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Astronomy in the Era of

Information Abundance, and the

Virtual Observatory Concept

S. George Djorgovski

Lecture 1

Inaugural BRAVO Lecture Series,

São José dos Campos, July 2007

The Four Lectures

1. Astronomy in the era of information abundance, and

the virtual observatory (VO) concept

2. Examples of VO-enabled science

3. Clustering, classification, and data exploration tools

4. The big picture: information technology revolution,

and science in the 21st century

Please interrupt and ask questions!

Your instantaneous feedback will help us all

Some material will be familiar or too easy for some of you

Copies of my slides will be made available - you don’t need to take

furious notes; instead, pay attention and ask questions!

Informal discussions may be more valuable than the lectures …

The Key Ideas

• Astronomy has become an immensely data-rich science, and

the volume and complexity of data are growing exponentially

• Major digital sky surveys are the dominant data sources; they

enable a broad variety of science

• Our ability to extract knowledge from the data quickly and

effectively has been lagging

• The Virtual Observatory (VO) concept was developed as a

solution to these challenges:  deploy the modern information

technology (IT) and applied computer science (CS) in service

of a domain science (astronomy) - and drive their development

in turn

• The goal is to enable new, qualitatively different science,

which would not be practical or even possible otherwise

Astronomy (and perhaps all science)
began with surveying of the sky

From astrology, agriculture, calendars …
… to astrophysics today



Modern sky surveys were pioneered at

Palomar
(and, oh, perhaps

Harvard as well)

Using a Schmidt telescope

design, giving an unusually

wide field of view

Fritz Zwicky,  the original

mad genius of Caltech,

pioneer of sky surveys,

discoverer and predictor of

the large-scale structure,

the dark matter,

gravitational lensing,

the nature of supernovae,

neutron stars and black holes,

and many other weird and

wonderful things besides …

… and a champion of

systematic exploration of

observable parameter spaces

Zwicky at the

Palomar 18-inch Schmidt

Edwin Hubble
at the Palomar

48-inch Schmidt,

the surveying

telescope for the

Hale 200-inch

(now named the

Samuel Oschin

Telescope)

The milestone

Palomar Sky

Surveys were

done with this

instrument



Going     Wider,

Going     Deeper

Moon:

Fields of

view of:

P200:

Keck:

HST:

A single POSS-II plate (DPOSS scan)

Sky Surveys

• Division by  ! (radio to "-ray), by type (imaging,

spectroscopic, mixed, etc.), or by sampling (targeted,

panoramic)

• Goals:  (1) exploration of observable parameter space; (2)

creation of statistical samples of sources; (3) searches for

particular types of objects or phenomena

• Issues:  data processing; calibration, testing, validation and

calibration; archiving and data distribution

Initial

Exploration

Systematic

Studies

Improving Technology
t

Palomar Observatory Sky Surveys

• POSS I:  1950’s.  The first modern sky atlas

• Many special surveys 1960’s - 1980’s …

• POSS II:  1980’s / 1990’s

The last major photographic

sky survey

• DPOSS:  1990’s/2000’s

Digital version of POSS II

• Palomar-Quest,

NEAT…  2000’s

New, fully digital

synoptic surveys

A digital version of the
POSS II survey, covering the

entire northern sky

The final catalog
contains > 50 million

galaxies and
~ 1 billion stars

~ 2700 photographic
plates in 3 filters (g,r,i),
digitized with 1 arcsec
pixels, giving
~ 3 TB of image
information

DPOSS:



A major technology shift in the 1990’s:

From digitized photographic plates (non-linear, hard to calibrate,

poor dynamical range, poor noise characteristics, messy…) to fully

digital (e.g., CCD) panoramic detector arrays - a great

improvement in data quality!

SDSS was the first major CCD-based survey

(However, we still don’t have a

fully CCD-based, all-sky survey!)

The QUEST-2, 112 CCD, 161 Megapixel Camera

Built at Yale and

Indiana U. by

experimental

physicists

(Baltay et al.),

on the cheap…

The Sloan Digital Sky Survey(s) = SDSS Infrared Sky as seen by the

2-Micron All-Sky Survey (2MASS)



The Science of Sky Surveys

1. Exploring an observable parameter space

     Especially if some new capability opens up, e.g., a new

wavelength regime (radio, x-ray, etc.), a higher angular,

temporal, or wavelength resolution, etc.

