






Pushing the limits: Gamma rays
Gamma rays fall at the highest energy end of the electromagnetic spectrum, and over-

lap with high energy hard X-rays. While X-rays are emitted in processes where electrons 

make transitions from one energy level to another, gamma rays are typically emitted by 

transitions that take place within the atomic nucleus itself or by particles that are ac-

celerated to very high energies. Gamma-ray astronomy takes us directly to the edgiest, 

most violent physics in the Universe. But gamma rays, like X-rays, are largely absorbed by 

the atmosphere. The first data came from the Explorer 11 satellite in 1961, which detect-

ed fewer than 100 gamma-ray photons — just enough to suggest the existence of a low-

level gamma-ray background that scientists attributed to the interaction of high energy 

charged particles (cosmic rays) with interstellar gas. Individual gamma-ray sources were 

first seen in the 1970s, although matching them to objects seen in other wavelengths is 

very difficult because the resolution of the gamma-ray detectors is very poor. Even today 

roughly half the gamma-ray sources known remain unclassified and a mystery, despite 

the sterling work of veteran observatories like the Compton Gamma Ray Observatory, 

which logged the gamma-ray sky for almost ten years from 1991-2000. 

Figure 69: The X-ray Milky Way 

The mosaic from the Chandra X-ray Observatory gives a new perspective on how the turbulent central region of 

the Milky Way affects the evolution of our galaxy as a whole. Hot gas appears to be escaping from the centre into 

the rest of the Milky Way. The outflow of gas, chemically enriched from the frequent destruction of stars, will dis-

tribute these elements into the galactic suburbs. The bluer hues indicate X-rays at the highest energies, red at the 

lowest. Because it is “only” about 26 000 light-years from Earth, the centre of our Milky Way provides an excellent 

laboratory to learn about the wondrous phenomena taking place in the cores of galaxies.
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Gamma-ray bursts

Brief intense bursts of gamma rays, now known to be burning more brightly than a mil-

lion trillion Suns, were discovered in the late 1960s by defence satellites looking for gam-

ma rays produced in nuclear tests. These gamma-ray bursts are surprisingly common, 

with events detected two or three times a week, and have been the subject of intense 

study. The bursts can last from milliseconds to as long as a minute, and many of the lon-

ger bursts are now thought to be linked to very high energy supernovae — sometimes 

known as hypernovae — and the collapse of bright, fast-burning, short-lived stars to 

form black holes. The BeppoSAX satellite was successful in identifying the “afterglow” of 

some of these gamma-ray bursts — traces of lower energy radiation, either X-ray or even 

visible light that persists after the original bursts, that allowed astronomers to establish 

that the sources of these bursts were located far beyond our local group of galaxies, at 

Figure 70: Gamma-ray source 

mystery

This all-sky map was constructed from a 

list of 271 sources of gamma-ray emission 

detected by the Compton Gamma Ray 

Observatory during its mission. It contains 

a mix of sources within the Milky Way 

(the horizontal line of sources at the mid-

dle of the diagram) and throughout the 

extragalactic sky. However, the identity 

and nature of these sources is largely  

still a mystery. In large part it is due to the 

difficulty in identifying the location of 

each source precisely. Newer generations 

of gamma-ray telescopes, such as the 

Gamma Ray Large Area Space Telescope 

(GLAST), launched in 2008, have a much 

higher resolving capability and can help 

identify these mystery objects, and 

doubtless uncover more mysteries as well.
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distances of eight billion light-years and more. Further advances in understanding, and 

perhaps some hints for the mechanism behind the very shortest — and ultra-mysterious 

— gamma-ray bursts have come from from NASA’s Swift satellite, launched in 2004. 

SWIFT is able to train X-ray and visible-light telescopes on a new burst within a minute 

— and so has been able to catch a star as it explodes.

Other instruments like INTEGRAL and the newly-launched GLAST space telescopes, as well 

as the MAGIC telescopes in the Canary Islands, are ushering in a revolution in gamma- 

ray astronomy as their improved resolution and sensitivity will allow astronomers to 

probe the secrets of black holes, neutron stars and other sources of gamma rays. 

