


HOW WE FOUND OUT ABOUT

BLACK HOLES

Isaac Asimov



Contents

L. WHITE DWARIS
LIMITS AND EXPLOSIONS
PULSARS AND NEUTRON STARS
ESCAPE VE1L.OCITY AND TIDES
TOTAL C®LLAPSE
G. YINDING BLACK HOLES

INDEX

(¥])



1. White dwarfs

In 1844 a Geonan asteonomey, Feiedrnich Wilhelm Bessel,
discovered a s1ar he couldn’t sec

This is how ¢t happenrd.

All the stars we see in the sky arc moving aboul. They
arc so far away [rom us, theugh, that thc motion scems
very slew indeed. Only by making careful measurements
through a tcleseope will the motien show up as very vioy
changes in position.

Exven using a telescope won't help much. Ooly the
ncarest stacs shew visible changes in position. The dim,
distant stars acc 50 ar away that they don’t sccm 10 meve
at atl.

Onc of the stars nearest e us is Sirus. It is about 80
millien millions of kilomeircs away, but that s close flor a
stac, [1 is the brightcst star io the sky, party because il is
so close, and its motion can be measured casily through
a elescope.

Besicl wantoed o study that meviesi cacefully, because
as the Eacth goes areund the Sun, we keep sceing the staes
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from slightly diflcrcnt angles. Insicad of seeing a star
move in asltaightlinc, wescc it move in aline that wiggles
slighdy becausc of the Earth's motion. 'The necarer the
star, the larger the wiggle From the size of the wiggle, if
it is carchilly measured. the distance of a star can be
calculated. Bessci was particularly interested in this. In
fzct, he was the lirst astconomer ever te calculate the
distance of a star. He did that in 1838

He then becamc intcrested in measuring the wiggle in
Sirius’s motion. As he measured the position of Sirius
night alier night for a long time, he found that thure was
morc of a wiggle te its motion than he had cxpected. It
changed pasitiun becausc the Earth was revolving areund
thc Sun, but there was another changc in pesition tee—-
a slower one thal had nething le de with the Earth.

Bessel ooncentrated on this ncw mevement and leund
that Sirius was meving in an erbii areund semcthing or
othcr, just the way the Eacth meves in an orbit areund the
Sun. He calculated that it weuld take Sirius 50 ycars te
cemplcte its orkit.

But what causcd Sirius te meve in this erbit?

The Earth moves about the Sun because itis held by the
Sun’s powecrfial gravitatienal pull. Sicius must be held in
a pewetrful gravitational pull of some scrt wo.

Sirlus. hewever. i3 a star that has (wo and a halftimes
the mass ol our Sun, {3fassis the amwount ef matter some
thing centains.)

Fretn the way in which Sirius was moving, it bad to be
[reling the gravitatienal pull of a body that was large
enough 0 be a star also. In ether words, Sirius and a
companion star had to ke circling each other. 1¥e might
call Sirius, “Sirtus A, and its companjon star. “Sirius
B,

From thc wayin which Sirius A was moving, ils cempa-

nion star. Sirius B, had te e abeut as massive as our Sun.

yet Bessel couldn't see Sirius B. It bad te be there, for
the gravitatienal pull had te come frem semcthing. Besscl
dec'ded therefore, 1hat Sicius B wasastarthat had burmt
to acipder. It ne lenger shenc and therefore could not be
seen. He called it the dark companson of Sirius.

Latcr un, he noticed that the star Procy'on moved in
such a way that it must also have a dark companion,
“Procyon B".

Bessel had discevered fuo stars he ceuldn’t see.

In 1262 an Amcrican tclescepe maker, Alvan Graham
Clark, was making a lens for a new telescope Such a lens
must be polished perlectly se that stars can be secn
sharply through it.

When hc was finished, he tested the lens by leoking
through it at the star Sirius (@ see ifit would shew up as
a sharp peint of light.

When he did sa, he was surprised to find that there was
a dim spark ef light ncar Sirius. I{ this was a star, 1t was
nut un any uf the star maps that he had. Maybe it was the
result of a flaw in the polishing of the lens.

Numatter how carefully he continued to pulish the lens,
though, thatspark of light did netl ge away. There was ne
similar spark when hc leeked at any ether bright star.

Finally, Clark noticed that the spark eflight was in just
the pesitien that Sirius's dark companion eught to be, and
he knew hewas louking atit. Sitius B was neta cempletely
dead star after all. It stll shone. but with ooly zs the
light ef Sirius A,

In 1893 a German- Ametican astrenemer, John Martin
Schacberle, netiecd a dim spark ol light ncar Procyon. It
was Precyon B, and it wasn’t cempletely dead either.

By Schaeberle’s time. theugh. astrenomers had learsed
mc'rc about stars.



Sisius A with its small companion star, Sirius 8
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Light censists nf tiny waves of diferent lengths. and
astronomers had lcamed 1o scparate starlight inte a
spread of \hese differen wavelengths Such a sprecad is
callcd a spectrum.

In 1893 a German scientist, Wilhclm Wien, shewsd
hew a specctrum changed with the temperawure of the
seurcc of the light. He showed. lor instancc, thatifa star
was on its wayv 10 flickcring oul. it would turn ¢ ¢as it
coelcd down. If Sirius B was a dving siar, it aught to bt

itwasno’ Sirius B bad a white light

In erder 10 check Curther on this. the spectrum of Sivius
B had to bc studicd cacclully. Sicius B was very dim,
hewcver, and was se clese o the vcry bright Sirius A that
it was hard 1o catch the diude star’s light and sprcad it eul
e a spectrun).

lo 1915, howcwver, the American astronomer Walter
Sydncy .\dams managed te gct the spectcurn of Sivius B.
He (ound that Sirius B bad a surfice 1empcraturc ol
8.000°C. It was hoiter than eut Sun. whach has a surlace
letnperatur e of only 6,8600°C.

