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DO NOT AT TEMP T THIS AT HOME: Looking down the 
barrel of a jet from a supermassive black hole is not 
something you would be advised to do. The jet packs 
enough punch to create bubbles of hot gas with an 
energy equivalent to millions or billions of 
supernova explosions.

Black Hole 
B L O W B A C K

By Wallace Tucker, Harvey Tananbaum and Andrew Fabian

A single black hole, smaller than the solar system, 
can control the destiny of an entire 

cluster of galaxies
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 I
f you drew a large-scale map of the universe, it would look rather like a map 

of the U.S. Interstate Highway System. Galaxies line up in fi laments that criss-

cross intergalactic space like freeways. In between the roads are regions of 

relatively low density: the cosmic countryside. And at the crossroads, where mul-

tiple fi laments converge, are clusters of galaxies: the cosmic megacities.

The size of these clusters is daunting. It takes light a little more than a second to 

reach Earth from the moon and eight minutes to reach Earth from the sun. Light 

from the center of our Milky Way galaxy must make a journey of 25,000 years to 

reach us. Even that is fairly quick compared with the time required for light to cross 

a galaxy cluster—about 10 million years. In fact, clusters are the largest gravitation-

ally bound bodies in the universe. The roadlike fi laments may be larger in sheer size, 

but they are not coherent bodies held together by gravity.
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The gravitational binding means that the galaxies and  other 
material within a mature cluster have settled into an overall dy-
namic equilibrium. Galaxies buzz around within it and are kept 
from fl ying apart by dark matter, a mysterious form of matter 
that has eluded detection except through its gravitational ef-
fects. The interactions of these components produce a rich array 
of phenomena that astronomers are only beginning to grasp. 

Like metropolises on Earth, clusters are more than the sum 
of their inhabitants. Processes occurring at the scale of a clus-
ter can dictate events on much smaller scales, such as the 
growth of galaxies and the fueling of the supermassive black 
holes at the hubs of those galaxies. In turn, the black holes 
blow out huge amounts of high-speed material that can drive 
the evolution of the entire cluster. At fi rst glance, these inter-

connections between large and small are enigmatic. The di-
ameters of the black holes in question are smaller than the 
solar system. For them to affect an entire galaxy cluster would 
be like a blueberry affecting the entire Earth.

The Case of the Disappearing Gas
these inter act ions  explain some long-standing para-
doxes in the urban life of the cosmos. One is the so-called 
cooling fl ow problem, which has to do with multimillion-
 degree gas that fi lls the space between the galaxies in a cluster. 
If the galaxies within a cluster are the urban cores of the 
megacity, this gas is the suburban sprawl. Like the suburbs 
that surround most American downtowns, the gas is actually 

the more populated region: it contains more mass than all the 
stars in all the galaxies in the cluster.

The gas, which is heated primarily by the slow gravitation-
al collapse of the cluster, gives off x-rays. Optical telescopes 
cannot see the gas, and x-rays cannot penetrate Earth’s atmo-
sphere, so the discovery and study of this gas has depended on 
orbiting observatories. Two decades ago astronomers peering 
with NASA’s Einstein X-ray Observatory and other instru-
ments noticed that the x-rays carry away so much energy that 
the gas should steadily cool off and settle into the center of the 
cluster—thus the term “cooling fl ow.” One of us (Fabian) led 
the way in investigating these fl ows using Einstein and later 
Germany’s ROSAT x-ray satellite. He and his colleagues cal-
culated the fl ows would have quite dramatic effects. If they 

persisted for a billion years, the gas deposited in the central re-
gions of the cluster could form trillions of new stars.

The only trouble was, no one could fi nd them. Observers 
looked in vain for large amounts of cool gas and hordes of new-
ly formed stars. If a black hole had swallowed them all, it would 
weigh as much as a trillion stars, and not even the biggest black 
hole is that massive. Another one of us (Tucker) maintained 
that large-scale, long-term cooling fl ows do not exist. A pos-
sible explanation was that long-lasting outbursts of energy 
from the central galaxy of the cluster heated the gas enough to 
offset the radiative cooling. Radio astronomers had for years 
been accumulating evidence for such activity. But it was ques-
tionable whether the outbursts provided enough energy distrib-
uted over a large enough volume to halt the cooling fl ows, so 
the paradox remained: the hot cluster gas must cool, but the 
end product of the cooling mysteriously escaped detection.