Figure 71: High-energy 

pulsar

Artist’s impression of an 

anomalous X-ray pulsar — a 

type of neutron star first 

spotted pulsing low-energy 

X-rays into space during the 

1970s by the Uhuru X-ray 

satellite. AXPs are extremely 

rare with only seven known 

to exist. Initially, AXPs were 

thought to be members of 

an X-ray binary system, with 

the X-ray emission produced 

by matter falling from a com-

panion star onto the AXP.
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The X-ray/high energy revolution
Without a doubt, our view of the Universe has changed drastically since the first observa-

tions of extraterrestrial X-rays. Thousands of X-ray sources and numerous other objects 

that are characterised by high energy processes have been discovered. These processes 

are often associated with “extreme physics” — extremely strong gravitational and mag-

netic fields that accelerate particles to relativistic energies, gas heated to temperatures 

of hundreds of millions of degrees and exotic objects such as neutron stars and black 

holes. Time scales are often short, indicating very compact objects. The associated high 

energies and short wavelengths make X-ray observations the tool of choice to probe the 

physics of neutron stars, the neighbourhood of black holes and the hot gas between 

galaxies. X-rays have allowed us to explore active stellar coronae and to pick out the very 

hot stars associated with the enormous regions of hot gas known as “superbubbles” 

that have presumably been heated by intensive stellar winds. In the hunt for black holes, 

an enormous exotic zoo of X-ray binary stars has been discovered and explored. X-ray 

astronomy still provides the most promising means of studying the existence, the prop-

erties and the effects of black holes in the Universe. By looking at supernova remnants, 

galaxies and, not least, at the active cores of galaxies in considerable detail, evidence has 

accumulated that these active galaxies are driven by supermassive black holes. Other 

enigmas are also being tackled — X-ray studies of clusters of galaxies have found new 

evidence concerning the existence of dark matter and its properties.

At the highest energy end of the electromagnetic spectrum, new space telescopes like 

GLAST have given gamma-ray astronomy new impetus in the quest for understanding 

gamma-ray bursts and pinpointing elusive gamma-ray objects across the Universe.

X-ray and gamma-ray photons may be fewer in number than other, lower energy wave-

lengths, but their ability to illuminate the most exotic and bizarre objects in the Universe 

makes them an invaluable tool for astronomers.

X-ray and gamma-ray photons may 
be fewer in number, but their ability to 
illuminate the most exotic and bizarre 
objects in the Universe makes them an 
invaluable tool for astronomers
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Figure 72: Sagittarius A*, our local supermassive black hole

This Chandra image of the supermassive black hole at our Galaxy’s centre, a.k.a. Sagittarius A*, was made from the longest X-ray exposure of that region to date. 

In addition to Sagittarius A* more than two thousand other X-ray sources were detected in the region, making this one of the richest fields ever observed. 121
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Astronomy began as a visual science. For thousands of years, hu-

mans used little more than their eyes to observe and record the 

light from the stars. All this changed 400 years ago when Galileo 

first turned his telescope towards the heavens, dramatically ex-

panding our ability to see and understand the Universe. Yet, for 

the next 350 years, the potential of this magnificent device was 

limited to that tiny sliver of the spectrum visible to human eyes. 

As we have seen in this book, a series of technological advances 

over the past 50 years or so has given us access to the hidden 

Universe: the cosmic domains of radio waves, infrared light, ul-

traviolet light, X-rays and gamma rays. Layer by layer, the cosmic 

onion has been peeled away to reveal a richness and complex-

ity that was unimaginable from our long-held visible perspec-

tive. We show the fundamental change in worldview brought 

about by expanding our perception to include the full spectrum 

of light. 

The Multi-wave-
length Universe

Figure 73: A multi-wavelength 

view of the Cartwheel galaxy

This amazing image shows a truly pan-

chromatic view of the Cartwheel galaxy. 

In purple we see the X-rays (Chandra 

X-ray Observatory); ultraviolet light 

(Galaxy Evolution Explorer) in blue; in 

green we show the visible light (Hubble 

Space Telescope) and red is infrared light 

(Spitzer Space Telescope). A few hundred 

million years ago, a smaller galaxy 

plunged through the heart of a large 

spiral galaxy, creating expanding ripples 

of star formation. In this image, the first 

ripple appears as an ultraviolet-bright 

blue outer ring where associations of 

stars tens of times as massive as the Sun 

are forming. The clumps of pink along 

the outer blue ring are regions where 

both X-rays and ultraviolet radiation are 

superimposed, likely to be collections of 

binary star systems containing a black 

hole. The yellow-orange inner ring and 

nucleus at the centre of the galaxy result 

from the enhanced combination of vis-

ible and infrared light here. This region of 

the galaxy represents the second ripple, 

or ring wave, created in the collision, but 

has much less star formation activity 

than the first (outer) ring. The faint wisps 

of red spread throughout the interior 

of the galaxy are from dust. Based on 

its position, velocity and apparent lack 

of gas, the green galaxy at the bottom 

left of the picture, seen principally in the 

visible-light glow of less massive stars, is 

thought to be source of the “splash”.
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This book is about our recently expanded multi-wavelength view of the Universe. This 

new perspective has made us realise that the Universe “out there” is much richer 

and more complex than our visual experience suggested. The profound change of view-

point brought about by the development of quantum mechanics in the early 20th cen-

tury launched a deep and mind-wrenching adventure into those aspects of the physical 

world that are not so open to our direct perception. Like nothing else at the time, quan-

tum mechanics expanded our concept of physical reality and inspired philosophers and 

scientists alike. The discovery of radio waves from the cosmos in 1932 was the first of 

many steps in the revelation of the full electromagnetic spectrum emitted by objects 

beyond the Earth. Steps that slowly moved astronomy from a visual science to one gov-

erned by phenomena that stretch our imagination. Going hand in hand with the physical 

understanding enabled by the quantum revolution, our new view of the Universe would 

have been unimaginable to a scientist even a century ago. 