2. Global and statistical studies

     Large-scale structure of the universe, structure and contents

of our Galaxy, families of astrophysical objects, etc.

3. Selecting interesting objects or samples for detailed

follow-up observations

     Large telescope or space observatory time is too precious,

use it well

A single survey usually serves multiple scientific needs - most

of which were not envisioned by its planners

A Small Portion of the DPOSS

Galaxy Distribution Map

Galactic Center Region (a tiny portion)    2MASS NIR Image

From Pictures to Knowledge
! Raw data into calibrated

images

Detect sources and measure

their attributes (brightness,

position, shapes, etc.) "

Analyse the data…

Obtain follow-

up spectra "

Physical

interpretation

and understanding



A Synergy of Telescopes

Digital Palomar Obs. 

Sky Survey (DPOSS)

P48 P60

POSS-II Sky Survey CCD Calibrations

Data Mining:

High-z QSO

Candidate Selection

P200:
Spectroscopic

Confirmation

KeckFollow-up Studies

…

Now:  Palomar-Quest Survey

Some Current Projects

• SDSS-II:  Legacy survey, SEGUE, SN survey …

• Many surveys with ~ 0.1 - 2 m class telescopes, generally for

SNe, GRB follow-up, microlensing, asteroids, or variable stars:

RAPTOR, OGLE, ASAS, CASE, PVS, HAT, DIRECT, Ystar,

MACHO, EROS, MEGA, MOA, AGAPE, PLANET , ROTSE, LOTIS,

KAIT, Spacewatch, LINEAR, LONEOS, Catalina, MISAO, MPC,

VSNET, TAOS, TASS, STARE, STARDIAL, MONET, ConCam, etc.

• And of course, Palomar:  NEAT, M. Brown, PQ, SNF

• UKIDSS in near-IR

• Deep surveys: CFHTLS, COSMOS, NDWFS, DLS, Subaru,

various deep fields…  (typically 1 - few deg2)

• Many at other wavelengths: radio to X-ray to gamma…

Forthcoming Projects:  PanSTARRS

(1-4) 1.8 m diameter telescopes

1.4 Gigapixel cameras

Cover up to 6000 deg2 / night

Limiting mags ~ 24, ugrizy

PanSTARRS-1:  2008?

PanSTARRS-4:  2012?

Forthcoming Projects:  VST and VISTA

Survey telescopes at ESO

VISTA: ~ 4 m diameter,

67 Mpix, IR (ZYJHK

bands), FOV ~ 1.65 deg

VST: ~ 2.6 m diameter,

256 Mpix, optical bands,

FOV ~ 1 deg



The SkyMapper Project The SkyMapper Project

The Dark Energy Survey

Four Probes of Dark Energy:

• Galaxy Cluster counting:

20,000 clusters to z = 1

• Weak lensing: 300 million

galaxies with shape

measurements over 5000 deg2

• Spatial clustering of galaxies:

300 million galaxies to z = 1

and beyond

• Standard Candles: 2000 SN Ia,

z = 0.3 - 0.8

• Start in 2009?

3 deg2 camera at the CTIO 4-m

! 2.2 deg FOV

62 CCDs, 2k x 4k = 0.5 Gpix

SDSS griz filters

Limiting mags ~ 24

Science Program: Instrument Description:

(ugrizY)

• Site:  Cerro Pachon, Chile



Etendue (A#) Comparison

7.65.71.31.3SkyMapper

151.72.51.8PanSTARRS-1

130.25508.0Subaru/Suprimecam

230?7.0336.5LSST

607.0103.6PanSTARRS-4

433.1144.2Discovery Chan. Tel.

331.0336.5MMT/1-deg camera

101.0103.6CFHT/Megacam

10+9+1.11.2P48/PQ camera

7.31.54.92.5SDSS

A"
Solid
Angle

Area (m2)
Diam.
(m)

Telescope

NB:  This is just one figure of merit.  Consider also the number

of visits per unit time, data rate, site quality, etc.

