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50 Years of Radio Astronomy

PETER G. MEZGER

I. INTRODUCTION

ONTRARY to most other branches of science, the

c birth of radio astronomy can be very accurately

pinned down. In the early thirties Carl Guthe Jansky, an

engineer at Bell Telephone Laboratories, was investigating

atmospheric noise at 14.6-m wavelength with a highly

directional antenna. He found that the antenna noise at-

tained a maximum which shifted in time by 4 min per day,

the difference between stellar time and solar time. He

identified the direction of the maximum intensity with the

position of the center of our Galaxy. He had discovered

what we now know to be the diffuse galactic synchrotrons

emission, caused by relativistic electrons, which gyrate in
the galactic magnetic field. Jansky published his discovery
of the galactic origin of the observed antenna noise in the
Proceedings IRE in 1933. Therefore, this year, we celebrate
the 50th birthday of radioastronomy.

Jansky’s discovery was first taken up by Grote Reber, an
amateur astronomer, who built his own radiotelescope
using a parabolic reflector. He made the first sky survey at
a wavelength of 1.9 m and published his first map of the
radio sky in 1944. Fig. 1 shows how the “ radio’’-Galaxy

looks if seen with a modern, high-resolution telescope such

as the 100-m telescope at Effelsberg (Fig. 2).

Contrary to the optical spectrum a very broad-band

continuum emission is the dominant component of the

cosmic radio radiation. It was therefore close to an astro-
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nomical sensation when in 1951 Ewen and Purcell dis-
covered the 21-cm hyperfine structure line of atomic hy-
drogen, the most abundant element in interstellar space.
The possibility of a detection of this line was predicted in
1944 by a Dutch graduate student, Hank van der Hulst.

Optical spectral lines need for their excitation tempera-
tures of some thousand degrees Kelvin, while radio spectral
lines can be collisionally excited already at temperatures of
a few degrees Kelvin. Optical observations, therefore, re-
late predominantly to hot ionized gas such as stellar atmo-
spheres or HII regions. Radiospectroscopy, on the other
hand, with the detection of the HA 21-cm line and a series
of detections of (today more than 200) molecular spectral
lines, opened for astronomy a completely different window.
It allows us for the first time to observe the very cold
interstellar gas and especially the interior of giant molecu-
lar clouds out of which stars form,

Development of advanced microwave technology during
World War H had a tremendous influence on the develop-
ment of radio astronomy after 1945, providing both the
equipment artd the well-trained engineers and physicists,
who became the first generation of radioastronomers. The
half power beam width (HPBW) 6A of the antenna char-
acteristics of a radio telescope with aperture diameter D is

given by

[tl./arcmin] = 4.2103 X/D

with A the wavelength. For the 100-m telescope (the largest
fully steerable telescope) at a wavelength of A = 2 cm, the
HPBW (or angular resolution) is only -1 arc rein, com-
parable to the angular resolution of the naked human eye.
This has to be compared with the angular resolution of
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Fig. 1. Radio picture of the Galaxy at 430 MHz (A = 70 cm), observed
with the MPIfR 100-m telescope (northern sky) and the Parkes 60-m
telescope (southern sky; observations by Haslam, Salter, Stoffel, and
Wilson). The radiation is pfimarily synchrotrons emission.
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Fig. 3. Schematic representation of the U.S. and European VLBI net-
works. The 100-m telescope is a member of both networks and also
operates the European processing center.

array of (typically 25-m) telescopes, together with. the
earth’s rotation, provides a combination of different lbase-
lines and hence enough spatial Fourier components to
reconstruct the brightness distribution of the radio source,
The most advanced aperture synthesis telescope is the Very
Large Array (VLA), built in New Mexico and taken into
operation in 1976.

Contrary to optical astronomy the turbulence of the
atmosphere does not impose a basic limitation to the
angular resolution of radio telescopes. Hence it should be
po~sible to build an array with” spacings close to the
diameter of the earth (the limit being set by the condition
that all telescopes of the array must be able to observe the

Fig. 2. The MPIfR 100-m telescope at Effelsberg, 40 km west of Bonn.
The back-up structure of the telescope is designed as homologous
structure, which deforms under gravity but maintains a paraboloidaf
shape. It is routinely used for wavelengths as short as 6 mm. (Built by
MPIfR with Kmpp and MAN.)

optical telescopes, -1 arc s, which is not determined by
the diffraction pattern of the reflector but by atmospheric
turbulences (also referred to as “seeing”).