Resolving this paradox was a major goal of two powerful 
x-ray telescopes launched in 1999: NASA’s Chandra X-ray 
Observatory and the European Space Agency’s XMM-
Newton. Because the gas in clusters radiates away its energy 
fairly slowly, it preserves a record of activity in the clusters over 
the past few billion years. For instance, it retains the elements 
and energy injected into it by supernova explosions in the clus-
ter galaxies. Like archaeologists unearthing the past, astrono-
mers have used the new telescopes to excavate the relics pres-
ent in galaxy clusters and piece together their history.

Bubble, Bubble
the br ightest cluster observed by x-ray instruments 
is the Perseus cluster because of its high intrinsic luminosity 
and relative cosmic proximity to Earth (about 300 million 
light-years). In the 1990s ROSAT discovered two vast holes 
in the x-ray gas in the central 50,000 light-years of the cluster. 
They look like an hourglass centered on the giant galaxy 

■   Using a combination of radio and x-ray telescopes, 
astronomers have discovered vast bubbles of high-
energy particles hundreds of thousands of light-years 
across. The energy required to create these structures 
beggars belief—it is as if 100 million stars went 
supernova at once.

■   The only thing capable of creating such a monster is a 
giant black hole. Not all matter that comes close to a black 
hole is doomed. As magnetized hot gas swirls in an 
accretion disk toward a hole, strong electromagnetic 
forces build up and spit out some of the gas in a narrow jet.

■   Not only can the jet create bubbles, it adds heat and 
magnetism to the intergalactic gas in a galaxy cluster, 
explaining long-standing puzzles in astronomy. The 
process appears to be a part of a multimillion-year 
cycle that regulates the growth of supergiant galaxies 
in the centers of clusters.

Overview/Monster Bubbles

For a black hole to affect an entire galaxy cluster would
be like a blueberry affecting the entire EARTH. 
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The largest things in the universe worthy of being called 
“things” are galaxy clusters. They consist of 1,000 or so 
galaxies, buzzing through a ball of hot gas (red) like bees in a 

hive and prevented from dispersing by gravity. At the core of 
the cluster is an especially large galaxy—the site of the most 
violent processes in the modern universe.

ANATOMY OF A CLUSTER

Giant cavity (bubble)

Jet Colliding galaxies

100,000 light-years

10 million light-years

Ripples (sound waves)

Central galaxy

X-rays

Cooling fl ow

Black hole spins 
up, producing jets

Black 
hole 

swallows
matter

Gas cools down and 
starts fl owing in

Black hole exhausts 
fuel; jets stop

Jets dissipate, 
heating gas

Gas 
stops 

fl owing in

As the x-rays carry off energy, the cluster gas should cool 
and fl ow inward. Over billions of years, it should form 
trillions of new stars. Yet few such stars are seen.

Cycle of heating and cooling explains why those stars 
are not seen. Black hole jets return energy to the gas and 
choke off the inward fl ow.
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NGC 1275. With Chandra, Fabian and his colleagues went 
back for a closer look. Their Chandra data showed the cavi-
ties in exquisite detail, revealing that they were aligned with 
previously observed radio jets emanating from the center of 
the giant galaxy [see illustration on page 48]. The x-ray cavi-
ties are not empty but are fi lled with magnetic fi elds and en-
ergetic particles such as protons and electrons. These ener-
getic, low-density bubbles are rising buoyantly and pushing 
aside the x-ray-emitting hot gas.

Other clusters have bubbles, too. Chandra observations re-
vealed x-ray cavities with associated radio emission in the Hy-
dra A, Hercules A and Abell 2597 clusters. The observatories 
also uncovered bubbles that were faint in both radio waves and 
x-rays, indicating that the energetic particles within have dissi-
pated most of their energy. These “ghost cavities” have detached 
from the central galaxy and may be relics of past bubbles.

The most spectacular activity seen by Chandra to date was 
discovered in the cluster MS 0735.6+7421 (MS 0735 for short) 
by Brian R. McNamara, now at the University of Waterloo in 
Ontario, and his colleagues. Although the image of this cluster 
is not as detailed as the one for Perseus, it tells an amazing 
story. Each of the cluster’s two x-ray cavities is 600,000 light-
years across—more than six times larger than the disk of our 

Milky Way galaxy. The size of the cavities and the observed 
density and temperature of the gas around them indicate they 
are 100 million years old and contain as much kinetic energy 
as 10 billion supernovae. Even astronomers, who regularly deal 
in billions and trillions, are impressed by the immensity of the 
bubbles and the titanic amount of energy they represent.

This energy is enough to resolve the paradox of cooling 
fl ows. In fact, John R. Peterson, now at Purdue University, 
and others used spectra measured by the XMM telescope to 
show that cooling fl ows do not occur in clusters that have such 

bubbles—a strong indication that bubbles keep the gas from 
cooling down. But there is a missing link in this argument: 
How does the energy get transferred from bubble to gas?