Ifa siar likc our Sun waz al the distaince of Sirius B, it
weuld shinelike a bright siar. J1 would nt be as bright as
Sirlus A, hut 1t would b quite bright just the same. Since
Sitius Bis even hatter than eut Sun, it sbuwuld shiac at that
distance even morc brighily than the Sun—yct it does
nel. Sirius B shines with enly 5 the brighiness that eur
Sun weuld shew if it was al that the same distance.

Heow is \hat pessible?

It mus 1 be that altheugh the surfice of Sirius B glcams
brighily, there is very littlc of that surface Sirius B must
be a liny <lar

Tu be as dim as it is, despite 1ts tempevaiure, Sirius B
Mmust be anly 11.0048 kilemctres across—no bigger 1than
a large planet. It would take 86 siars the size of Sirius B,
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plascd side by side. to stretch across the width ef eur Sun.
Becausc Sirius B is white hatand yctis sosmall, itis called
a whute dwarf Procyun B is alse a whiw: dwarl

White dwarls arc how theught 10 be quite cemmen.
Astronemei's think that onc star out ef every 40 is a whitce
dwart. Whitc dwarfs arc se small and dim. however, that
we can enly see those few that are nearest to us.

Alitheugh Sirius B 1s se small, it still has a mass esual
to that of eur Sun. or il wetddn't be able 1o swing Sitjus
A abeul as it docs.

Il you were 1@ iake the mass of our Sun and squeeze it
inte a hody ne larger than Sirius B, the density would be
vety high indeed. (The density of an object ¢clls us how
much mass is squeezrd inte a particular velumc.}

A cubic ccuiimctre of the matcerial of Sitjus B. ifit was
brought ta Earth, woold wcigh 2,968 600 grammcs. That
means Sirius B has a density of 2,900,000 grammes pcr
cubic ecntitnetre. The average density ol the Earth is only
5'3 grammes pcr cubic centimctre. The material ot of
which Sirius B is madc is mare than 530.000 umes as
dcnsc as the material uf' which the Eaith is madc.

This is astonishing Salid maiter en the Eayth is made
up eof atoms that arc touching each vther, In the 1880s
scientists thought that atoms were hard and selid littlc
balls and that you couldn't push them any cleser tegether
ance they were wouching. If that were so, the density of
malenal on Earth weuld be fust about as dense as any-
thing could be.

Hewever, in 1910, the New Zealand-borm scicntjst
Ernest Rutherlord shuwed that aroms were wot hard,
solid ebiccts. The only hayd, selid part of an atom wasg a
uny muclens (the plural is mucles). The nycleus js so tiny
thatit would take 100.00@ nucici ptaccd side by side and
teuchi ng to stretch across the widih of a single atom.
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Hydrogan fusing 1o form kelium

Heliurm nucleus
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Pcspite its Liny size, the oucleus contains just abeut all
tbe mass of an atom.

Areund cach nucleus are one er merc electror's which
havc very litlle mass. The clectrons are arranged in lavers
abeut thc buclcus called electran shielis

When 1we alems mect, the outermest electron shell of
one makces contact with the outermost clectron shell of the
other. The clectron shells arc like bumpers that kecp the
atoms from getting any cleser tegecher

@®n the Earth the gravitational pull isn't great cnough
to smash those electron.shell bumpers. Evcn at the cere
of thc Earth, with thousands of kilometres of reck and
metal weighing en the atoms in the very contre, the
electron shclls do not get smashed.

[t is different in the case of a star likc our Sun that is
hundreds of thousands of imes as massive as the Earth
and has a gravitational pull thatis much stranger. Awewms
at the centrc of a star have smashed electren shells. The
clectrons thtno move abeut leesely and do not surround
the nuclei.

Asa rcsult. the nuclei can meve about fl-cely. They can
even bump together and stick, thus undergeing changes
that producc encrgy. So much energy is produced that the
centre of a star cao have a tempcrature of several millien
degrees. Some of that heat Icaks out of the surfacc of the
star in all dircctions, and that is why the stac shines as i
dees. The heatdevcloped inthisway keeps the starexpan-
dcd and docsn’t let the atoms smash except at the very
ceatre.

The energy at the centre of a star comes from che
changcover ol hydrogen nuclei (the smallest ¢here arc) te
belium naclei (the nexi smallest). Eventually, though,
mos! of the hydrogen in the star is used up.

But by that time the ccntre has beceome so hot that the

)



Life of the Sun and its death 50 thousand million
years from now

1 Formation of the Sun 3 Red giant
i iy

®
4 White dwarf oo
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2 The Sun at present!




added hcat causes the star to expand into a glantstar, The
sudace of the star coels as this bappens and turos red,
which is why such a star is called a red giaat.

Wheo (he bydrogen is ncarly all gonc, the nuclear fircs
move outwards o the thio, outcrmost lavers of the star
These then expand iuto a gas and finally disappear, The
inner laveis, with almostall the mass of the star, now have
no morc encrgy te keep them het. Gravity pulls thesc
layers quickly inwards, and the siar collapses. It cojlapses
so quickly and gravity pulls so hard thatjustabeutall 1be
electren shells collapse, and all the nuclei will come much
closcr 1ogcthey thau they would in erdinary stars.