The low angular resolution of the small single-dish radio
telescopes available after the war was a major handicap
during the early days of radio astronomy, because it made
an identification of radio sources with optically visible
objects very difficult. The quest for higher resolving power
led to the introduction of radio interferometry, where two
or more single-dish antennas, placed at a distance d,
observe the same radio source with two independent radi-
ometers. The IF signals from the individual telescopes are
correlated after compensating for the time-delay in the
signals. The effective resolving power of such an inter-
ferometer is that of a single-dish telescope of aperture d.

But in terms of a Fourier analysis of the brightness distri-
bution of the radio source, such an interferometer observa-
tion provides only one Fourier-component, viz., that corre-
sponding to the baseline d. Further development of radio
interferometry resulted in aperture synthesis, where an

same source ~imultaneouslyi. This led to the observing
technique of Very Long Baseline Interferometry (VLBI),
where existing radiotelescopes on the Eurasian and
American continent are combined to form a gigantic array
(Fig. 3). Signals are recorded on magnetic tapes and are
subsequently correlated in special computers (VLBI
processors). The European processing center is at the
MPIfR at Bonn, West Germany. A hi~-resolution map of
the nucleus of the (elliptical) radio galaxy NGC 315 is
shown in Fig. 4.

Up to this point we were talking about observing tech-
niques. Let me now return to astronomy. In recent de-.
cades, and to a large extent thanks to radio astronomy, we
have learned a lot about the origin of the universe. It
started to expand from a state of extreme density and
temperature some ten billion years ago and stayed close to
thermodynamical equilibrium during the first million years
of its expansion. The physical model describing Success-
fully these early stages of the universe is referred to as
“standard big-bang ‘model”. It shows that about three.-
minutes after the expansion has started, hydrogen, helium,
and lithium (and their isotopes) but no heavier elelments
have formed. About 700000 years later the universe has
cooled down to 3000 K, at which temperature free elec-
trons and hydrogen and helium nuclei could combine and
form atoms. Until this time radiation and matter were
coupled through scattering of photons on free electrons.
After most free electrons had disappeared (by becoming
bound in atoms) the universe became transparent. Today
the radiation field (or photon gas) has cooled down to 3 K
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Fig. 4. A contour map of the (elliptical) radio galaxy NGC 315. The
largescale map, made at 610 MHz by Bridle et al., using the
Westerbork synthesis radio telescope, has an angular resolution of 55
arc s. The lower map, made by Preuss, Pauliny-Toth, and Kellermmm,
using the 100-m telescope in conjunction with the U.S. VLBI network,
has an angular resolution of 0.00075 arc s, which is a factor -1000
better than the angular resolution of earthbound opticaf telescopes.

and its Planck spectrum is observed in the radio and
submillimeter-range. The hydrogen and helium gas as a
whole continued to expand but soon started to form huge
clouds. These clouds (or protogalaxies) collapsed and
formed the galaxies, which today are the building blocks of
the universe. It appears that this process of galaxy forma-
tion was very efficient and that most of the matter in the
present universe is contained in galaxies.

Galaxies are huge stellar systems similar to our own
Galaxy, which contain typically some hundred billions of
stars, which rotate about their center of gravity and in this
way stabilize the system (i.e., at any point gravitational
attraction is just compensated by centrifugal force). A
similar type of equilibrium between pressure and gravity is
found in stars like our sun. These stars have condensed out
of the very diluted gas of a protogalaxy and have con-
tracted as a consequence of their self-gravitation. The
temperature rises in the center of the contracting protostar
until temperatures of some ten million degrees Kelvin are
reached. Then nuclear fusion of hydrogen into helium

starts (this is, in principle, the same process that operates
in a hydrogen bomb) and provides the energy (heat) which
temporarily counterbalances gravity. In later stages of their
evolution stars burn helium into heavier elements until,
with iron, the nucleus with the highest binding energy per
nucleon is reached. Then the central part of the star
implodes and forms (depending on its mass) a white dwarf,
a neutron star, or a black hole, while its outer shell is
returned to interstellar space, This is the process through
which the interstellar gas is enriched with elements heavier
than helium and lithium. We owe the existence of our
planet and its population to this so-called “chemical evolu-
tion” of the Galaxy. In the solar system and in the solar
vicinity the heavier elements account for -2 percent of
the total mass.