Sub-Subwoofer
a n obvious a nswer is that the bubbles generate strong 
shock waves in a manner similar to atmospheric explosions on 
Earth. As the energetic material from an explosion pushes into 
the atmosphere at supersonic speeds, it sweeps up surrounding 
air into a thin shell. Collisions between the swept-up particles 
convert the kinetic energy of the explosion into heat. Strong 
shock waves are also observed in a wide range of cosmic phe-
nomena, such as the remnants of supernova explosions.

H. L. Mencken is said to have observed: “For every com-
plex problem there is an answer that is clear, simple, and 
wrong.” Unfortunately, it appears that the heating of cluster 
gas by strong shock waves is a case in point. Telescopes do not 
see the hot, thin shells that would be produced by such heat-
ing. Also, it is likely that heating from strong shock waves 
would be too concentrated in the central regions of a cluster 
to offset widespread cooling of the cluster gas.

A more plausible energy-transfer mechanism is heating by 
sound waves. The intergalactic gas inside clusters may be ten-

uous by human standards (the equivalent of just a few thou-
sand hydrogen atoms per cubic meter), but sound waves can 
still propagate through it. They evolve into weak, barely su-
personic shock waves that heat gas fairly gently.

By special processing of the Perseus cluster images, Fabian’s 
team uncovered the smoking gun for this idea: a series of nearly 
concentric ripples. The density and pressure of the gas, though 
not its temperature, change abruptly at the innermost ripple, 
indicating that this feature is a weak shock wave. At the outer 
ripples, the density and pressure vary gradually, indicating that 
these ripples are sound waves. The spacing of the ripples (35,000 
light-years) and the calculated speed of sound in the gas (1,170 
kilometers a second) imply that 10 million years passed between 
the events producing the ripples. The pitch of the sound waves 
translates to a note of B-fl at, 57 octaves below middle C. What 
they may lack in musicality, they make up for in sheer power.

Similar features show up in the Virgo cluster, the nearest 
cluster to us, about 50 million light-years away. William For-
man of the Harvard-Smithsonian Center for Astrophysics 
and his colleagues observed the central, dominant galaxy in 
this cluster, M87, using Chandra. They found a web of fi la-
mentary structures, each about 1,000 light-years across and 
50,000 light-years long. The fi laments, like the ripples in the 
Perseus cluster, may be the product of sound waves generated 
by a series of buoyant bubbles that in turn arise from out-
bursts—in this case, spaced about six million years apart. 

WALLACE TUCKER, HARVEY TANANBAUM and ANDREW FABIAN have 
been leaders of x-ray astronomy almost as long as there has 
been such a thing. Tucker, science spokesperson for the Chandra 
X-ray Center, studies dark matter, clusters of galaxies, and su-
pernova remnants. On top of research papers, magazine articles 
(including three past Scientifi c American pieces) and half a dozen 
books, he has written three award-winning plays on Native Amer-
icans. Tananbaum is director of the Chandra X-ray Center, a mem-
ber of the National Academy of Sciences, and recipient of the 
2004 Rossi Prize in astronomy. His research delves into x-ray 
binaries, quasars and active galaxies, and optically quiet x-ray 
bright galaxies. Fabian is a professor at the University of Cam-
bridge, a Fellow of the Royal Society, and recipient of the 2001 
Rossi Prize. He has co-authored more than 500 research papers 
on clusters of galaxies and accreting black holes of all sizes.
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Thus, the sound waves are about an octave higher in pitch 
than those in Perseus. Forman’s team also detected a ring of 
hotter emission with a radius of about 40,000 light-years, 
which is probably a weak shock front, as well as a large x-ray 
cavity about 70,000 light-years from the galaxy’s center.

The question then becomes one of how energy in the sound 
waves heats the gas. The observation from Perseus that the 
temperature of the inner ripples does not increase across the 
shock front may be the key. Heat conduction could be rap-
idly carrying away the energy of gas particles heated by the 
shock waves, or high-energy electrons escaping from the bub-
bles or from behind the waves could speed away and heat the 
gas. Either process would keep down the temperature at the 
shock front itself.

Electromagnetic Tornadoes
the biggest quest ion of all, though, is what blew the 
bubbles to begin with. Only one type of object known to sci-
ence could generate that much energy: a supermassive black 
hole. Although most people think of black holes as the ulti-
mate sinkholes, they can also whip up and shoot out matter 
at high speeds. Exactly how they do so has been the subject 
of intense study in recent years.