This chapter presents the full view of the hidden Universe. By pulling all the individual 

wavelength bands together — radio through gamma rays — we can try to paint a much 

more holistic picture of the vastness of space and its contents. This is a field of research 

that is rapidly developing as new pieces of the jigsaw are shaped and put into place. It 

employs the full breadth of our scientific knowledge.

The active galaxy Centaurus A serves as an example of this holistic view, taking us on a 

journey through the entire electromagnetic spectrum following the same order as the 

chapters in this book. It is the nearest active galaxy (see Box: Black holes, quasars and 

Active Galactic Nuclei in Chapter 7) to Earth, at a distance of 10 million light-years, and 

is well-observed over a very wide range of wavelengths. We will examine how each slice 

of the spectrum illuminates different aspects of this galaxy, and how they all combine to 

provide a more complete overall view.

By pulling all the individual wavelength 
bands together — radio through gamma 
rays — we can try to paint a much more 
holistic picture of the vastness of space
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Centaurus A in visible light
The Centaurus A galaxy, also known as NGC 5128, is one of the most studied objects in 

the southern sky. The British astronomer James Dunlop noticed the unique appearance 

of this galaxy as early as 1826, although he was unaware that its beautiful and spectacu-

lar appearance is due to an opaque dust lane that covers the central part of the galaxy 

(see Figure 74). This dust is likely to be the debris remaining from a cosmic merger that 

took place some 100 million years ago between a giant elliptical galaxy and a smaller, 

dust-rich spiral galaxy.

In visible light it is easy to see the soft, hazy elliptical glow of Centaurus A’s old popula-

tion of red giant and red dwarf stars. Brilliant blue clusters of young hot stars lie along 

the edge of the dark dust lane, and the silhouettes of the dust filaments are interspersed 

with blazing glowing gas (seen in yellow/red).

Figure 74: Centaurus A in visible light

The active radio galaxy Centaurus A seen in visible light with ESO’s 2.2-metre telescope (left) and the Hubble Space Telescope (right). An older population of stars 

is seen as the soft glow of yellowish-white light. A dramatic dark lane of dust girdles the galaxy. Clusters of newborn stars are seen in blue and silhouettes of dust 

filaments are interspersed with blazing orange-glowing gas.
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Centaurus A in the infrared
Until quite recently, the details of the centre of Centaurus A remained largely unknown, 

hidden by the dense dust lane that completely obscures the central parts of the galaxy in 

visible light. To peer into the centre, observations must be carried out at infrared wave-

lengths where the dust becomes much more transparent. (See Box: Dust transparency 

in the infrared in Chapter 5).

Observations of the dust emission in the mid-infrared spectral regime were carried out 

in the 90s with the ISOCAM camera carried by ESA’s Infrared Space Observatory (ISO). 

They revealed a 15 000 light-year long, parallelogram-shaped structure of dust. This bar 

may serve to funnel gas towards the nucleus of the galaxy. 

Peering even closer into the centre in 1997, the near-infrared camera on the Hubble Space 

Telescope revealed a thin gaseous disc of material close to the centre. This looked very 

much like an accretion disc that was feeding material into a central black hole. 

Figure 75: Centaurus A in 

the infrared

To the left a near-infrared, 

ground-based image of Centaurus 

A taken with ESO’s New Technol-

ogy Telescope at La Silla. Moving 

further into the infrared, the dust 

lane becomes more transparent and 

starts to glow (shown in red in the 

ISO image in the middle). Finally the 

Spitzer image to the right shows, 

in unprecedented detail, the centre 

of Centaurus A, which is seem-

ingly twisted into a parallelogram-

shaped structure of dust. ISO’s 

and Spitzer’s abilities both to see 

through the dust and also to see it 

glowing allowed the telescopes to 

peer into the centre of Centaurus A. 
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By measuring the rapid stellar motions in the centre using near-infrared spectroscopy 

with ESO’s Very Large Telescope, astronomers concluded that the enormous mass within 

the central region could not be caused by normal stars, as it would then have been much 

more luminous, but had to be caused by a supermassive black hole. This had already 

been suspected from previous radio observations (see below).