Stars are the objects primarily observed by optical astron-
omers. Their surface temperatures range from 3000 to
50000 K and their emission (to a very crude approxima-
tion) follows Planck’s radiation law. The emission of stars
at radio wavelengths is negligible. Radio astronomy would
never have become a viable branch of astronomy if matter
existed only in the form of stare. That radio astronomy has,
in fact, become the second most important branch of
astronomy, is only due to the fact that the interstellar space
(i.e., the space between stars) is filled with matter in
various forms. In our Galaxy about 5 percent of the total
mass exists still in the form of interstellar gas. Its existence
was known already to optical astronomers, since part of
the heavier elements condense out and form dust grains,
which absorb and scatter star light very effectively. Also, in
the vicinity of very hot and massive stars, the surrounding
gas becomes completely ionized by the stell~ ultraviolet
(UV) radiation, and these so-called HII regions emit both a
continuum and line spectrum which can be observed at
optical wavelengths (see Fig. 6(a)). It was only radio
astronomy, however, which could reveal the global distri-
bution of neutral and ionized interstellar gas in the disk of
our and other spiral galaxies. The whole concept of star
formation and chemical evolution can be tackled only by
radioastronomical (and, more recently, also by infrared
(IR)) observations.

An example is shown in Fig, 5: a radio map of the Orion
molecular cloud. The average density of the interstellar gas
is 1 H-atom cm –3. The first step in the formation of stars
is the formation of huge clouds with relatively high densi-
ties, -103 cm-3, and very low temperatures ( -10 K):
Most of the hydrogen in these clouds is in the form of Hz
molecules which at these low temperatures have no ob-
sei-vable spectral lines. But, besides Hz, there are molecules
such as CO, HzCO, and NH3 (to name only a few of the
more than 50 molecules, identified today in interstellar
space) whose radio spectral lines can be observed and
which tell us about the physical state of these precursors of
star formation.

Another example is shown in Fig. 6: the radio and far
infrared (FIR) spectrum together with an optical picture of
the HII region NGC 6357. In the optical picture (Fig. 6(a))
one recognizes the dark ionized gas together with light



MEZGER: FIFTY YEARS OF RADIO ASTRONOMY

Fig. 5. The Orion molecular cloud as seen via the rotational lines of the
CO molecule (observations by Kutner et al.). The contour lines (which
are representative for the column densities of Hz ) are superimposed on
an optical picture of the Orion region. The molecular cloud appears as a
black area in the opticrd picture due to its dust content. Deep inside the
cloud, massive stars are forming whose radiation is completely ab-
sorbed by dust grains in the surrounding cloud and which is reemitted
as IR radiation. At the upper and lower end of the cloud somewhat
older stars have already ionized and dispersed the surrounding gas.

patches caused by absorption due to dust grains, which in
part are located- inside ‘the ionized gas fid in part are
located in neutral gas surrounding the HII region. A large
fraction of the stellar radiation eventually is absorbed by
dust. This raises the temperature of the dust grains, which
reradiate the absorbed energy, but at much longer wave-
lengths. The total radio and FIR emission (Fig. 6(b)) is the
superposition of the free-free emission of the ionized gas
(which is the same radiation mechanism that is also re-
sponsible for the microwave emission from gas. discharge
tubes used as noise tubes at centimeter- and millimeter-
wavelengths) and the quasi-thermal emission from dust
grains. Radio observations of HII regions in our Galaxy
have revealed the existence of gradients in the distribution
of the chemical elements and are the principal source of
information about large-scale star formation.