Simulations show that a black hole can act as a giant mo-
tor. Gas falling into the hole revs it up. Magnetic fi elds then 
convert this rotational energy to linear motion, catapulting 
out a portion of the gas. This process was fi rst proposed in the 
late 1970s by Roger D. Blandford, now at Stanford Univer-
sity, and Roman Znajek, who was at the University of Cam-

Black holes are not just cosmic sinkholes; they are also 
motors that can transform rotational motion into linear 
motion. The infalling material transfers its spin to the hole, 
causing its outer boundary to move near the speed of light. 
Then the magnetic fi eld of the hole funnels some of the 
infalling material into outward jets. A rapidly spinning hole 
can shoot out one unit of gas for every three it swallows.

THE MOST POWERFUL ENGINE KNOWN TO SCIENCE

Spinning 
black hole

Jet
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bridge at the time but has since left academia. The rotating 
black hole twists up the fabric of space around it, forcing the 
magnetic fi eld in the infalling gas into a funnellike shape—an 
electromagnetic tornado that fl ings fi elds and charged parti-
cles outward in two opposing jets. Slowly spinning black 
holes produce feeble jets; most of the infl owing gas continues 
down into the hole and is lost forever. Rapidly spinning black 
holes, though, expel roughly a quarter of the infl owing gas.

Supermassive black holes in the centers of galaxies are ex-
pected to spin up over time as they accrete gas. By the time the 
black hole has swallowed enough gas to double its mass, its 
horizon, or outer boundary, should be whipping around at 
nearly the speed of light. According to Einstein’s theory of 
relativity, the hole can never reach the speed of light no matter 
how much gas it devours; each additional clump of gas pro-
duces diminishing returns. A variety of observational meth-
ods for estimating the spin of black holes confi rm that many 
are whirling rapidly enough to produce powerful jets. A sim-
ilar phenomenon happens on a smaller scale. Stellar-mass 
black holes, with masses of a dozen suns (rather than a bil-
lion), can pump out powerful jets of particles at near the speed 
of light, heating and pushing aside ambient gas.

Calculations show that black hole jets have two major com-
ponents: a matter-dominated outfl ow that moves at about a 
third of the speed of light, forming the outer sheath of the fun-
nel, and an inner region along the axis of the funnel that con-
tains a rarefi ed gas of extremely high energy particles. It is the 
inner region that carries much of the energy and creates the 
dramatic structures observed by radio and x-ray astronomers.

One of the most astounding features of jets is the pencil-
thin shape that they can maintain despite traveling hundreds 
of thousands of light-years, far beyond the confi nes of their 
parent galaxies. Moreover, they manage to do this while ra-
diating hardly any of their energy. The pressure of the gas near 
a black hole can get a jet started as a narrow beam, and it may 
be that inertia keeps the jet narrow, much the way a blast of 
water emerges from a hose or steam erupts from a high-pres-
sure tea kettle. The tightly coiled magnetic fi eld that is spun 
out with the jet may also play a role.

Regardless of the confi ning mechanism, the pressure of 
the gas through which jets move gradually takes its toll. The 
jets slow down and billow out, creating enormous magnetized 
clouds of high-energy particles. These clouds continue to ex-
pand, pushing out the surrounding gas to create the dark 
x-ray cavities observed by Chandra.

The Cosmic Hydrologic Cycle
this sequence of events—gas falls into a rapidly spin-
ning black hole to form outward-moving megajets that carve 
out gigantic bubbles of high-energy particles and heat vast 
volumes of space—is a blowback of truly cosmic proportions. 
The black hole is both responding to and infl uencing events 
on the scale of the entire galaxy cluster.

A likely scenario goes as follows. Initially the gas in the 
cluster is very hot, and the supermassive black hole in a cen-
trally located large galaxy is quiet. Over about 100 million 
years, gas in the central region of the cluster cools and drifts 
toward the central galaxy in a cooling fl ow. Some of the gas 
in this cooling fl ow condenses into stars that become part of 
the central galaxy, and some sinks all the way down to feed 
the supermassive black hole. In so doing, it creates an accre-
tion disk and activates high-power jets.

The jets blast through the galaxy and out into the cluster 
gas, where their energy converts to heat. The heat greatly di-
minishes the cooling fl ow, if not shutting it off altogether. It is 
a case of biting the hand that feeds: by shutting down the cool-
ing fl ow, the supermassive black hole chokes off its own supply 
of gas and gradually goes dormant. The jets fade away, leaving 
the cluster gas without a heat source. Millions of years later 
the hot gas in the central region of the cluster fi nally cools suf-
fi ciently to initiate a new season of growth for the galaxy and 
its supermassive black hole, and thus the cycle continues.

