Noise is due to Poisson statistics:  
     The number of photons received is 
     unlikely to be exactly the mean.



Exoplanet transit, 20% drop (simulated)

Mean = 103 photons per integration

Noise is due to Poisson statistics:  
     The number of photons received is 
     unlikely to be exactly the mean.



Exoplanet transit, 20% drop (simulated)

Mean = 300 photons per integration



Exoplanet transit, 20% drop (simulated)

Mean = 100 photons per integration



Exoplanet transit, 20% drop (simulated)

Mean = 10 photons per integration



Poisson Statistics
For a series of independent, uncorrelated events that 
happen at roughly uniform rate, such as photons 
emitted from a source:

   Expected # of events = 

   Standard deviation     =        

   i.e., expected 1σ range is 

Signal:Noise ratio (SNR) =

Poisson noise (‘shot noise’) is a noise term in addition 
to dark current, bias, etc. from yesterday.

In the best cases (the ‘bright star limit’), Poisson noise 
dominates, and is the only one that needs considering.



SNR for measurement of the star’s brightness:

    SNR = 1000 / sqrt(1000) ~ 30

SNR for measurement of transit depth (20%)

   SNR = 200 / sqrt(1000) ~ 6

Typical SNR of a science result
• 3σ (i.e, SNR = 3) is a marginal detection
• 5σ is solid



Exoplanet transit, 20% drop (simulated)

Mean = 106 photons per integration

SNR relative to star: sqrt(106) = 103

SNR relative to transit: 0.2 * sqrt(106 ) = 200



Exoplanet transit, 20% drop (simulated)

Mean = 104 photons per integration

SNR = sqrt(104) = 100
SNR relative to transit: 0.2 * sqrt(104 ) = 20



Exoplanet transit, 20% drop (simulated)

Mean = 103 photons per integration

SNR = sqrt(103) = 30
SNR relative to transit: 0.2 * sqrt(103 ) = 6



Exoplanet transit, 20% drop (simulated)

Mean = 300 photons per integration

SNR = sqrt(300) = 17
SNR relative to transit: 0.2 * sqrt(300 ) = 3



Exoplanet transit, 20% drop (simulated)

Mean = 100 photons per integration

SNR = sqrt(100) = 10

Poisson noise (10 counts) is now
close to the transit drop (20 counts)… SNR = 2

SNR relative to transit: 0.2 * sqrt(102 ) = 2



Exoplanet transit, 20% drop (simulated)

Mean = 10 photons per integration

SNR = sqrt(10) / 2 = 1.5 — too weak!



Binning Data

To increase SNR:

Add adjacent observations

Doubling N increases SNR by sqrt(2), because

     SNR = 

 
Disadvantage: temporal resolution decreases



SNR = 0.2 * sqrt(300) ~ 3



Summing data by 4: SNR = 2 * 0.2 * sqrt(300) ~ 7

SNR = 0.2 * sqrt(300) ~ 3



Summing data by 16: SNR = 4 * 0.2 *sqrt(300) ~14

SNR = 0.2 * sqrt(300) ~ 3



Secondary Transit Eclipses!

• Can use this method 
to get albedo from 
transits, in addition to 
radius and orbital 
period. 

• Transits cannot 
measure mass.



Mid-2014: Kepler mission has discovered 974 confirmed planets 
and 3601 candidates.



Launched 2009, $600M USD

0.95 m telescope

  Very small!

10 deg x 10 deg FOV

Hubble: 0.16 deg FOV

Stars in main field: 145,000

95 million pixels, read out at 6-second cadence

Kepler Mission Overview

Mission’s goal is to detect Earth-like planets in their habitable zones.



Kepler can only search the very closest stars in the Milky Way:
145,000 stars out of 100 billion.



Kepler Results (2014)

156 961 confirmed planets
3600+ unconfirmed planets

974 confirmed planets detected, 3+ transits each

Thousands more unconfirmed planets



lon

885 Planets in 361 Systems as of February 2011
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Kepler Statistics
150,000+ target stars covering 0.25% of sky
3400 candidate planets
156 confirmed planets (2013); 961 (2014)

• Orbital periods: 0.15 days .. 580 days

• Mean density: 0.1 .. 12 g/cm3

• Mass: 2 ME .. 18 MJ

• Radius:  2 ME .. 2 MJ

• Orbital distance: 0.06 AU .. 300 AU

• Stellar distance: 100 ly .. 5000 ly



Kepler-10b

First confirmed Kepler ‘terrestrial’ planet
1.4 RE, 5.5 ME

0.01 AU, 20-hour orbital period
Host star roughly solar-like
Rocky surface
Probably tidally locked to host star
Density ~ 9 g/cm3
T ~ 2500 K (day side); 50 K (night side)



Mass determined from radial velocity measurements



Kepler-10b: What Does a 2500K Planet Look Like?



Kepler-37b
Smallest Kepler planet

Orbital distance ~ 0.1 AU
Radius ~ 0.3 RE (i.e., slightly larger than Moon)
T ~ 700K
One of three planets in system



Kepler-47: Two planets, two stars





A few Kepler findings…

Number of small planets 
exceeds number of large 
planets. 

Planets are more 
common further away 
from the host star. 

Cooler stars appear to 
have more planets than 
hot ones.







715-at-once Kepler Planets
All are multi-planet systems
Many orbit multiple stars

Kepler-132: A Binary With Both Stars Possessing Transiting Planets

Kepler-296: Two Small Stars With a Total of Five Transiting Planets

The Kepler-90: A Seven-Planet System





And then, tragedy struck…







Kepler ‘K2’ mission, late 2014  
How to keep 3D-stable with two gyros

Angle of Sun changes during year, so Kepler is designed to now drift 
its FOV slowly across the sky.  Photometric accuracy is degraded: 
science will be primarily supernovas, variable stars, asteroids — 
more than transits.



The End, but…

PS 5 on website later today

Prof Booth to lecture through May

Night-time practicals still
 to come!



Spectroscopy

Stellar evolution, stellar types, supernovae

Anything outside of the galaxy!

Infrared, ultraviolet, and other exotic detectors

Space telescopes

Software tools and pipelines

Data analysis

Photometry methods

PSF fitting

Image mosaicing

Large-scale surveys of the sky

Targets of opportunity

Queue vs. block scheduling

Robotic telescopes…

But there is so much we haven’t talked about yet…