Let me now turn to other galaxies. Our own Galaxy is a
regular spiral galaxy whose spectrum from the short radio
to the far UV wavelength range is shown in Fig. 7, The
radio emission is a superposition of free-free and synchro-
trons radiation. The spectrum is dominated by the IR
emission, which is remission of absorbed stellar radiation
by dust particles (1 mm> h >1 pm) and direct stellar
emission (10 pm> A >0.09 pm). Beyond 0.09 pm, the
Lyman continuum limit, photons can ionize hydrogen and
thus are practically all absorbed in the vicinity of the stars
which emit them. Only in the X-ray region does the inter-
stellar matter become transparent again. If we want to
compare energy per logarithmic frequency interval we have
to multiply the flux density Sv by the frequency v. In this
case we would see that direct stellar radiation is still the
dominant spectral feature and that only 20 percent of the
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Fig. 6. (a) Photograph of the HII region NGC 6357, Dark regions
indicate the radiation from ionized gas, light ~atches are retions where
dust particles absorb the opticrd ra~iatio~. (~) Radio and 1~ spectrum
of the HII region NGC 6357. The radio radiation is free-free emission,
the IR emission is thermal emission from dust grains heated by stellar
radiation (observations by Thum, Schrnid-Burgk, Chini, Kreysa, Mezger,
and Gemiind).

stellar radiation of the Galaxy is converted into IR emis-

sion.
If all galaxies were like ours we could observe some

nearby galaxies, but all information related to the large-
scale structure of the universe would come through optical
observations. However, systematic radio surveys of the sky
revealed a new class of objects, termed radio galaxies and
quasars (such as, for example, the elliptical galaxy NGC
315, whose radio picture is shown in Fig. 4), which are
galaxies in some peculiar stage of their evolution, where
enormous energies are liberated in their central regions.
The nature of the “engines” providing these energies is not
yet fully understood, but it is clear that it cannot be the
fusion process that powers stars. More likely it is the
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Fig. 7. The spectrum of our Galaxy, in arbitrary units. About 20
percent of the stellar emission (which dominates the spectrum at A ~ 10
pm) is converted into infrared emission (1 mm–10 pm) through ab-
sorption and remission by dust grains. The radio continuum emission
has two components: Synchrotrons emission caused by relativistic elec-
trons gyrating in the magnetic field of the Galaxy; and free-free
emission caused by electrons in a thermaf plasma which collide with
ions, Some of the strongest submilfimeter and FIR lines emitted by the
interstellar matter are indicated.

accretion of matter onto a very massive object, such as a
black hole, a process which is by factors of ten more
effective than hydrogen burning. Whatever this mechanism
is, it succeeds to convert a large fraction of its total energy
in the production of relativistic electrons with velocities
close to the velocity of light. Gyrating in a magnetic field,
these electrons emit synchrotrons emission, which appears
to be the dominant radiation mechanism in radio galaxies
and quasars, which emit as much energy at radio wave-
lengths as in the optical region. As compared to the spec-
trum of our Galaxy shown in Fig. 7, the spectrum of a
quasar would in essence be a straight line, S, CXv- 1, and
hence the flux density at A =1 cm would be 105 times the
flux density at A =1 pm. Thanks to an extremely fruitful
cooperation between radio and optical astronomy such
peculiar galaxies with highly active nuclei have been dis-
covered, which are at a distance of about 90 percent of the
radius of the universe or— stated differently— which we
see in an evolutionary stage corresponding to an age which
is about 10 percent of the present age of the universe.

In recent years the astrophysical importance of observa-
tions at millimeter-wavelengths and in the submillimeter
and FIR regime has steadily increased, Most of the abun-
dant interstellar molecules have their rotational lines in the
millimeter and subrdimeter range, and some of the major
cooling lines (as shown in Fig. 7) lie in the submillimeter
and FIR range. Thermal continuum emission from dust
may eventually lead to the detection of protostars and
protogalaxies. The spectra of some radiogalaxies and
quasars appear to reach its maximum at submillimeter
wavelengths. The extension of radio observations in the
millimeter, submillimeter, and IR range meets, however,
several problems. First, and beginning at 1.3 cm, several
broad absorption lines of H20 and 02 make the atmo-
sphere less and less transparent, until at 0.35 mm = 350
pm the atmosphere becomes completely opaque, to become
transparent again only at windows around 20 and 10 pm,
respectively (Fig. 8). It also becomes increasingly difficult
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Fig. 8. Transparency of the atmosphere (full curves), comp,qted for an
atmospheric water vapor content of 1 mm, corresponding to an excel-
lent obserwing day at aftitudes between 3000 and 4000 m Dashed
curves show the decrease of antenna gain and aperture efficiency as a
function of the rms deviation o of the reflector from a best-fit
paraboloid.