The Evolution of Technology

• The art of telescope building and optics improves slowly

• Detectors grow at a nearly Moore’s law rate

• Computing capabilities double on a ~ 12-18 month scale

• Software improves much more slowly

Thus:

• It is more efficient to ride on the exponentially growing

technology: detectors and data processing

• Importance of computing and software increases relative to the

hardware (telescopes and detectors)

• Software is the key bottleneck, and increasingly the main cost

driver (at least 30%, sometimes 80%?)

Some General Comments

• Distinguish surveys (general data sets, could be motivated by a

particular scientific goal, but have enough information content to

serve many others) and experiments (optimized for a single

scientific goal, e.g., find supernovae for cosmology, killer

asteroids, etc.)

• Surveys are expensive: major projects in tens of M$ now, going to

hundreds of M$ with LSST, etc.  Implies large collaborations …

• Panoramic surveys are now a dominant data source in astronomy

– Typical size ~ 10 - 100 TB, PB scale data sets are coming

– Current archives ~ 1 PB

• There is a growing overabundance of imaging surveys;

spectroscopic follow-up (where most of the physics is) is now a

major bottleneck, and it will get worse

• Synoptic surveys are the new (major) trend



Scientific Goals of the GAIA Mission
> 100 TB of raw data over 5 yrs

Only ~ 20 TB of primary

data, but a great complexity

of processing and scientific

interpretation

The Archive Archipelago

• As the data sets kept increasing, a number of archives, data

depositories, and digital library services were created

• All of them are mission-, domain-, or observatory-specific,

distinct and independent scientifically, technologically,

institutionally, heterogeneous in look-feel, usage, etc.

– There was a considerable replication of effort

– There was some functional redundancy

– There was almost no interoperability

• All of them were primarily designed for single-object (or

single-pointing) queries - and thus inherently unsuitable for

the science enabled by the massive and complex data sets

• The next step was clearly to connect them in a functional

manner, and develop interoperability standards, formats, etc.





From Data-Poor to Data-Rich Astronomy

Multi-Terabyte
(soon: multi-PB)
sky surveys and
archives over a
broad range of
wavelengths …

Billions of
detected
sources,
hundreds of
measured
attributes
per source …1 nanoSky (HDF-S)

1 microSky (DPOSS)



Facing a  Data Tsunami:
Astronomy, and indeed all other

sciences and other fields of

modern human endeavor

(economy, commerce,

security, etc.)

are being transformed by

an exponential growth

in the data volume

and complexity

So, How Much Data Is This?

• Typical sky survey now generates ~ 10 - 50 TB

• PB-scale data sets are coming (e.g., LSST, PanSTARRS…)

• There is now ~ 1 - 2 PB of archived data in all of astronomy

• New data generation rate is a few TB / day

• For comparison:

Human memory ~ a few hundred MB

Human Genome < 1 GB

1 TB ~ 2 million books

Library of Congress (print only) ~ 30 TB

• But the real issue is not so much data volume (or rate), as data

complexity

The exponential growth of

data volume (and also

complexity, quality) driven

by the exponential growth in

detector and computing

technology (VLSI…) 1970
1975

1980
1985

1990
1995

2000

0.1

1

10

100

1000

CCDs Glass

… but our understanding

of the universe increases much more slowly!

Data ! Knowledge ?

• Large digital sky surveys are becoming the dominant

source of data in astronomy: ~ 10-100 TB/survey (soon PB),

~ 106 - 109 sources/survey, many wavelengths…

• Data sets many orders of magnitude larger, more
complex, and more homogeneous than in the past

doubling t ! 1.5 yrs

Theoretical Simulations Are Also Becoming More
Complex and Generate Many TB’s of Data

Structure formation in the Universe Supernova explosions

Numerical simulations are not just a weak substitute for the analytical

theory - they are an inevitable methodology to study theoretically

many complex phenomena, e.g., star or galaxy formation, etc.



Simulation Data via VO Access

http://www.mpa-garching.mpg.de/millennium

DPOSS Clusters (Gal et al.) LSS Numerical Simulation (VIRGO)

Clustering on a clustered background Clustering with a nontrivial topology

Comparing the output of numerical simulations

to equally massive and complex observational

data sets is a very non-trivial problem …

The Universe Looks Different at Different
Wavelengths

(since the emission is dominated by different physical processes)

Radio Far-Infrared Visible

Panchromatic Views of the Universe

Visible + X-ray

Crab
Star forming complex

Radio + IR

Understanding

of complex

phenomena

requires

complex data

sets!