Remarkably sharp observations made in 2004 with the Spitzer Space Telescope showed 

the inner parallelogram-shaped structure of dust in high detail. Astronomers made a 

computer model that explains how such a strange geometric structure could arise. In 

this model, a spiral galaxy falls into an elliptical galaxy, becoming warped and twisted in 

the process. The folds in the warped disc, when viewed nearly edge-on, take on the ap-

pearance of a parallelogram. The model predicts that the leftover parts of the intruding 

galaxy will ultimately flatten into a plane before being entirely devoured by Centaurus 

A. Warped discs like this are the “smoking guns” of galactic cannibalism, providing proof 

that one galaxy once made a meal of another.
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Centaurus A in the ultraviolet
Ultraviolet observations made with GALEX show extensive ultraviolet emission in the 

centre from young super-star-clusters (seen in blue in the visible-light image), especially 

along the edge and on the upper surface of the dust lane. Most of the ultraviolet emis-

sion in the galaxy appears to result from intense star formation in the disc. None appears 

to be associated with the old stellar population in the main body of the galaxy and no 

ultraviolet emission from the central black hole has been detected, as it is presumably 

obscured by the dust lane.

Strings of ultraviolet light associated with the radio and X-ray jets (see Figure 77 and 

Figure 78) are seen extending some 130 000 light-years from the centre to the top-

left. These are thought to be either gas illuminated directly by the jets or indirectly by 

young stars whose birth has been induced by the passage of the jets through this part of  

the galaxy.

Figure 76: Centaurus A in the ultraviolet

This image was taken by GALEX in the ultraviolet and shows regions of hectic star formation associated with the dust lane. The strings of blue knots extending to 

the top left of the galaxy are thought to be regions influenced by the powerful jets (see Figure 77) originating from the central black hole.
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Centaurus A in radio
Centaurus A is one of the brightest radio sources in the sky (its name indicates that it 

is the strongest radio source in the Centaurus constellation). At a distance of 10 million 

light-years, it is also the nearest radio galaxy. The radio emission from the very compact 

centre exhibits strong activity (see Box: Black holes, quasars and Active Galactic Nuclei 

in Chapter 7). It has been suspected for some time that this powerful energy release is 

due to accretion of material onto a supermassive black hole. The most likely mass of this 

“central beast” is about 50 million times the mass of the Sun.

Two impressive straight and narrow jets — beams of high energy particles — shoot 

many millions of light-years from the supermassive black hole in the centre of the galaxy 

into intergalactic space in opposite directions. These particles emit radio waves, which 

we can use to trace the jets and determine how much energy is being transported. 

Figure 77: Centaurus A in radio

Centaurus A is one of the brightest radio sources in the sky, here seen with the Very Large Array. Most of the radio emission does not come directly from the 

narrow, straight supersonic jets, but from the broader “lobes” where strong shocks form near the ends of the jets. The material in the lobes is believed to have 

been supplied by the jets over millions of years. This image was created from observations made with the Very Large Array. Other radio observations with a single 

dish telescope (the Parkes 64-metre telescope in Australia: featured in the movie “The Dish”) show a much larger pair of lobes from an earlier outburst of activity 

extending over nine degrees on the sky (eighteen times the size of the Moon).
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Figure 78: Centaurus A in 

X-rays

This X-ray image of Centaurus A 

 is the result of a long exposure 

from the Chandra Observatory 

that lasted over seven days. It 

shows high energy X-rays in 

blue, intermediate energy in 

green and lower energy in red. 

The jet — pointing towards 

the top left — and the fainter 

counter-jet, are driven directly 

by the central black hole and 

are also seen clearly at radio 

wavelengths (see Figure 77). 

The bubbles of high-energy 

particles inflated by the jets are 

seen in green, especially in the 

lower part of the image. The 

dark green and blue bands run-

ning almost perpendicular to 

the jet are dust lanes that partly 

absorb X-rays.

Centaurus A in X-rays
The spectacular X-ray view of Centaurus A reveals the dramatic galaxy-wide effects of 

the supermassive black hole at its very centre. Opposing jets of high energy particles 

can be seen extending to the outer reaches of the galaxy. These jets, which are also 

seen at radio wavelengths (see Figure 77), protrude dramatically from the central re-

gion. Both are driven directly by the central black hole and are thought to be important 

vehicles for transporting and distributing energy from the black hole across the much 

larger distance associated with a galaxy, possibly affecting the rate at which stars form  

there.

High energy electrons spiralling around magnetic field lines produce the X-ray emission 

from the jet and counterjet. This emission quickly saps the energy from the electrons, so 

they must be continually reaccelerated or the X-rays would fade out. Knot-like features 

in the jets detected in the Chandra image show where the acceleration of particles to 

high energies is currently occurring, and provides important clues to understanding the 

process that accelerates the electrons to near-light speeds.

