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Main Topics:  
Day 1: Introduction 
   - who I think you are? 
   - who I am? 
   - why do astronomers need Big Data?  
   - Large Synoptic Survey Telescope: Big Data!
   - astroML 

Day 2: Density Estimation, Clustering and Classification 
in Astronomy 

Day 3a: Dimensionality reduction, Regression and Time 
Series Analysis in Astronomy

Day 3b: Schedule reserve and free-form discussions  



1) Introduction 
   - who I think you are: “About 200 computer  
    science graduate students who do python”

I am assuming that you like astronomy but didn’t take 
(m)any college-level classes. Therefore, today I am only 
going to provide astronomical context for Big Data.

I will talk about astronomical Big Data analysis in more 
detail tomorrow and the third day. 

But first I need to ask you a few questions (to help me 
optimize Days 2 and 3)…



  Please raise your hand if: 
 
  - you are a computer-science graduate student
  - you ever took a college-level astronomy class
  - you are a python user
  - you used jupyter (ipython) notebooks
  - you used SQL language and databases
  - you did quantitative model parameter estimation                   
    (e.g. fitting a gaussian to a histogram, or fitted a             
       straight line to y(x) data) 
  - you are familiar with Bayesian statistics 
  - you used any clustering algorithm
  - you used any classification algorithm 
  - you did time series analysis (e.g. Fourier analysis)  



o Correlation coefficients (many dimensions, missing data)
o The bootstrap and the jackknife methods
o Maximum Likelihood Method
o The goodness of fit and model selection
o Bayesian statistics
o Markov Chain Monte Carlo methods
o Regression (“fitting”, LSQ, outliers, regularization)
o Density estimation (“multi-dimensional histograms”)
o Clustering (kernel, parametric) 
o Classification (supervised and unsupervised, active learning)
o Dimensionality Reduction (PCA, ICA, LLE and friends)
o Time-series analysis (periodogram, stochastic processes)

•Some tools and methods…

These topics are covered in lectures available at
https://github.com/dirac-institute/uw-astr598-w18

https://github.com/dirac-institute/uw-astr598-w18


o Correlation coefficients (many dimensions, missing data)
o The bootstrap and the jackknife methods
o Maximum Likelihood Method
o The goodness of fit and model selection
o Bayesian statistics
o Markov Chain Monte Carlo methods
o Regression (“fitting”, LSQ, outliers, regularization)
o Density estimation (“multi-dimensional histograms”)
o Clustering (kernel, parametric) 
o Classification (supervised and unsupervised, active learning)
o Dimensionality Reduction (PCA, ICA, LLE and friends)
o Time-series analysis (periodogram, stochastic processes)

•Some tools and methods…

My main goal for these lectures: to give you a taste 
of the use of the last six methods in astronomy. 



1) Introduction 

   - who I am: a professor of astronomy, a former 
software (pipeline) developer for the Sloan Digital Sky 
Survey (SDSS), and the Project Scientist and Deputy 
Director for the Large Synoptic Survey Telescope (LSST) 
project (more details about LSST later today).  

My interest in Big Data comes from my work with the 
SDSS data (more details later today). This work led to me 
teaching related courses with a number of colleagues, 
and then we turned our lectures into a textbook, with 
worked-out open-source examples coded in python, 
available as astroML.

Disclaimer: I am only an astronomer, not a computer scientist! 
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World Cup 2018: silver medal! 
France was better in the final game. Congratulations! 



World Cup 2018: silver medal! 



1) Introduction 
   - why do astronomers need Big Data? 
     

Generally speaking, astronomy (or astrophysics - 
but not astrology!) studies the formation and 
evolution of structure in the Universe (we apply 
laws of physics to observations). 

• What is astronomy about?                                                                   
- search for life elsewhere                                       - 
- understanding the Universe                                                                                                                                                                          



1) Introduction 
   - why do astronomers need Big Data? 
     

Over the last three of decades, astronomers have 
discovered about 4,000 extra-solar planets (or 
exoplanets). These are planets outside of our 
Solar System, with its 8 planets. It is possible that 
some of them could support life. Are we alone? 

• What is astronomy about?                                                                   
- search for life elsewhere                                       - 
- understanding the Universe                                                                                                                                                                          



We have known for about 100 years that the Universe is expanding.  

Edwin Hubble (1929) 

About a decade ago, it was discovered that this expansion is 
accelerating. We are uncertain about what this acceleration 
means; the two most plausible explanations are some 
mysterious and weird fluid called dark energy, or perhaps 
Einstein’s general theory of relativity fails! 



A New Cosmological Puzzle: an Accelerating Universe

The modern cosmological 
models can explain all 

observations, but need to 
postulate dark matter and 
dark energy (though gravity 
model could be wrong, too) 



How do we measure expansion of the Universe?
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x Ideally, we’d like to measure the size of the 
Universe as a function of time, x(t), but we can’t. 

Instead, we measure the distance to objects, x, 
and their velocity, v. That is, we have v(x). 

What we ideally want

What we get  

And then we use our knowledge of physics 
(v = dx/dt) and models of the Universe 
(given what we assume the Universe is 
made of, how should it expand?) to get x(t) 
and v(t):        dt = dx / v(x)

In other words, our knowledge of physics 
enables us to interpret astronomical 
measurements using models of the 
Universe and in turn, understand the 
makeup and history of the Universe! 