to build large radio telescopes for observations at millime-
ter and submillimeter wavelengths, If GO and AO are gain
and effective antenna area, respectively, of a perfect radio
telescope, these quantities will deteriorate according to

G/GO =A/AO = exp { -167r2(rr/A)2}

with u the rms deviation of the reflector surface from the
best fit paraboloid. A -10 u is usually considered as the
lower wavelength limit of a radio telescope. Curves A/AO
for various values of therms deviation u are shown in Fig.
8. The principal parameters that determine the accuracy of
telescope reflectors for very short wavelengths are tempera-
ture gradients and the rms tolerances of the individual
reflector panels.

Fig. 9 shows a 30-m telescope for millimeter observa-
tions, which the MPIfR, together with the companies Krupp
and MAN, has just completed and will soon turn over for
operation to the French–German radio observatory IRAM.
It is located on the Pico Veleta in southern Spain at an
altitude of about 3000 m. Such high altitudes are required
for a low water vapor content of the atmosphere. The
back-up structure of the telescope is thermally insulated to
keep temperature gradients below 1‘C. The reflector pan-
els, made of aluminium honey comb, have rms tolerances
between 20 and 40 ~m. We are now in a design stage for a
dedicated submillimeter telescope of 10 m diameter, which
will be built and operated together with the University of
Arizona. For the first time, the back-up structure and
panels will be made of carbonfiber-reinforced epoxy, a
material with a very low thermal expansion coefficient.
With an experimental reflector panel, formed on a pyrex
glass mould, the Dornier company was able to attain an
rms accuracy of u -4 pm.

Radiometers used with these antennas are bolometers
(for broad-band observations) and heterodyne receivers.
With Schottky diodes used in open-structure mixers we
have attained SSB noise temperatures of 20000 K at 3
THz (A= 100 pm) and there is no fundamental limitation
to go to even shorter wavelengths. At wavelengths below
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Fig. 9. A 30-m radio telescope for millimeter observations, built by the
MPIfR on the Pico Veleta in southern Spain, in cooperation with the
companies Krnpp/MAN. This telescope will be used for observations
at wavelengths as short as -1 mm.

Fig. 10. NASA’s Kniper Airborne Observatory, one of the most suc-
cessful IR observatories. It carries a 90-m telescope.

350 pm the atmosphere is opaque even at high altitude
observatories, and space platforms must be used for
observations. One of the most successful airborne observa-
tories is the Kuiper Airborne Observatory shown in Fig.
10. It is a converted military transporter plane which
carries a 90-cm telescope to altitudes between 11 and 14
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km, well above the troposphere. This observatory is now
operated by NASA for more than 10 years. Plans for a
si%lar European Astroplane are being discussed under the
sponsorship of the European Science Foundation.

CONCLUSION

Radio astronomy in the eighties is characterized by a
quest for higher angular resolution and by a quest to
extend radioastronomical observations in the millimeter,
submillimeter, and FIR wavelength ranges, It is foreseeable
that this quest will continue ~ the ~ext decade and it
necessarily leads to the use of space platforms both for
advanced VLBI techniques and for submillimeter and FIR
astronomy. The Infrared Satellite IRAS, which ended its
observations last December, will give use new insight into
the cold universe which is only accessible to mm/IR
observations. A similar satellite, but devoted primarily to
IR spectroscopy, has been chosen as the principal scientific
project of the European Space Agency, ESA. Assessment
studies are underway for free-flying space telescopes to be
used for VLBI or submillimeter/FIR observations, respec-
tively. Clearly, radioastronomy in the last decade of our
century will go into space.
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