The star then has its mass squeezed itnto a small
volume. It has beoome a white dwarf,

I n the casc of the Sun. this will not happeun for about 5
thousand millien years. It hasalready bappcned, though,
to some slars that have run out of their byd rogen fuael.
Sirius B and Procyon B are examples of this.
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2. Limits and
explosions

Gravitatienal pull is strongcr as you get closer to the
cenire nf any ebject. provided you stayoutsidcthec object

Imagine yourscl(standingon the Sun. The gravitatien-
al pull on you would be 28 times what itis on thc Eartb.
Il all che mass of the Sun was packcd mare and inere ve
tightly together and you sull staved en the surface, which
weuld be contracting, vou would gt closcr and closer 10
the cemtre and the gravitational pull on yeu would be
steoger aud strenger.

®n the Sun'ssurfacc as itis, veu are 695,200 kilemetres
from its centre, @n the surface of Sirius B there would be
the same mass undcr you, bul vou weuld be eoly 24,680
kilomeires from the centre. Il yeu were standing on the
surface of Sirius B, the gravitational pull on you would be
840 Lirmcs what it would be if yeu were on the surlace of
the Sun, and 23,500 times whal 11 would be if vou were
back on Earth.

How do we check this? Can wec tcll whether Sicius B
really has such an cnormous surface gravity?
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{n 1915 a German-Swiss scientist, Albert Einstein,
worked out a ncw theory of gravitauon. According to
this theory, when light meves outwards against a gravita-
tienal pull, all its wavelengths become a little longer, The
stronger the gravitatienal pull, thc Jlonger the
wavelengthe.

The longest waves of liglit we ¢an scc arc those of red
light. This means that when light waves beocome longer,
they scem te become redder—that is, they shilt towards
the red end of the spectrum. Einstein predicted a gravita
tional red shift

Altheugh the Sun’s gravitational pull is much stronger
than the Earth’s, itis still not strong enough o de mere
than produce a very small red shifi. ‘I'hat red shilt is toe
small te incasurc aecuratcly. But what abeut Sicjus B,
with its very streug gravitational pull?

In 1925 Adams, who had fiest siudied the spectrum of
Sirius B, did so again. He tound that thcre was a ved shilt
in the spcetrum, just as Einstein's. theory had peedicted.
Sirius B did have an enormous gravitatienal field.

That was the final preef that Sirius 8 was small and
veey dense. @f course, il that was what Sicius B was like,
that was what all white dwarfs would be like. @ur Sun wil)
be like that someday in the lar. (ar (uture.

But if gravitauenal pull becomes stronger and stronger
as a star oollapscs, what steps the collapsc and lerms a
white dwarf? Why docsn’t the siar collapse all the wav?

Even alter atoms have breken down and the electren
shells are smashed, the electrons themselves still cxist.
They take up much morc room than the nuclei do, and
they keep the whitc dwarl(rom shrinking fitcther,

The mere massive a star is, however. the stronger its
gravitaional pull and the more tightly its maiter is forced
tegether A whitc dwarf that is mecre massive than Sirius
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B would pull jtscll together mere tightly and be smallce
thay Sircius B.

What happens ifa white dwarf is very massive?

In 1931 an Indian-American astronomer, Subrah-
manvan Chandrasekhar, studied this questien. He was
abte 10 show that if a white dwarl was massive enough, it
weuld force its way through the resistance of the electrens
and oollapsc further.

He figured out just how massive a white dwar( would
have to be in order to collapse (urther. 1t would havcto be
1-4 timess. as massive as eur Sun. Thatis called Chandrasek-
har's Limze

The white dwarls that astronomers have feund and
studied so far all havc masses that are less than Chan-
drasek bar’s limiw.

This raises a problem.

1€ al] stary are less thai 1'4 times thc mass of our Sun
to begin with, then everything would be easily explained.
The stars would all eventually beceme white dwar{s just
asour Suo will. The treublc is that some stars have more
mass than that. About 2'5 per cent of all the stars in the
sky arc mere than |-4 times as massive as the Sun. That
doesn't sound likc much, but there are so many stars
altogether thateven 2:5 per cent of them is a Jarge nu mber.

The stars in the Universe are collecied intolarge groups
callcd galaxies. @ur own galaxy is madc up of abeut 120
thousand millien stars, That means there are about 3
thousand millien stars alone in our own galaxy with
masses that arc ever Chandraschhar's limit. A few are
tven as much as 6@ or 70 times as massive as our Sun.

What happens to them?

Whes astronomers studicd massive stars, they found
that the mere massive a star, the shorter and <.tormier ies
Iife
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Diflereni sizes of stazs of {he same mass

Red giant

el il
[ e T _'_:_J'-_,.'_
s L AR e e
e TRt e Ead T
R e e

g [l A

The more massive a star, the mere tightly its gravity
pullsit tegether and the hotter it must be 10 keep it {-em
collapsing. The houter it 15, the more rapidly it uses up its
hydrogen luel. Fer thatreasen a massive siarhas a shorter
lif:time than a less*massivc star,

Ittakes astar asmassive as the Snn 10 thousand millien
years to use up its fucl, but a star three Limes &s massive
as the Sun will use up its fuci in only 560 million yeacs.
That is one reason thal there are se few rcally massive
stars. They do nutlastlong.

Besides.thc mere massive astaris.thelargerit expands
when it bcoomes a red giant, and the morc sudden]y it
sollapses when the fuel is linatly used up, Wheo a star
¢ollapses suddenly eneugh, it explodesin the precess. The
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mere massivc it 1s, the greater the explesion. When a star
expledes, it uses up all the hydrogen luel still left in its
outer layers. It decs this very rapidly and the s¥ar glews
up to 10@ theusaad millien times as brightly as it did
before, and it may kecp on doing se fur a few weeks.

