
1 A Brief History of Survey Astronomy

1.1 Ancient Astronomy

Astronomy is one of the oldest natural sciences. More than
5,000 years ago, people in ancient China, Egypt, Central
America, and Mesopotamia were already studying the sky
and the several thousand stars visible to the naked eye. The
first maps of the sky were made at that time. To our
knowledge, the first systematic compilation of a star
catalogue in China dates back to 350 AD, which contains
about 800 objects. Around the same time, Greek
philosophers set the fundamental theoretical cornerstones
for the measurements of sizes and distances of celestial
objects, which are still in use today. Famous names such as
Pythagoras, Aristotle, Aristarchus and Hipparchus studied
the movements of planets, estimated the sizes of the Sun and
the Moon, and calculated even the distances of stars and
planets through mathematical concepts called trigonometry.

1.2 The Renaissance

Mankind had to wait more than 1,000 years to make the
next ground-breaking discoveries in the sky. Based in
Central Europe at around 1600, well-known Danish,
German, Italian and English scientists and philosophers
like Nicholas Copernicus, Tycho Brahe, Johannes Kepler,
Galileo Galilei, and Isaac Newton revolutionized our view
of the sky. Firstly, telescopes made it possible to achieve
the first complete astronomical observations and to
penetrate the darkness of the night sky to fainter and
fainter stars that are not visible to the naked eye. Thanks to
this new technology, it was realized that the so-called
‘Milky Way’ – the white patch stretching across the sky –
was made of stars, and that these stars together with the
Sun are forming a disc-like structure in a large compound
of billions of stars: the Galaxy. In c.1800, continuous
improvements in telescope technology allowed the French
astronomer Charles Messier to identify and catalogue
fuzzy celestial objects that he called ‘nebulae’. Clearly,
these were not stars, and it remained unclear for one
century as to whether they were gaseous clouds in the
Galaxy or other galaxies similar to our own at far larger
distances, each containing millions to billions of stars.

1.3 The Beginning of Modern Astronomy

Again, advancements in telescope technology helped to
find the answer. Large 60–100 inch telescopes were built
at the beginning of the 20th century in North America.
They allowed the North American astronomer Edwin
Hubble to resolve the mysterious ‘nebulae’ from Messier’s
catalogue. Hubble discovered that these were galaxies just
like our own, and at huge distances, often several million
light-years away. But he made an even more fundamental
discovery: Hubble noticed that these galaxies were all
receding from us, and, most importantly, that their
recession speed was increasing with increasing distance
(Figure 1). Hubble had just found that the Universe was
expanding, which suggested the existence of the Big Bang. 

The power of the large telescopes on Mt. Wilson in
California was soon enhanced even further with the
invention of the first photographic camera (the so-called
‘Schmidt camera’) to allow the taking of images of large
regions of the sky. A large telescope equipped with such a
camera (the so-called ‘Schmidt telescope’) was built on
Mt. Palomar (California), a site better suited for
astronomical observations than Mt. Wilson because of less
light pollution. Starting in 1948, this telescope was used to
carry out the first astronomical survey of modern times,
the Palomar Observatory Sky Survey. Survey astronomy
was born.
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Abstract

As one of the oldest natural sciences, astronomy has undergone many technological developments in its
c.5,000-year history. This paper provides a historical overview of how the sky has been mapped and
suggests how survey astronomy may evolve in the near future.

Figure 1 Galaxy recession velocity as a function of distance
(Hubble, 1936)



2 Modern Galaxy Surveys
Continuous advancements in telescope technology and
instrumentation gave astronomers the opportunity to peer
deeper and deeper into space and opened up the possibility
to construct the first three-dimensional maps of the
Universe. When designing a survey, a fundamental
strategic decision had to be made, however. The improved
light collection capability of telescopes could be used to
resolve fainter and fainter sources or to cover larger and
larger portions of the sky. This necessary trade-off between
‘wide’ and ‘deep’ is still a major strategic decision in the
design of an astronomical survey.