This scenario is supported by high-resolution x-ray and 
radio images of the Virgo, Perseus, Hydra and other clusters, 
which show evidence of repetitive outbursts from the vicinity 
of the central galaxies’ supermassive black holes. Magnetized 
rings, bubbles, plumes and jets ranging in size from a few 
thousand to a few hundred thousand light-years strongly sug-

PERSEUS CLUS TER looks sedate when viewed in visible light (left) but 
comes alive when viewed in x-rays (center). The space between the 
galaxies is fi lled with hot gas threaded by bright loops, fi laments and 
streaks. Two bubbles, which appear vacant in these images but actually 

contain high-energy particles, straddle the central galaxy, NGC 1275. 
Increasing the image contrast (right) brings out ripples, thought to be 
sound waves that transport energy to the intergalactic gas. For anima-
tions, visit chandra.harvard.edu/photo/2003/perseus/animations.html
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gest that intermittent violent activity has been going on in 
these clusters for hundreds of millions of years.

One startling implication is that supermassive black holes 
are still growing at a rapid rate even in the present day. As-
tronomers had thought their growth had tapered off. In the 
case of cluster MS 0735, the activity indicates that the super-
massive black hole has gulped down the equivalent of 300 
million suns in the past 100 million years—nearly doubling 
in size and mass over that relatively brief interval. Yet the cen-
tral black hole shows no other signs of activity, such as bright 
x-rays or visible light, which are usually emitted by active 
holes. It is only through the x-ray cavities that we can discern 
the properties of this extraordinary system.

Cosmic Consequences
t he sce na r io is  e n r iched by galaxy collisions, an 
ever present hazard in the central regions of galaxy clusters. 
A smaller galaxy passing too close to the giant central galaxy 
is torn asunder—its stars assimilated, some of its gas lost 
down the black hole drain, its own central black hole merged 
with the one in the giant galaxy. The enormous cavities ob-
served in MS 0735 were probably the end result of a sequence 
of events initiated when a merging galaxy caused a huge in-
fl ux of gas into a supermassive black hole.

The role of collisions in clusters may help scientists under-
stand the evolution of galaxies in the early universe. In a 
sense, clusters are living fossils, the only places in the universe 
that retain the conditions that prevailed billions of years ago, 
when galaxies were closer together and mergers were com-
mon. A growing body of research indicates that many aspects 
of galaxy formation and evolution—the size and shape of 
 galaxies, the rate of star formation—can be understood in 
terms of a cosmic cycle involving mergers of galaxies. Large-
scale computer simulations by Philip F. Hopkins of the Har-
vard-Smithsonian Center for Astrophysics and his colleagues 
show that the mergers of gas-rich galaxies trigger bursts of 
star formation and infl ow of gas into the central region. The 
infl owing gas fuels rapid growth of the supermassive black 
hole and intense radiation from its vicinity. Blowback ejects 

much of the gas from the galaxy, star formation abruptly 
slows, and accretion onto the black hole declines—until an-
other merger occurs.

Most of the black hole feedback that shaped the evolution 
of galaxies occurred about eight billion to 10 billion years 
ago. Since then, the universe has thinned out too much—ex-
cept in clusters. The blowback processes in clusters are similar 
(though not identical) to those that occurred in the ancient 
universe, allowing astronomers to study the jets, bubbles and 
waves that shaped our galaxy and others.

It may seem strange that supermassive black holes, objects 
with masses that range from a few million to hundreds of mil-
lions of solar masses, can have such an impact on galaxies 
whose masses range from a few billion to a few hundred 
 billion solar masses, let alone galaxy clusters with masses 
measured in the hundreds of trillions of solar masses. The 
reason is the concentrated nature of supermassive black holes 
and their gravitational fi elds. Supermassive black holes are by 
far the largest supply of gravitational potential energy in an 
entire galaxy. By tapping this energy through accretion disks 
and the launching of megajets, blowback vastly increases the 
reach of these black holes—making it one of the most impor-
tant processes at work in the universe. 
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MOST POWERFUL ERUPTION E VER SEEN has been under way 
for 100 million years in the cluster MS 0735. The bubbles 
(blue) seen in this composite radio and x-ray image are 250 
times more powerful than those in the Perseus cluster.
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JE TS POKING OUT OF GAL A X Y M87 in the Virgo cluster are relative weaklings—just 
0.01 percent of the power of those in MS 0735—but make up for it with their fi ne details, 
including curved plumes (which are possibly the remnants of previous outbursts), 
arcs (possibly shock waves) and faint rings (possibly sound waves).
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