Dust Map

Galaxy Density Map

Multi-Wavelength

Data Fusion leads

to a more complete,

less biased picture



The Changing Style of Observational Astronomy

Virtual

Observatory

Archives of

pointed

observations

(~ few TB)

Small samples of

objects (~ 101 - 103)

Multiple, federated

sky surveys and

archives (muti-PB)

Large,

homogeneous

sky surveys

(multi-TB,

~ 106 - 109 sources)

Pointed,

heterogeneous

observations

(~ MB - GB)

Future:Now:The Old Way:

Survey
Telescope

Archive

Follow-Up
Telescope

Results

Target Selection

Data Mining

From Traditional to Survey to VO-Based Science

Highly successful and increasingly prominent, but inherently

limited by the information content of individual surveys …

What comes next, beyond survey science is the VO science

Another Survey/Archive?

Data Analysis

Results

Telescope

Traditional: Survey-Based:

Surveys
Observatories

Missions

Survey
and

Mission
Archives Follow-Up

Telescopes
and

Missions
Data Services:

Data discovery

Warehousing

Federation

Standards…
Compute Services:

Data Mining

and Analysis,

Statistics,

Visualization
…

Networking

Digital
libraries

Primary Data Providers

VO

Secondary
Data

Providers

A Systemic View of the VO

Numerical Sim’s

User Community

International

VO’s

The Virtual Observatory Concept
• Astronomy community’s response to the scientific and

technological challenges posed by the exponential growth of data

sets

– Technology-enabled, but science-driven: harness the IT

advances in service of astronomy

• A complete, dynamical, distributed, web-based, open research
environment for astronomy with massive and complex data sets

– Provide content (data, metadata) services, standards, and

analysis/compute services

– Federate the existing and forthcoming digital sky surveys and

archives, facilitate data inclusion and distribution

– Develop and provide data exploration and discovery tools

• A new type of a scientific organization



VO: Conceptual Architecture

Data Archives

Analysis tools

Discovery toolsUser

Gateway

Information-Rich Astronomy in the
21st Century

• Technological revolutions as the drivers/enablers of the bursts

of scientific growth

– Detectors, computers + WWW, now data technologies

• Historical examples in astronomy:

– 1960’s: the advent of electronics and access to space

    Quasars, CMBR, x-ray astronomy, pulsars, GRBs, …

– 1980’s - 1990’s: computers, digital detectors (CCDs etc.)

    Galaxy formation and evolution, extrasolar planets,      CMBR

fluctuations, dark matter and energy, GRBs, …

– 2000’s and beyond: information technology

The next golden age of discovery in astronomy?

VO is the mechanism to effect this process

This quantitative change in the information

volume and complexity will enable the

Science of a Qualitatively Different Nature:

• Statistical astronomy done right

– Precision cosmology, Galactic structure, stellar astrophysics …

– Discovery of significant patterns and multivariate correlations

– Poissonian errors unimportant

• Systematic exploration of the observable parameter spaces

(NB: Energy content !  Information content)

– Searches for rare or unknown types of objects and phenomena

– Low surface brightness universe, the time domain …

• Confronting massive numerical simulations with massive
data sets

+ things we have not thought of yet …

Scientific Roles and Benefits of a VO

• Facilitate science with massive data sets (observations and

theory/simulations)             efficiency amplifier

• Provide an added value from federated data sets  (e.g.,

multi-wavelength, multi-scale, multi-epoch …)

– Discover the knowledge which is present in the data, but

can be uncovered only through data fusion

• Enable and stimulate some qualitatively new science with

massive data sets (not just old-but-bigger)

• Optimize the use of expensive resources (e.g., space

missions, large ground-based telescopes, computing …)

• Provide R&D drivers, application testbeds, and stimulus to

the partnering disciplines (CS/IT, statistics …)



Broader Benefits of a VO
• Professional Empowerment:  Scientists and students

anywhere with an internet connection would be able to do

a first-rate science              A broadening of the talent pool

in astronomy, democratization of the field

• Interdisciplinary Exchanges:

– The challenges facing the VO are common to most
sciences and other fields of the modern human endeavor

– Intellectual cross-fertilization, feedback to IT/CS

• Education and Public Outreach:

– Unprecedented opportunities in terms of the content,
broad geographical and societal range, at all levels

– Astronomy as a magnet for the CS/IT education

“Weapons of Mass Instruction”

http://virtualsky.org  (R. Williams et al.)