2.1 The First Wide Area Surveys

The first successor to the Palomar Observatory Sky
Survey, the ‘CfA (Harvard-Smithonian Center for
Astrophysics, Massachusetts) redshift survey’ (Huchra et
al., 1983), started in the late 1970s and provided an
improvement in both width and depth. As a result, the first
three-dimensional maps of the Universe were made for a
relatively large area on the sky. This combination led to the
next major discovery of recent times. Quite surprisingly at
the time, the data revealed that galaxies were not
homogeneously distributed in space. Their distribution
was anything but random, with galaxies actually appearing
to be distributed on surfaces and almost bubble like,
surrounding large empty regions, or ‘voids’ (Figure 2).
Thus, the filamentary structure of matter distribution in the
Universe had been discovered. 

2.2 Pencil Beam Surveys – The Hubble Deep Field

As an alternative, astronomers can benefit from the higher
light sensitivity of modern telescopes and instruments by
taking very long exposures on the same patch of the sky
rather than covering a large area. This allows even the
faintest sources at the most remote locations of the
Universe to be resolved, and the most famous example for
such ‘pencil beam’ observations is the Hubble Deep Field.
The Hubble Deep Field is an image of a small region in the
constellation Ursa Major obtained through a series of
observations taken using the Hubble Space Telescope. The
Field covers an area 15 arcminutes across – equivalent in
angular size to a tennis ball at a distance of 100 metres –
which covers only two-millionths of the sky. Three
hundred and forty-two separate exposures were taken over
ten consecutive days in December 1995 and Figure 3
shows the resulting image. 

The size of the field is so small that it contains only a
few foreground stars. Hence, the 3,000 objects visible on
the image are galaxies at various distances. The large
galaxies with well-resolved disc and spiral structures are
relatively nearby, whereas most of the tiny red dots are
very luminous galaxies at very large distances. Most of the
blue dots are young, intermediate-mass galaxies at more
moderate distances. 

Three years after the observations were taken, a
region in the southern celestial hemisphere was imaged in
a similar way and named the Hubble Deep Field South.
The similarities between the two regions strengthened the
belief that the Universe is uniform over large scales and
that the Earth occupies a typical region in the Universe. In
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Figure 2 A map of the sky from the 2dF Galaxy Redshift Survey, where the filamentary structure of matter distribution in
the Universe is clearly visible (Colless et al., 2001) 



2004, a deeper image, known as the Hubble Ultra Deep
Field, was constructed from a total of eleven days of
observations.

2.3 The Sloan Digital Sky Survey

The largest three-dimensional map of the sky to date has
recently been delivered by a large international North-
American-based collaboration called the Sloan Digital Sky
Survey. After seven years of operation since 2000, the
Sloan Digital Sky Survey has covered one quarter of the
entire sky. This amazingly large coverage was achievable
thanks to a 120 megapixel camera mounted on a dedicated
2.5 metre telescope on Apache Point, New Mexico. The
instrument can image 1.5 square degrees of sky at a time,
which is about eight times the area of the full Moon. A pair
of spectrographs fed by optical fibers can measure spectra
of (and hence distances to) more than 600 galaxies and
quasars in a single observation. A custom-designed set of
software pipelines keeps pace with the enormous dataflow
from the telescope; the data volume of this survey being
20,000 gigabytes. 

More than 230 celestial objects have been imaged to
date, including one million galaxies and 100,000 distant
quasars at the edge of the Universe. A large quantity of
science articles based on these data has already been
published and more will become available in the coming
years, addressing fundamental questions about the nature
of the Universe, the origin of galaxies and quasars, and the
formation and evolution of our own Galaxy, the Milky
Way.

2.4 Multi-Wavelength Mapping

The surveys discussed so far, including the Hubble Deep
Field, are restricted to the wavelengths close to visible
light. However, modern technology makes it possible to
map the sky using a far greater gamut of the
electromagnetic spectrum, from X-ray, through the ultra-
violet, visible, and infrared, to millimeter and radio
wavelengths. A famous example of a radio telescope is the
Very Large Array, one of the world’s premier astronomical
radio observatories (Figure 4). It consists of 27 radio
antennas in a Y-shaped configuration on the Plains of San
Agustin, fifty miles west of Socorro, New Mexico. Each
antenna is 25 metres (82 feet) in diameter. The data from
these antennae are combined electronically to give the
resolution of an antenna 36 km (22 miles) across, with the
sensitivity of a dish 130 metres (422 feet) in diameter.