Sometimes a dimstar, one thatis tee dim to sec without
atclescope, becemesso brightit tan be scen with the naked
cve Teastronomers, belore theinventien of the telescepe,
it secmed that a new star had appeared in the sky. [t was
thereforc called a roia, from a Latio werd for “new .

Some novas don’t become very bright and are the result
of matter from anothce star falling upen them and
gloewing Very biight novas result frem actual cxplusiens
of massive stars and arc now callexd syperovas
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This scemed a possible way out of the difficubv of
Chandrasckhar's imil. When a star turos into a super
nova, the explosien hurfs much of the matter in the siar
olfinte outer space @nly a small part ofil hangs togcther
and collapses.

Perhaps, whcn a massive star explodes. so much malier
is burled into outer space thae the part that collapses is
always less massive than Chandrasekbar's limiz.

If so, that weuld mecan it was possible that all stars,
however massive they might be to begin with, would
cventually turn in10 not-scxmassive white dwarfls.
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3. Pulsars and
neutron stars

Not all asirenemers were certain that supernovas were a
way around the difficultics implicd by Chandrasckhar’s
limia.

Semc of them kept thinking about what might happen
when a giantsiar exploded. [t secined o them that only
a certain part o its mass could bc thrown inte space, and
that maight net be enough te bong it below Chandiasek
bar’s limit In fact, it seemed to them a star couldn't
possibly losc morc than 90 per centofits mass in a supcys
nova explosien. If se, a star that was merc than L35 timces
asmassive as the Sun was surc to end up with a collapsing
mass that was greater than Chandrasckhar's limit

Besides, with massive siars, cd lapse could be so sudden
that cven if the mass of the collapsing part was less than
Cbandrasekhar's limit, theclecirons might be smashed as
the star squoczed togsther What weuld happen then?

Io 1934 the Swiss-American astronomer Fritz Zwicky
and the German-Amcrican astninarner Walter Baade puzz-
led over (his question. This is the way it seemed o them:
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The nucleus in the atom 1s made up of two kinds of
particles — profors and nentrons. They aie very much alike,
excepl that each proton has an elecinc charge whercas
cach neutroo has none

The clectrons that cxist outside the nucleus in ordinaiy
atloms, and even in the smashed atoms of a white dwarf,
also cany an electric charge. The electric charge on the
electron 1s exactly the same size as that on the proton, but
the Lwo charges are of opposite kinds. The clectric charge
on the proton is called posiltue, and the one on the electron
18 megatiun.

I an clectron and a protota aie forced together and
made to join, the two oppesitc clectric charges caneel each
other. What is left is a neutroo, with no charge

Zwicky and Baadc Il that if the mass of a collapsing
star was greater than Chandrasekhar’s limit, or il the
collapse usell was rapid enough, all the electrons would
then be forced inte the nucleus. The protonsin the nuclcus
would besome ncutrons, and the collapsing star would
then oonsist of nothing but neutrons.

With all the clectrons gone, there would be nothing to
keep the neutiuns from coming clescr and cleser to cach
other until they touched. The collapsing mass would theu
become a rextron star.

Neutrons are so much smaller than atums that a
neutron star would be iny. The Sun. fer instance, is a big
mall of hot gas 1,390,400 kilometres acress. If all its
electrons and protons were turned into neutrons, and it
shrank ull all its neutrons touchcd, it would become a
neutren star not quite 6 kilometres across. But it would
still have all the original mass of the Sun.

To Zwicky and Baade it seemcd that white dwarls
\sould lorm only (rem stars that were too small 1o explode
as supertiovas. Siars large envugh to go through a super-
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nova stagc weuld cellapse to neutron stars. {Our Sun is
100 small to cxpledc. Semc day it will collapse tu a white
dwarf, but net te a neutrenn «tar.)

But if a neuteon star 1s enly a few kilemerres in
diamcter. hew can we cver check the theocy and hnd eut
il Zwicky and Baade are right? Surely even the best
telescope wouldn't shew us a tiny ball eoly a fiw
kilemetres in diaruveter when it is millions ef milliens ef
kilometres away fi-om us.

Perhaps theie is a way eut. [fa huge siar cellapses into
a ncutron star. the energy of collapse turns 1@ hecat. The
surfiace of the neutron stac should be at a temperature of
10 million dcgrees. That is almest as hat as the centre ol
our Sun.

A sur:acc that has a teroperaturc ol 10 million degrees
is tea hot to give of much in the way of erdinary light. It
gives ol radiatien that is like Jight but much mere ener-
getic. The merc cnergetic such radiation is, the shorterits
waves are, se the radialion given of by ncutron stais
censists ol very short waves indeed. Such shori-wave
radiation is called A rays

A ncutron star sheuld give ol waves ol all Icngths,
including these of erdinary light, and ef radiation with
siil] lenger wavelength, such as radie waves. [t sheuld
certaiely give oif X rays.

I'lwe oould study X rays coming fi-om dif erem places
in the sky, then we oould tell whether theee arc ncutron
stars somewhtreeutinspacce. @ne treuble, thouglh. is that
X rays can't get thteugh the atmesphere. Ordinary light
¢an, but X rays cannot.

Forwnaicly, beginning in thc 1930s, scientists were
ablc 10 send reckcts inte space beyend the atmesphcere.
Instruments carried by thesc rockets ean study radiation
lrem thc sky belvrcit teaches the atmesphcre

28
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In 19683. undcr the direction of the American
astrenemcr Herbert Friedman, reckets were sent out
carvying instruments that ceuld detect X rays. X rays
were indeed found to come (rom dil erent places in the
sky, but were they ceming from neutron stars er £-em
ether ebjects?