Modern observational methods in 
astronomy and astrophysics 

• Telescopes above the atmosphere:  
high angular resolution (e.g., the Hubble Space 
Telescope) and other wavelength regions (X-ray, 
radio, infrared) 

The HST in orbit and an example of a galaxy image



Modern observational methods in 
astronomy and astrophysics  

• Large telescopes (~10m): faint objects, 
especially spectroscopy

The Keck 
telescopes on 

Mauna Kea 
(Hawaii)



Modern observational methods in 
astronomy and astrophysics  

• Large telescopes (~10m): faint objects, 
especially spectroscopy

•Telescopes above the atmosphere:  high 
angular resolution (e.g., the Hubble Space Telescope) 
and other wavelength regions (X-ray, radio, infrared) 

• Large sky surveys and sky maps: digital 
sensor technology(CCD: charge-coupled device), 
information technology (data processing and data 
distribution)

Key point: modern sky surveys make                                                   
all their data (images and catalogs) publicly available 



• What is astronomy about?                                                                                                   
- understanding the Universe                                                                                                                                                                          

I work on a project called LSST, that aims to obtain the greatest ever 
”movie of the Universe”: the image of the sky will be recorded 
about 1000 times over 10 years (about 100,000,000 GB of data). 

1/10 of 
Moon’s 
diameter

There are about 
5,000 objects
in this small 
image; LSST will 
detect 40 billion 
objects over half 
the sky! 

LSST will 
obtain 8 million 
such images!



What is a sky map?  
         Why are sky maps useful?

•Sky map:                                                                  
– a list of all detected objects (stars, galaxies, ...)                                                        
– measured parameters (size, color, brightness,...)

Basic steps in 
astronomical image 

processing (example: 
Sloan Digital Sky 

Survey):

All these (complicated) 
steps are already done:

“science-ready database” 



What is a sky map? Why are sky maps useful?
• Sky map:                                                                        

– a list of all detected objects (stars, galaxies, ...)                                                        
– measured parameters (size, color, brightness,...)

• The utility of sky maps:                         
Discoveries of new objects:  “Is this a new asteroid, or is it 
already cataloged?”                                                             
Object classification: “What types of galaxies exist?”                                                              
Statistical population studies: “Do quasars change their 
properties with time?”                                                                     
Search for unusual objects: “Is this star very weird?”         
Cosmological measurements: “How fast does the Universe 
expand?” 

“Science-ready database”: measurements can be (simply) 
analyzed without the need for (complex) image processing
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              Short history of sky mapping
• Hipparchos

     – about 3,000 years ago        
     – all stars visible from Greece: about 3,000 
     – the main source of astronomical measurements  
        for the next 2,500 years!  

• Tycho Brahe                                                                
– XVI century, much more accurate                  
measurements than Hipparchos                                                                 
– still without a telescope: only                                   
about 3,000 stars                                                                 
– the main results: Kepler’s Laws of                             
planetary motions, Newton’s theory                                      
of gravity  



Modern sky mapping 

• Palomar Observatory Sky Survey                                                                        

(National Geographic Sky Survey):                                     
– optical wavelengths, two bandpasses                                            
– 1950-1955 (second phase in 80’s)                                                      
– about 1,000 photographs (whole sky)

• Other wavelengths:                                                                  

– X rays (Chandra, XMM-Newton)                                                       
– ultraviolet (GALEX)                                                      
– infrared (2MASS, Spitzer)                                                          
– radio (FIRST, NVSS)



Optical wavelengths reveal only 
a bit of reality...

Orion: visible light                      infrared light 



Sloan Digital Sky Survey:                                   
the first massive digital color map of the night sky  

Apache Point Observatory             
New Mexico              



The last decade: Sloan Digital Sky Survey

• Digital sky survey with a 120 Megapix CCD camera

• Precise measurements for 400,000,000 objects

• Revolution in astronomy: public databases



SDSS sky mapping: “drift scanning”



Examples of SDSS images
Comet

Nebula

Dwarf galaxy

Spiral galaxy

Spiral galaxies



SDSS view along the Milky Way Disk

24



Astronomy “from your armchair” 

For teachers!



available to everyone around the world



“Navigation” around the sky...



“Navigation” around the sky: zoom in, zoom out...



Additional, more detailed, information...



For example, spectra (here: a Seyfert [active] galaxy)



The spatial distribution of SDSS galaxies
Left: every dot is one 

SDSS galaxy
Note inhomogeneous 

distribution!            
Details of this distribution 
contain information about 
the structure formation in 

the Universe
Below: the so-called 
“SDSS Great Wall”
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The era of surveys...

  “Ask Not What Data You Need To Do Your Science, Ask What Science You Can Do With Your Data.” 

• Standard: “What data do I have to collect to (dis)prove a hypothesis”? 
• Data-driven: “What theories can I test given the data I already have?” 



1) Introduction 
   Why do astronomers need Big Data:  
   - to make sky maps of stars
   - to make sky maps of galaxies
   - to search for rare objects
   - to search for objects that change with time      
        (either brightness or position) 

 Until recently the state of the art was 
exemplified by SDSS survey. 

The next-generation Large Synoptic Survey 
Telescope will start in about 3 years, will survey 
the sky for 10 years, and obtain an equivalent of 
SDSS (30 TByte) every clear night!  



1) Introduction 
   - Large Synoptic Survey Telescope: Big Data!
   - astroML 
  



1) Introduction 
   - Large Synoptic Survey Telescope: Big Data!
   - astroML 
  