The inner part of the X-ray jet close to the black hole is dominated by these knots of X-ray 

emission, which probably come from shock waves — akin to sonic booms — caused by 

the jet. Farther from the black hole, there is more diffuse X-ray emission in the jet. The 

cause of particle acceleration in this part of the jet is unknown.
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Figure 79: Combined 

multi-wavelength 

image of Centaurus A 

This multi-wavelength view 

shows Centaurus A with 

X-ray, visible and radio im-

ages combined: the Chandra 

image, the ESO 2.2-metre 

visible-light image and the 

VLA radio image. Although 

this image represents a much 

larger part of the electromag-

netic spectrum, it is still only 

one selected representation 

of the underlying physical 

reality.

Hundreds of point-like sources are also seen in the Chandra image. Many of these are X-

ray binaries that contain a stellar-mass black hole and a companion star in orbit around 

one another.

A multi-wavelength view of Centaurus A 
Each band of light reveals something unique about Centaurus A, but how can we get a 

global picture? It is possible to pick and choose from different portions of the spectrum 

to produce a composite image that spans a wider range of light. Figure 79 is one such rep-

resentation of the full reality that shows three of the six wavelength bands discussed in 

this book. However, the basic limitation of our eyes’ ability to see only three colours makes 

it difficult to display the full range of variations across the spectrum in a single image.  

Images are powerful tools for seeing how the proportions of light vary from one part of 

an object to another, but they are limited to our coarse ability to distinguish only a few 

possible colours. Another powerful tool of the astronomer is to create a graph show-

ing exactly how the total emitted light changes as a function of colour/wavelength. By 

sacrificing the ability to look at different parts of the object you gain the opportunity 

to see the variations in light across the spectrum very precisely and thus obtain a more 

complete picture of the global physical processes at work in the object. 
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Figure 80: Full spectrum of Centaurus A

This complete spectrum of Centaurus A spans everything from the highest energy gamma rays to the longest wavelength radio waves. It shows the totality of 

light coming from the entire galaxy as a function of wavelength. This type of curve is known to connoisseurs as a Spectral Energy Distribution (or SED for short) 

and comprises data from many different types of telescopes and detectors. The origin of the different types of radiation is indicated. Starlight dominates only in 

the rather narrow region around the visible band (the shape of the curve resembles closely the blackbody, see Figure 11). A bump in the infrared comes from dust 

that is warmed by both absorbed starlight and some of the radiation from the supermassive black hole, re-emitting the energy as cooler, longer wavelength ther-

mal radiation. Most of the other emission is ultimately driven by the infall of matter onto the supermassive black hole at the core of the galaxy which is not seen 

directly in visible light because of obscuration by the central dust band.

Until now it has been rare for objects to be investigated over the full range from radio to 

gamma rays, but it is becoming more practical to do this. Centaurus A’s almost complete 

multi-wavelength spectrum is seen in Figure 80. Data in this form need special care in 

interpretation. It is important to know where the radiation is coming from within the 

object: most of the radio emission is coming from the extended lobes while the X-ray 

emission is coming from the active nucleus and the associated jets and the visible light is 

coming from the extended, elliptical distribution of stars. 

In the most general terms, a plot like this tells us something very profound about the 

global energy processes within a galaxy. The starlight in a galaxy comes from the nuclear 
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reactions taking place deep within the cores of its stars. The energy released by the nu-

clear fusion occurring at the immense temperatures and pressures at the heart of a star 

slowly diffuses to the surface where it is radiated away, mostly as visible, ultraviolet and 

near-infrared light. This energy comes from the conversion of matter to energy according 

to Einstein’s famous equation, E = mc2, and it results in the conversion of light chemical 

elements, e.g. hydrogen and helium, to heavier ones: carbon, nitrogen, oxygen etc. This is 

ultimately the process that changes the chemical composition of the Universe over time, 

forging the heavy elements necessary for planets and life.

The energy coming from the supermassive black hole in the galaxy core comes, however, 

from a very different physical process. Material falling into the phenomenally strong 

gravity well of a black hole accelerates to high velocities as it is constricted to a confined 

space. Even an asteroid dropped into the Earth’s gravity will generate copious light and 

heat when it impacts the ground, but far greater energies are released from materials 

spiralling into unimaginably more massive black holes! In the spectrum of Centaurus A 

in Figure 80, the energy may be emitted in many different ways in the different spectral 

bands, but ultimately much of it comes from this process of dropping matter into a black 

hole. 

Of course Centaurus A is only one example of a galaxy we have examined across the 

entire spectrum. Astronomers increasingly rely on multi-wavelength studies of all types 

of objects including stars, nebulae and galaxies to help piece together the science of the 

Universe. Each type of phenomenon has its own unique spectral footprint, and not ev-

ery kind of object is seen in every part of the spectrum. By synthesising studies from all 

wavelengths of light, astronomers gain access to the underlying interplay of the many, 

and often complex, phenomena.