One of the places [rem which X rays were coming was
thc “Crab Nebula™. The Crab Nebulais a patch of dust
and gas: it is all that remains of a gigantic superneva that
expleded i the ycar 1034. Could there be a neutren star
in the middle of it?

Thatwas hard te say. The X rays might be ceming {rem
the hot dust and gas—that is, therc might be ne
ncutren star at all.

o 1964 the Moen happened to passin (-ont ofthe Crab
Nebula. If the X rays were ceming from the dust and gas,
it weuld take a while fer the Meen te cover it all, and rhe
X rays weuld ix cut olf little by little. 11 the X rays werc
ceming (vem a tiny neutron star, the Meen would pass in
frent ofitin almest ne time. and the X rays would be cut
off all at ence.

‘The X rays werc cut of littlc by littlc. and it seemed
that there was ne neutren star there.

Hewever, that wasn't the end of the story. In 1931 an
American engineer, Narl Jansky, had discevercd that
therc were radie waves ceming frem the skyv. Radie waves
are like light waves cxcept that they are much longer,
Certain kinds of radie waves can get through the
atmosphcre as casily as light waves can, and these werc
what Jansky had dctected.

In the 1950s astrenemers built special instruments
called radie lelescopes wo catch these radie waves and study
them.

By the early 1980s it seemed e seme ast ‘wiromers that
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i nsome cases the radie wavcs grew stronger and weaker
veix quickly They scemed to be demg se mere rapidly
than the radic telescopes could catch the changes.

In 1987 a British astronoower, Aotheny Hewish, had
builta special radie telescope that would catch those very
mapid changes.

le was set towerkin July 1967, and withio a menth ene
of Hewsish's students, Jocelyn Bell, was catching shert
bursts er putses of radio wavces £-em a particular place in
the sky. Each pulse lasted enly onet wentieth of a second,
and came rcgularly every 1-33730109 seconds. They never
vary in their uming by even as much as a hundred-
milltenth of’'a secend.

{Jewish and Bcll leekcd elsewhere in the skiesand seen
feund three mere places where rapid pulses of radie waves
could be lsund. Each enehad a different period, efcourse
Natgrally, they dido't knew what preduced these pulses,
se they just callcd them pulsaimng sters. ‘Uhis was shertened
to palsars.

Othcr astronomcers also located pulsars. In 1@ years
over [(0 were feund. There may be 100.000 ofthem inour
galaxy altogether.

A pulsar lecated in the Crab Nebula has the shertest
peried vet found. The pulses cemc cvety 0033099
secends. That means ene pulse every thicieth of a
seoond.

The Austrian-born astronomer Themas Geld felt that
in erder (e preduce such pulses, seme ebicct in space must
be geing (hreugh seme change very regularly and very
rapidly. Two objetts might be revelving abeut each ether,
o7 ene ob ject might be expanding and contracting or spin-
ning on its axis.

There was a preblem, though. To preduce radie wwaves
strong envugh te be detected across distances of malliens
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of millions of kilomectres, an obyect would have to be as
roassive as a star.

But ordinary stais oouldn’t move fast cnough. Stars
oouldi ‘1 revolve aboutcachotherevery second, otexpand
and contract cvery second, or rotate cvery second. Siars
irving te move that quickly would tcar apan. In order te
undergo such rapid changes, an obicct would have to be
much smaller than a star and would havce to have amuch
stronger gravitational pull holingittogether Evenwhite
dwarls wouldn't be small enough and wouldn’1 be beld
1ogether by enough gravitatonal pull.

What about a neutron siar? Gold decided 1bat it had 1e
be the answer. A neutron star is so small and has such a
strong gravitational pull that it can turn on its axis in a
secsnd, or even in a thirticth ofa second without breaking
apart.

Gold suggesicd that the radio waves mighi only camne
out of ccrtain spots on the ncutron siac’s surface. Each
ume the neutron s1ar Wurned, a spray ofradio waves would
swecep outin our direction.

Guld alson decided that as the neutron star sent out
radiation, itvsould lese encrgy. lts rate of ratauon should
iherelere slow down very gradually.

The pulsar in the Crale Nebula, fer instance, bas such
arapid perind because the ncutron staronly fisrmed about
a thousand ycars ago and is the youngest we know of: It
basn’t had time 10 slow down much, but 11 sheuld siiil be
slowing down.

"I'he pulsar in the Crab Nebula was studied carefully,
and Gold 1urned out 10 be rght. [ts period is getting very
slightly longer cach day. Each day the penod is 36
thousand-millionihs ofa second longer tbanit was the day
before

Astronomers havc pretty well decided now that pulsars
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are Indeed rotating ncutron stars.

@( coutse, a rotating neutron starshould be sendi ngout
all kinds of radiation, not just radio waves. The other
kinds ofradiation should alsobc reaching usin pulscs. For
instance, the Crab Nebula ncutron siar sends out pulses
of X rays too. About an eighth of the Crab Nebula's X
rays comc Irom 1he neutron star. The remaining seven-
eighths come firom the surrounding dust and gas produced
by thesupernova. Thatseven-cighibsis what made it look
as though there was no ncutven star there when the Moon
passod in front of the Crab Ncbula.

A rotating ncutron star should also send out pulscs of
light In January 1969, a very dim star inside the Crab
Nebula was lound 10 bc going on and ofl 3@ times a scoond.
It was sendirig out pulses of light. 11 was the aciual
neuiron siar and astronomers could see it.