Numerous campaigns (mostly satellite based) have
been launched in past decades, and many are on the way.
Surveying at different wavelengths provides different
information about the building blocks of the Universe.
Observations in X-ray are very suitable for detecting large
amounts of hot gas, which is particularly useful for finding
clusters of galaxies. Telescopes in the infrared are highly
sensitive to light emitted by dust grains or light that has
been redshifted to longer wavelengths. Thus, they are very
efficient for the analysis of nearby young star bursting
galaxies and very distant luminous galaxies. Finally,
satellites like COBE (Cosmic Background Explorer),
which detects radiation in the micrometre to millimetre
wavelength range, are used to analyze the cosmic
microwave background – one of the most exciting
discoveries in cosmology. The cosmic microwave
background is a type of radiation originating from very
early epochs when the Universe was only 300,000 years
old. It was produced in the era when radiation and matter
were just decoupling, hence giving us a deep insight into
the very beginning of the structural formation of the
Universe. 
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Figure 3 The Hubble Deep Field image

Figure 4 The Very Large Array radio telescope in 
New Mexico



3 The Universe as a Time Machine
Deep observations of the sky such as the Hubble Deep
Field are invaluable, not only because fainter and more
distant objects can be discovered, but also because we can
use the Universe as a ‘time machine’ and look back in
time; we see distant objects not as they are today, but as
they were several billion years ago. The reason being that
light does not travel at infinite speed, but at about 300,000
kilometres per second. Light is so fast and distances so
small in our everyday life that travel times are too short to
be noticed. In astronomical observations, however, this
effect becomes very important. The more distant an object,
the longer it takes for its light to reach us after it has been
emitted. This means that we get a chance to see how the
Universe and its constituents looked in the past, which
obviously provides important clues about how galaxies
have formed and evolved over the lifetime of the Universe.

The range of distances covered in astronomical
surveys is enormous and hardly comprehensible. They
may be best visualized through light travel times.
Travelling at a speed of 300,000 km/s, it takes light only
0.133 seconds to get around the Earth and only 1.28
seconds to reach the Moon. At a light travel distance of
five hours, even our most distant planet of Pluto is still
reasonably close. Leaving the solar system, light needs
several years to reach Alpha Centauri and almost 30,000
years to get to the centre of the Milky Way. Beyond our
own Galaxy, space becomes quite empty and distances
very large. Our neighbouring galaxy, Andromeda, is more
than two million light years away, and the nearest cluster
of galaxies, Virgo, is reachable within about 50 million
years travelling at the speed of light. The most remote
objects detected in the deep surveys described above are a
further 1,000 times more distant, at light travel distances of
ten billion years. Finally, the cosmic horizon, the largest
distance we can observe, corresponds to a light travel time
equal to the age of the Universe: about 13 billion years.

The Hubble Deep Field and follow-up observations
of targets selected from the image have generated a huge
amount of important science results. It has become
possible to study how the shapes (morphologies) of
galaxies have been changing over the last five to ten
billion years. The rate with which galaxies form stars can
be traced back more than ten billion years – very close to
the dawn of galaxy formation itself. In general, it is found
that galaxies were more irregular and quite vigorously
star-forming in the past, as is expected from theory of
galaxy formation. On the other hand, quite surprisingly, it
was discovered that large spiral galaxies like our own were

in place already more than five billion years ago when the
Universe had just half of its current age.

4 Conclusions
The deep and wide surveys of the past 50 years have
helped us in gaining an impressively deep understanding
of the cosmos. We know that the universe is expanding,
that dark matter drives the formation of structure in large
filaments across the space, and that galaxies form because
gas is being trapped inside dark matter concentrations. Yet,
this amazing legacy of the 20th century has triggered at
least as many new puzzles as it has solved. The expansion
of the universe appears to be accelerating, which can be
understood only by the postulation of a new, mysterious
parameter called ‘dark energy’. And thanks to the input
from observational survey data we are now able to
simulate in great detail the formation and evolution of
galaxies based on cold dark matter theory. Such models
predict a gradual, hierarchical build-up of galaxies.
Observations, however, indicate just the opposite – the
most massive galaxies in the universe appear to be the first
to form, a phenomenon that we cannot yet explain.

These two fundamental problems have been major
drivers for the design of next-generation surveys
scheduled for the second decade of this new millennium.
New technology will be exploited to reach an
unprecedented combination of depth and sky coverage.
Both the most massive galaxies in the universe and large
scale dark matter distributions used to measure the nature
of ‘dark energy’ will be chased back in time by almost ten
billion years.
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