Astronomers increasingly rely on multi-
wavelength studies of all types of objects 
including stars, nebulae and galaxies to 
help piece together the science of the 
Universe
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Using spectra like this it can be deduced that the amount of energy arising from the star-

light is roughly comparable to that coming from gravitational collapse onto the super

massive black hole. These are very different processes and it is not obvious why they 

should produce even remotely similar amounts of energy. There must be an intriguing 

link between them and astronomers are just beginning to understand what it might be. 

It seems as if the black hole can act as a kind of “thermostat” that controls how the star-

filled galaxy can grow and evolve. If the galaxy tries to grow too vigorously, the central 

black hole is fed such a rich diet that it becomes over-excited and so bright that it blows 

the gas and dust out of the galaxy and effectively stops the formation of new stars. This 

“feedback” between the central black hole and the stars in galaxies is becoming one of 

the core ideas in current astrophysics, with profound implications for how the Universe 

looks and behaves.

Post script
We have come a long way in our attempt to reveal the hidden Universe. Along the way 

we have discussed the individual mechanisms that give rise to the various flavours of 

light or electromagnetic radiation, such as thermal emission from blackbodies or the 

more exotic forms arising from fast-moving charged particles. As we cross the finishing 

line we show an example (Figure 80) of the comprehensive multi-wavelength spectrum 

that represents our state-of-the-art view of one of the most exotic of objects in the Uni-

verse. Needless to say, we have only covered part of the full story.

In March 2008 Science magazine published some of the first results from the Pierre 

Auger Observatory in Argentina that observes cosmic rays. Following observations be-

tween January 2004 and August 2007, the Pierre Auger Collaboration announced the de-

tection of 21 amazing particles from space with “wavelengths” below 2 x 10-26 m (above 

5.7 x 1019 electron volts). At least two of these cosmic rays are likely to have come from 

Centaurus A — which would make it the first time high energy cosmic rays have been 

traced back to an individual galaxy. This result has triggered a surge in theoretical papers 

explaining why Centaurus A’s black hole has to be a source of high energy cosmic rays. 

In Figure 80 this result would have to be plotted roughly 5 cm outside the figure on the 

left! The highest energy cosmic ray yet detected had about the same energy as a tennis 

ball moving at 150 kilometres per hour.

So, the electromagnetic radiation that we have focused on in this book is not the sole 

window we have on the visible and the hidden Universe — there are other messengers 

reaching us from space and we are scrambling to decode the story they have to tell. What 

are these messengers and what kind of telescopes do we need to catch them?
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High energy cosmic rays, mostly consisting of protons (hydrogen nuclei), but also helium 

nuclei (alpha particles), electrons and the occasional nucleus of a heavier element, inter-

act with particles in the Earth’s atmosphere creating flashes of blue light and showers of 

other particles that can be seen by detectors on the ground. Cosmic ray telescopes can 

have devices to image both the light flashes from the upper atmosphere and the show-

ers of secondary particles triggered by the original particle. 

Other cosmic particle messengers include the elusive neutrino that is so shy of detection 

that it can travel through a block of lead the size of the Solar System without noticeable 

hindrance. Neutrinos coming from the hot core of the Sun are so numerous that some 

50 trillion of them pass through your body every second — and you don’t feel a thing! 

Needless to say, it is very difficult to build a “neutrino telescope”. But it can be done and 

astronomers have detected neutrinos from the Sun and also from Supernova 1987A in 

the Large Magellanic Cloud that was seen to explode on the 23 February 1987.

Spacetime itself can be made to oscillate and such disturbances could be seen as yet 

another kind of messenger from space — gravitational waves. Although none have been 

detected directly, there is powerful indirect evidence for the phenomenon. Russell Alan 

Hulse and Joseph Hooton Taylor, Jr. from Princeton University observed radio pulses from 

pulsar PSR B1913+16 that arrived at Earth sometimes a little earlier and other times a 

little later than expected. These irregularities were traced to a companion star whose 

orbit was evolving in a way that was precisely predicted by the application of Einstein’s 

General Theory of Relativity, and which can be used to calculate the emission of gravita-

tional radiation from the system. Hulse and Taylor were awarded the 1993 Nobel Prize 

for Physics for their work. A number of gravitational wave telescopes are now operating, 

under construction or in planning.

The development of this range of “non-light” telescopes is already having a major impact 

on astrophysics and will spawn very exciting areas of research in the future. One of the 

consequences is that high energy physicists and astronomers are learning one another’s 

languages and jargon, stimulating a cooperation that will bring new perspectives to our 

quest to understand the world we inhabit.

New windows are being opened on hidden parts of the Universe. As has happened re-

peatedly through history, our perception of the physical reality, and with it our world 

view, is changing. One can only wonder how much more is hiding out there...
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Glossary
Absorption: Light can be absorbed by gases, liquids or solids. The energy associated with the light photon is transformed into 
a different form, either as heat or by a change in state of the absorber.