A seoond neutron stac, in ihe debris of another super-
nova, has sincc been secn. This second neutren starc is
named ‘'Vela X-1"’ becauseitisin ihc consicllation Vela,
the Sails,

In 1975, the mass of Vela X-1 was mcasured. It was
feund 10 have a mass -5 times that of the Sun.

The mass of Vela X-1 is over Chandrasekhar’s limic.
That is another piece of evidence in favuur of its being a
neutronsiac. Anobjcciwith the mass of Vela X-1 couldn't
possibly be a white dwarl(
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4. Escape velocity
and tides

A white dwarfl may be very dense and may have a very
strong gravitational pull, but a neutron star is far denser
and has a (ar sironger pull.

Earlier in the book, [ said that a cubic ocntimetre of
material from Sirius B would bave a mass of 34,6(10 grams.
Suppose that, instead, wc considcred a cubic centimetre
of maticr from a ncutron star with a mass equal 10 that of
the Sun ey of Sirius B. That cubic centimetre would have
a mass of 1.350 million tonnes. A cubic kilomctre of
tnateria] from the neutvon star would have a mass a
thousand times as great as that of the wholc Earth.

Suppose you weigh 30 kilogrammes. If you could
somehew imagine yourselfto be standing on the Sun, yeu
would weigh [,400 kilogrammes. ®a Sirius 3 vou would
wcigh nearly 1,060 ennes. @i a neutron star with the
mass of the Sun, however, you would weigh 14,880 millien
tonnes.

A sirong gravitationa) pull doesn’t have to mean that
you can't cver get away. Ifyou movequickly enough, you
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can movc away ftem even a large ob ject. The rcason fer
this 18 that gravitauonal pull s=akrns with distance

As an object moves away from Earth, for instance, the
Farth’s gravity pulls atit, slows it down, and cvcatually
makes it rewurn. [fthe obyject moves quickly »noug b, how-
eveer, it can get se Jar from the Earth while it 1s slowing
down that the Earth's weakening graviiationa) pull can’t
quite slew it down all the way. The object keeps moving
away and ncver comes back.

Thespeed thatis needed 10 gvi awayaliogether is called
the escape cedacity,

For the Earth the escape velocity is Il kilorneires a
secend. Anv rocket that can rcach thc wop of the
atmosphere and is going at a speed of 11 kilemetres per
gecond will ao all back to Earth.

The Earth's escape velocity is Jarge. but net tee Jarge.
We can send rocket ships away Irom the Earth. Larger
bedies would e harder 10 get away fter.

For Jupitcr, which is a larger planct than the Earth and
which has a sironger graviwational field, the escape veloe
ity is 603 kiJometres per secend. For the Sun, it s 617
kilometrcs per sceond, and jor Sirius B, it is 3.400
kilomewres per second.

[l we consider a ncutron star with the mass althe Sun,
the escape velocity from its suriace is 192,360 kilomctres
per secnnd. It would be difficult indevd lor anything on a
neutron star 1o get away from its grip.

Light can, though. l1 travels a1 a speed of 293,346
kilometres per secend. Se do the othet radiations that are
madc up of similar waves but that arc longer or shorter in
wavelength than light is. Radio waves can get away and
S0 @an X rays. That's why we «an detect neutren stars.

(f you deuble your distance frem the centre of any
astronomica) body, its gravitational pull is cut 10 one
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guarter Qo the Sun's suclace:. for iostance. yeu arc
$99,200 kije:octres lrom 1is centre. 1Fyou meved 695.200
hilummres oul jolw space, you would have deubled yuur
dis ancc frem the Sun’s ceatre, and the Sun's gravitatien-
al pull wruuld be reduced te a quartcr of its value en the
surface.

Qo the surfacc of a ocutron star, you would be voty 8
kijomctres lromn the cenuc. At a distance of enly 8
kijumetres above the sutfacc, you weuld bave deubled
your distance lrom its cuniee and its gravitajienal pull
would have beco reduced w0 enly 8 quarter what it was aj
the surlace. The ncuiron star's geavitational pull drops
very quickly with distance. thercferc.

hnagine yeuscif very close to a neutron star with your
fi-et peinting wwards it. Yeur fect weuld be closer to 1
thao yuut head would be, yu that yuur feet weuld feel a
strenger publ. The ocutott star's gravitational strength
dreps so quickly with distance that cven acrwss the cnall
distance [ruom youurhead e your fizew. the gravitatienal pull
would chhangc neticcably. With your hcad and (et pulled
by dillcrent sivengths, you vseuld be siretched with cen-
siderable force

This stretching is called a #daf ¢ffeci. This can be filt
evcn with weak gravitaconal pulls 1f the ebject e cling the
pull is 1arge enough. Ihe Moor's graviratonal pull
sticeches the: Earth a litde bit. Water heaps up a little oo
the side ficing the Noen and o the side away o m it.
This preduics the tides. and that is why the strctching is
called a udal cf¥eur.
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3. Total collapse

How mazssive can a neuwron siay be? The more massive it
is, the stronger the inward gravitational pull. [f 1hat
gravitational pull gets strong enough, might it not smasb
the ocutrons making up the neutonn star? Or cao the
neutreons stand anything?

This qucstion was considered, in 1939, by thes Amentican
pbysicizt J. Robert Oppenheimer. It seemed 10 bim that
the ncutrons could ro¢ stand anvthing.

if a eollapsing object was miore than 3:2 umes the inass
of the Suo. then it would not only smash the clectrons as
it collapscd, 1t would also smash th¢ ncutenos.

What's morc, after the neutecriz were smashed, there
would be nothing else—nothing clsc at all—that could
stop the object trom collapsing to zero.