Coming soon:  Google Sky,

Microsoft’s World-Wide Telescope

Why is VO a Different Thing

• The VO is not yet another data center, archive, mission, or a

traditional project            It does not fit into any of the

usual structures today

– It is inherently distributed, and web-centric

– It is fundamentally based on a rapidly developing technology

(IT/CS)

– It transcends the traditional boundaries between different

wavelength regimes, agency domains

– It has an unusually broad range of constituents and

interfaces

– It is inherently multidisciplinary

• The VO represents a novel type of a scientific organization

for the era of information abundance

A Brief History of the VO Concept
• Early (pre-web!) ideas already in the “Astrophyisics Data System”

(only the digital library part survives)

• Concept developed through 1990’s, mainly from large digital sky

surveys (DPOSS, SDSS…), discussions at conferences and workshops

in the late 1990’s

• Top recommendation in the “small projects” category in the NAS

Decadal Astronomy & Astrophysics survey

     (the McKee-Taylor report), 2001

• The first major VO conference at Caltech in

2000; the NVO White paper

• National Virtual Observatory Science

Definition Team, 2001 - 2002

• NSF-sponsored project 2002 - present

• Vigorous international efforts, coordinated

via Int’l VO Alliance (IVOA)



NVO Web Site

http://us-vo.org

http:// ivoa.net

International VO Alliance (IVOA)

And now BRAVO!

VO Status and Prospects

• Good progress on data grid infrastructure:

– DB design and implementation

– Formats, standards, protocols, …

– Interoperability, etc.

• Good communications and exchanges world-wide (IVOA)

• Community buy-in is slow

• Where we need to go next?

– Data mining, exploration, analysis tools

– Scalability, usability

– That is where the discoveries will come from!

• Fit within a broader e-Science / Cyber-Infrastructure



Some Readings:

• A quick summary:

– “Virtual Observatory: From Concept to Implementation”,

Djorgovski, S.G., & Williams, R. 2005, A.S.P. Conf. Ser. 345, 517,

available as http://arXiv.org/abs/astro-ph/0504006

• The original VO White Paper:

– “Toward a National Virtual Observatory: Science Goals, Technical

Challenges, and Implementation Plan”, in Virtual Observatories of

the Future, A.S.P. Conf. Ser. 225, 353, available as

http://arXiv.org/abs/astro-ph/0108115

• The NVO SDT report, available at http://www.us-vo.org/sdt

• Many other good documents available at http://us-vo.org

(especially the summer school presentations)

• Technical documents at http://www.ivoa.net

• Look through the

    lectures and student

    project presentations

    linked at http://us-vo.org/summer-school/index.cfm

(A good exercise to

do in the afternoons)

Practical Examples

• Explore the services linked at http://us-vo.org

VO Summary
• National/International Virtual Observatory is an emerging

framework to harness the power of IT for astronomy with

massive and complex data sets

– Enable data archiving, fusion, exploration, discovery

– Cross the traditional boundaries (wavelength regimes,

ground/space, theory/observation …

– Facilitate inclusion of major new data providers, surveys

– Broad professional empowerment via the WWW

– Great for E/PO at all educational levels

• It is inherently multidisciplinary: an excellent synergy

with the applied CS/IT, statistics…and it can lead to new

IT advances of a broad importance

• It is inherently distributed and web-based

But It Is More General Than That:

• Coping with the data flood and extracting knowledge from

massive/complex data sets is a universal problem facing all

sciences today:

    Quantitative changes in data volumes + IT advances:

     !  Qualitative changes in the way we do science

• VO is an example of a new type of a scientific research

environment / institution(?) in the era of information

abundance

• This requires new types of scientific management and

organization structures, which is a challenge in itself

• The real intellectual challenges are methodological: how do

we formulate genuinely new types of scientific inquiries,

enabled by this technological revolution?