Absorption bands: This term usually refers to a range of wavelengths absorbed by a molecule when light causes a change in 
its electronic, vibrational or rotational state. The term “band” refers to its appearance in a spectrum where a series of absorp-
tion lines closely spaced in wavelength can look like a single broader band.

Absorption line: An absorption line appears in a spectrum when photons of a particular wavelength cause electrons in atoms 
or molecules to jump to a higher energy state. Lines are specific to particular atoms and molecules and are used to identify 
chemical elements and the physical state (temperature, pressure) of a gas in astronomical sources. See also emission line.

Additive colours: Colour model in which colours are produced by combining various percentages of red, green and blue light. 
White is produced by mixing 100% of each primary, whereas black is produced by the complete absence (i.e. 0%) of each pri-
mary. The additive colour model is used by computer monitors to produce their display. See also subtractive colours.

Band, see wavelength band. 

Blackbody radiation: Also known as cavity radiation, blackbody radiation is the characteristic spectrum of light emitted by 
a perfectly absorbing body heated to a particular temperature. The radiation depends only on the temperature and not on 
the composition of the emitter. A cavity with a small hole through which the emitted radiation can be observed is used to 
simulate a blackbody. See also Planck’s Law and Displacement Law.

Bremsstrahlung: German for “braking radiation”, bremsstrahlung is emitted when a speeding charged particle, such as an 
electron, decelerates as it approaches and is deflected by another charged particle. The kinetic energy of motion is trans-
formed into electromagnetic radiation.

Doppler effect: The change in frequency (or wavelength) of a photon emitted by one body when observed from another body 
moving relative to the first. The apparent wavelength of an identified spectral line from a known atom can be used to infer 
the speed along the line of sight of a distant emitter or absorber. 

Dust re-emission: Clouds of dust surrounding a luminous object, such as a star, a cluster of stars or a radiating black hole, will 
become heated by radiation from the object and will re-radiate the absorbed energy at a longer (lower energy) wavelength. 
Often ultraviolet energy from a region of star formation is transformed into far-infrared radiation by dust heated to a tem-
perature of around -230 °C.

Electromagnetic radiation: Electric and magnetic field components that oscillate perpendicular to one another and to the 
direction of propagation. The words light and radiation are often used interchangeably for electromagnetic radiation.

Electromagnetic spectrum: The ensemble of electromagnetic radiation spanning the entire range of wavelengths (or fre-
quencies).

Emission line: The radiation of a particular wavelength (or frequency) emitted by an atom (or molecule) when one of its elec-
trons jumps from a higher to a lower energy state. See also absorption line.

Enhanced colours: Astronomical exposures are sometimes obtained through special filters that isolate a narrow range of 
wavelengths — usually to capture the emission from a particular type of excited atom such as hydrogen, oxygen, sulphur 
etc. When such exposures are combined to form a colour picture, the result is called enhanced colour. See also representative 
colour and natural colour.

Fluorescence: Arises when short wavelength radiation, for example ultraviolet (sometimes called “black light”), excites an 
object (gas, solid or liquid) to emit light of a longer wavelength.

Frequency: See wavelength.

Gravitational lensing: Occurs when the presence of a very massive object in space, such as a cluster of galaxies causing a local 
distortion of spacetime that acts like a lens by bending the path of light rays that travel past or through the region.

Kelvin: A temperature scale with the same unit increment as degrees Celsius, but with a zero-point at absolute zero (rather 
than the freezing point of water). 0 Kelvin = -273.15 °C.

Light-year: The distance travelled by light in empty space during one year. It is equal to 9 460 730 472 581 km.
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Luminosity: The amount of energy radiated by an astronomical body per unit time. It is related to the apparent brightness by 
the distance from the source to the observer.

Micrometre: A millionth of a metre.

Nanometre: A billionth of a metre.

Natural colour: When a picture is constructed using exposures taken through red, green and blue filters that approximately 
match the colour sensitivity of the cells in our eyes, the result is called natural colour. See also representative colour and 
enhanced colour.

Non-thermal radiation: Radiation from processes in the Universe that are not related to blackbody emission, e.g. synchrotron 
radiation or bremsstrahlung.

Picometre: A trillionth of a metre.

Photoelectric effect: Some surfaces will emit electrons when illuminated with light below a given wavelength. The fact that 
changes in the intensity of the light affect the number of emitted electrons, but not their energy, caused Einstein to realise 
that this was proof that electromagnetic radiation came in discrete “packets”, now called photons. For this and other contri-
butions to physics, he received the Nobel Prize in 1921.

Photometry: Technique used by astronomers to measure the intensity of light from objects. See also spectroscopy.

Photon: Light particle. The photon possesses both particle and wave properties. See wave-particle duality.