[f an object 1he mase of the Sun collapsed, its total
gravitational pull would not change. lf you wwereiaraway
from the colliapsing masy, you vvouldn'unatice any change
as the collapst went on.

[fyou imagined vourscifsianding on the surlace ofthe
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mass as it sollapscd, though, that would be dilferent. You
would be coming ncarer and nearer 10 the centre as it
eollapsed, and you would therclorc Iccl a sttenger and
strongergravitativnal pull,

By thc time the mass had collapsed 10 the white dwar!
stagc, you would weigh uvver 1,016 tonncs. When it
reachcd the ncutronstar stage, you would weigh 13,000
million tonnes. As the mass kept sollapsing past the
neutron-star stage and shrank to nothing, you would
weigh moite than 13,000 million tonnes—and more—
and morc—and morc,

The tidal eflect would becume stronger—and siron-
ger—and stronger,

The escape velociy would get higher—and higher—
and highce.

The escape velocity is particularly important. As an
obje<t collapscs past the ncutronstar siage, the cscape
velocity rises till it becomes greater than 299,783
kilomctres per sccond. When that happens, hght, radio
waves, X rays, and similar radiatioo can »o Jonger leave
theob ject. They don't move Quickly enough. Ticither can
anything else, since scientists are quite sure that nothing
can go faster than the speed of bight. Iflight can’t escape,
ncither can any thing else.

The distance fl-om the sutface to the centec, when an
object collapses La the point where light cannet escape. is
called the Schewarzechkild radius. (s was first calculated by a
Gertran astronomer, Kacl Schwar-zschild.

For an object with thc mass of the Sun, the Schware-
schild radius s about 2-9 kilometrcs. [1 would be 2:9
kilomerres frormn Lthe surface tothe centre and then another
28 kilomctres out to the opposite surfiace. That means
that if the Sun shrank down to a sphurc that was 3-8
kilotnctres across, keeping all its mass, light could no
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A black hole, with fragmenis falling in
and nofhing coming out
e ;

lolager escape feen it Neither ceuld anything elsc.

Imagine such a small object somewhere in space. Any-
thing (hat passed close encugh 1e it would be Lapped.
Tidal cticets would pull 3t apart into tiny {ragments. The
fraxments would cirele the small o bject and eventualily [all
. Anvthing that fell in could never get out.

\Vith things [alling in and nothing comiag oul, the Liny
object would be like a holein space Because nat even light
or any other lorm of radiation would cemc out. it weuld
seem abcoluteldy black. 11 would therclore b a dlark kole,
and tbat 1s what astronomess call it.




6. Finding black
holes

Can wec dctect a black hole in any way?

If ene was clese enough to us, we ceuld fizel the gravita-
tional cflects, butsuppese thete was a black hele eut therce
ameng the stars, vrery far F-om us. Could we tell it was
therc?

Thatdoesn't seem likcly. A black hole with the mass ol

the Sun weuld have less thaon balf the diamctee of a
neutren star. Wihat's mere, a black hole weuld net be
scnding out pulses of radiatien.

With se small a si.e and with nothing to catch i the
wav ofradiatioe, hew canwe possibly detect ablackhelc?

It might be that we Just can’t. Black holes may just be
semcthing astoynomeis can talk about witheut cver knew-
ing for sure whether they actually ¢xist or not.

Fortunately, there is a pessible wav out. Altheugh ne
radiation might come eut ofa black helc, mattec that lalls
into a black hole would giveoflradiatien as it felf [t weuld
give of - X rays.

Any small bitof matter that ic)) in1o a black hele would
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only give o a small quaniity of X rays. There wouldn't
be cnough te detect at distances of millions ef millions ef
kilomctres,

Suppose, though, that there was a great deal ef matter
filling inte a black hole all the time. Then the X rays
might be given oflio such Jarge amounts that they ceuld
be detected.

[t dees not scem very likely that a great deal ol matter
weuld be filling inte a black hole. The trouble is that
space: is $0 coypty. Suppese our Sun turned 1nto a black
hole. The planets weuld still ciccle about it at gteat dis-
tances and weuld net fall in. Nor would there be much of
anvthiug rlse near the Suo to lall in.

But thatis kecausc the Sun isa single starsitisall alenc
exceptleorits planets. Nearly hall the stars in the sky exist
in pairs, howcier. Bt is very common (e bave twe stars
circling each other, quite rlese tegethec. Semetimes each
star 1s mere massive than the Sun,

Suppose we imagine such a paic ol massive stars
circling each ether, The larger one weuld nm eut offucl
frst, cxpand toa huge, red giane, then explode asa supee
neva.

The supermneva would hurl much ol'its mass eutwacds,
and w hat was Jeft would collapee into a black hole Seme
of the mass tossed sutwards in the ¢xplosion weuld fall
ime the .ether star. which would kecemc much merc
massive Lhan it was belore

‘I'hc black hole and its sister star would continue ©
circle cach other. The sister star, more massive thanit was
belnre, weuld now use up its lucl more rapidly and begin
1@ swelt inte a huge ced giarn insetf.

The eutermest layveers of the new red giam, on the side
facing the black hole, weuld e pulled towards the black
helc by tidal ¢ficcts. MMaucr would leak across (rem the
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Red giantand smailer white star circling each other
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Lod glantt nto the black bole, giving up large quantities of
X rayvs as it did so

This weuld ge enfor thousands ofycars, and diiring all
that time X rays would be scnt eut inte spacc in every
dircction, 1n Quantitics grcat cunugh to deteet cven at
huge distaeces.

Astennomectrs on the Earth would have to considct the
places wa the sky wheee X rays weee cotning (rom. 1E the
X rays camefiom a singlc point. it would mcan they were
(ocning [1om a collapsed siar, cither a ncutron star or a
black holc.

101t was a ncutrenstar, the: X rays weould be coming out
in rapid pulses as the ncutronsiar retated. {[it was a black
hele, the X ravs weould be coming ontall the time, (or they
weuldn't e ccoming frem the black holc but (rem the
mate-rial 1alhing 1nto . In the casc ofa black hoje. the X
rays might be coming out in greater and smaller quan-
ties in an irecgular way, sincc at times merc matter
might be tumbling i than at uther umcs.

@ne of titc first X ray sources detected in the sky was
picked up in 1965 1n the constellation Cygnus. the Swan.
[\ was a paruicularly streng source and was called ‘Cyg
nus X-1, When pulsars were first discovered 2 vears
laicr, sonie astronomers wendentd il Cygnus X-1 might
net i a pulsar. te«, and therefore a neutsen siar

Astranomers wcte just learoing abnet X ray sources,
hew¢ver. and they didn't have cnough infermation e be
ablc te tell.

Then. in 1969, a spccial saicllite was sent int@ space
with instruments firrdetecting X rays. The satellite detec-
td and located 161 X ray soutccs, and for the first ime
asirenoiners had a great deal of material to work with.

By 1971 the instruments on that satcllite showed that
the X rays coming from Cygnus X-1 varicd in intensity 1o
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an irregular vvay. That meant Cygnus X-| couldn't be a
neutren star. Astreromers began to wender if it might be
a black holc.

Theystudicd the place in the sky frem which the X rays
were coming and discevercd that radio waves were
coming from theee 1oo. Using both the X rays and the
radio waves, the astronomers located the spet in the sky
very accuralely. It lurned eut 1o be very close to a visilele
star. That star was listed in the catalogues as HD.2263868.

H1)-226868 is a very dim siar because it is veey far
away. It may be as mach as 10000 hght.years away,
which would make it abeut 1,180 umes as far as the star
Sicius.

®nce veu allow fer that distance, it wurns out that the
staris alargeone with about 30 times the mass ef the Sun.
Also, thislarge star isnota singlesiaratall,but is meving
areund anetherstar ence cvery 5-6days. To be making the
ciccle that quickly, the two stars must bc quite close
legether

The X rays are net ceming froms HD-226868 but (rem
aspel very close te it. Infact, the X rays acccoming (tem
the cempanieo of HB-22868, (rem the star that HD-
226868 s circling.

Frem the rate at which HI)-226868 is making its tumn,
it is possible fer astronomers le calculatc that the compa-
nion star has 5 10 8 times the mass of the Sun.

Yet when one looks in the place where the companion
slar must be, there is notlorg there 26 see. 1611 was an erdin-
ary star that was 3 to 8 umcs the wass ofthe Sun, then it
weuld bc bright eneugh e sec in the telescapes even if 1l
was 10,800 light ycars away.

Because it cannot be secn, it must be a collapsed star.
A white dwarler a neutron star mght 1ot be seen at thai
distancc, but ncither a whitc dwarf nor a neutron star
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ceuld be that massive withoul collapsing {urther:

For all thcse reasons, many astronomers think that
Cygnus X-1 is indeed a black hele, the first 10 be
discevered. There may be many more

As wehavescen, black heles can be {ermcd when stars
collapse. Such black heles end up with a mass equal to
that of stars and grow constantly as they pick up more and
more malter. ®n the other hand, cven small bedies can
bcoome black holes if they are pressed togcether hard
enough.

101971 an Englishscicutist, Stcphen Hawking,sugges
ted that this happened when the Universe lirst began in
a “‘big bang”. As all the matter that new makes up the
Universe expleded, some of the mater may have been
squcczed tegcther so tightly in the process that small
black holes were formed. Some of these black heles might
only have the mass of small planets or cven less, and they
are called menz-bdack Aoles.

Hawking also showed that black holes can losc mass
alier all. Some of their gravitational encegy is changed
inte particles outside the Schwarzschild radius and these
particles might cscape. Such cscaping particles carey off
seme of the maiss of a black bole, which “‘evaporatcs” in
this way.

For large black beles with the masis ofa siar, the rate a
which they evaperate is so slow Lhal it would 1ake many
milliens efmilliens ef years (or the lelack hole to be gone
In that limc it would gain much more mass than it loscs,
g0 actually it weuld never evaporate

The smaller the black hele, the faster it would
cvaperate and the less chance it weuld have to gain mass.

A rcaltyv small black hole weuld losc mass faster than it
oould gaio) mass. [t weuld get smaller, therefre, and then
it would evaporatc cven faster and get sull smaller Fin-
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Red giant in arhit with black hole

ally, when 1t was very, very small, it weuld cvaporate all
at once in a kind ef explosion that weuld send oul radia-
tien that was cven merc cnergetic than X ravs. ‘Fhe radia-
ien sent out weuld be damma rayps

Mini-®lack holes that were formed at thc ume of thc
“big bang ™, 15,000 millien yrears age, mightjustbe dicap
pearing right now. Hawking calculated hew big thcy
ivould have had te be te siart with and what kind ef
gamma rays thcy would producc as they exploded.

[fastrenemers could detectjust the kind of gaouma ravs
Hawking predicts there sheuld be, that weuld be geed
evidenee thatmint-black boles were formed and that they
cxist. Se far. theugh. the preper gamma rays have net
becn detected.

Butthcy might be atany time And there’s still Cygnus
Nel.

Astrenomers ma)y soon lcarn much mere abeut black
bolcs and perbaps disover some amaring things about
them that will help us all te understand the Universe
beticr tha-n we bave in the past
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