Planck’s Law: Describes the radiation from a blackbody with a given temperature. It predicts that a blackbody will radiate 
energy at all wavelengths, and that the radiation will peak at a given wavelength related to the temperature of the blackbody. 
See also blackbody radiation and Wien’s Displacement Law.

Primary colours: Usually defined as red, green and blue corresponding to the colour sensitivity of the different receptor cells 
in the human eye.

Radiation: See electromagnetic radiation.

Redshift: The reddening, or “stretching”, of the light emitted from an object as it moves away from the observer. The typical 
redshift is seen in light emitted from a distant galaxy and is caused by the Universe’s expansion. The redshift is proportional 
to the distance of the object and is often used as a distance estimator.

Re-emission: Re-radiation of absorbed energy at a longer wavelength than that received.

Regime: See wavelength regime.

Representative colour: When a picture is constructed using exposures taken in “invisible” spectral bands, the result is called 
representative colour. See also enhanced colour and natural colour.

Resolution: The ability to distinguish details. Often used to describe the precision with which a telescope measures and 
records.

Scattering: Light can be deflected by — or bounce off — small particles including electrons, atoms, molecules or dust grains. 
This process is known as scattering and is related to reflection from solid bodies.

Secondary colours: A colour made by mixing two primary colours.

Spectral line: A dark or bright line in a spectrum, resulting from an excess or deficiency of photons in a narrow wavelength 
range.

Spectral line radiation: Radiation from spectral lines.

Spectroscopy: Technique used by astronomers to measure the intensity of light from objects as a function of the wavelength 
of the light. See also photometry.

Spectrum: The distribution of light intensity as a function of wavelength. See also absorption line and emission line.

Subtractive colours: Colour model in which colours are produced by combining various percentages of the subtractive prima-
ries, cyan, magenta, and yellow. Used in printing and in mixing paints. See also additive colour.

Synchrotron radiation: Emission occurring when relativistic electrons spiral (and hence change velocity) when passing through 
magnetic fields. See also non-thermal radiation.

Thermal radiation: See blackbody radiation.
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additive colours  12, 14
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array  67, 93

Atacama Large Millimeter/submillimeter Array (ALMA)  
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Balloon Observations Of Millimetric Extragalactic 
Radiation and Geophysics (BOOMERanG)  36
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BeppoSAX  118

Big Bang  41, 102, 103

binary star  110

blackbody  49, 50, 83, 95, 101, 102, 103, 106, 107, 132, 
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radiation  48, 83, 107, 109

spectrum  101

black hole  97, 110, 111, 124, 129, 134

bremsstrahlung  25, 98

C

cameras  27, 84

Canada Space Agency (CSA)  42

CCD (Charge Coupled Device)  40

Chandra X-ray Observatory  43, 105, 109, 112, 123, 
130, 131

chromosphere  86, 107

clouds  72

clusters of galaxies  113

colour  12, 13, 14, 16, 19, 20, 48, 50, 56

components  40

contamination  84

corona  86, 87, 107

Cosmic Background Explorer (COBE)  103

cosmic microwave background  72, 102, 103, 111

cosmic ray  109, 134

cosmic ray telescope  31, 135

cryogenic cooling  67

D

dark matter  113

Wavelength: The distance between two wave peaks. Wavelength is inversely proportional to frequency. Often the three 
terms wavelength, frequency and energy are used interchangeably (the higher wavelength, the lower the energy and the 
lower the frequency).

Wavelength bands: The seven sections of the full electromagnetic spectrum (in order of decreasing wavelength): radio, mi-
crowave, infrared, visible, ultraviolet, X-ray and gamma ray.

Wavelength regimes: The sub-divisions of each wavelength band in the electromagnetic spectrum, e.g. near-infrared, mid-
infrared and far-infrared.

Wave-particle duality: The concept that all known forms of matter and energy exhibit both wave-like and particle-like prop-
erties. This is a central concept of quantum mechanics.

Wien’s Displacement Law: The inverse relationship between the wavelength of the peak of the emission of a blackbody and 
its temperature (the higher temperature, the lower the wavelength). See blackbody radiation and Planck’s Law.
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Messier 51’s many guises (inside back cover):

Figure 82: The Whirlpool Galaxy’s many 

guises (inside back cover)

The Whirlpool Galaxy, or Messier 51, is one of the clos-

est spiral galaxies in the sky. It is an example of a large 

spiral merging with a smaller galaxy (top). Starting 

from left, the Chandra image of Messier 51 shows the 

X-ray emission from hot gas and point sources like black 

holes. The GALEX image shows ultraviolet emission from 

star formation (note the absence of star formation in 

the companion galaxy). The Hubble visible-light image 

shows the old stars in yellow, new in blue and star-

forming regions in pink. The infrared image from Spitzer 

reveals stars and the glow from clouds of interstellar 

dust. Finally the false colour radio image (right) shows 

synchrotron radiation emitted by accelerated particles 

in magnetic fields.
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