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INTRODUCTION

It is well known that an ordinary star lives because
nuclear fue1.(hydrogen) provides the pressure to sustain the
gravitational pull, Neglecting for a momentum angular momentum
and magnetic fields three distinctively différent outcomes for

the end of an isolated star are possible:

1. It the core of the star was orfginally less massive than
about 1.2 Mg (1 My = 2.10%3%g) it wil) end up as a "white
dwarf". Having cooled off for some 109 years it will becoms

a "black dwarf";

2. If the cofe exceeded ~ 1.2 He and was less massive than
N e My a neutron star (“n*") will be formed since the
binding energy of a n* is ~ 10% of 1ts rest-mass-energy form-
ation of a nx 1s a catastrophic event observable as a
supernova. (Note however that most of this energy E 0.1H0c2
" 2.]053 ergs goes into neutrinos and eventually gravitationa?
waves, onlty =~ 1049 erg goes into visible light} The super-
nova remnants will d1e within some ]04 years whereas the na
will live up to 107 years as a pulsar and for ever as an

accreting X-ray source.

3. If the core-mass exceeds ~ 2.4 Ma noe force can stop collapse
and according to Einstein's theory a “black hole" is formed.
This tsswe is as yet purely theoretical — based on the theory
of nuclear forces and general relativity — just as were ns

before the discovery of pulsars.

For star in binary systems (and essentidlly all may
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have passed through a binary state} the story is more complic-
ated: the heavier of the two develops faster and will shed
mass on the companion. The formation of a n+ may but as we
know now must not disrupt the system. nw« in binary systems
have been discovered. The comparison of the so formed nx will
in turn develop and shed mass back on the n* without altering
much the n* mass (see'beTow) and may itself finally uﬁdergo

a supernova explosion with the result of two single n* or a
binary system composed of two n» which also may have been ob-
served. Logically there is also the possibility of a nx-black
hole system.

Things which complicate this picture are angulaf
momentum and magnetic fields and it {s these which make the ob-
jects observable to us. It is believed that both ordinary pul-
sars {i.e, pulsating radio sources) and X-ray pulsars get their’
¢lock mechanism through an oblique magnet{c field uherea;
angular momentum keeps the ctock going. Furthermore accretion
from a comparison is & prerequisite to make X-ray radiation,
just how this proceeds in detail "is unknown. Once the matter
has settled on the n+ surface it gets compres&ed by the matter
piling up on top of 1t. It will then be processed through
nuclear burning. H burning is innocent and will just heat the
n+ surface but He burning may be explosive and give rise to
short flashes of X-rays. These are possibly observed as
"bursters® ., Here then a direct determination of the surface
area becomes possible which agrees well typical ns dimensions

to end this short overview some numerology:

324 pulsars areé known with periods between 33msec and 4.2 sec.
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96 X-ray point sources are known out of which
n 24 show “bursters”.The bursters rise in a time less than a
seconrd last up to 100 seconds and carry a tota) amount

9 ergs. The spectra fit blackbody

of energy of some 103
radiation with a temperature T' = 3.107K coming from an

area with radfus 10 km.

2 pulsars are in binary systems with as yet undiscovered com-
panion

out of the 96 X-ray sources 65 have a precisely established
optical counterpart. ne in binary systems are especially va-
luable since they allow determination of their mass {(through
theory). The so determined n+ masses fall into a very narrow

range 1.2 "0 < Hn* < 1.6 "0 which is remarkable.
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1. PULSARS: THE STANDARD MODEL

The standard model describes pulsars as a rotating
nk with an inclined magnetic field by some angle x. If such an

object ‘would rotate in vacuo it would emit Tow frequency waves

at a rate
: 2 . ».2 2 6.2 4
_E--——--a—(u]--—-—gRBQ 1)
Ic 3c §'s (

Such radiation would slow down the angular momentum at a rate
E = Inf = HR:nﬁ. This sTow-down of n» is in fact observed and
equating both energy-loss formulae we obtain

2 1,3,2

Rl'——gn-ﬂd)

ein B2
~ ¢:=B RS (2)

However if one computes the electric field parallel to the
magnetic field at the n* surface one finds that it is orders of
magnitude stronger than the gravitational force, so the surface
particles will be pulled away. Even if the n* has a sotig
surface with good binding the vacuum around would be unstable
to eet pair creation. Therefore wherever possible a magneton-
sphere ule develop such that the net force on a charged

particle

K=e (E + % X E} a0 (3)

To this beiongs a minimum charge density 4xp = divE which can
-
be computed if we known in E = - % x B the velocity V. For

Y
rigid conotation V = {i x R and this gives
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] QB |
P =" Znc " = Frce (4)

From {2) we can obtain the magnetic field strength at

12

the surface {~ 10 = Gauss for most { and @ taking Ry = 106cm)

and for © = 200 (the value of the fastest pulsar} we get

ng = 1012 cm'3(9/200)312. However rigid corotation is possible

only up to |8 x ﬁl = ¢ the so called velocity of light cylin-
der. There the density will be for a dipole magnetic field
throughout n = ns(nRsfc)3 « 10% cn3 (Q/ZDO)4 corresponding to
z Zng/m, w, = 107(2/200)%. Such a

P P
plasma is much too dense to TJet a wave of frequency f propagate

a plasma frequency uw_ = 4we
but in our case this argument does not hold. The low frequency
waves are so powerful that they will simply blow the plasma

away accelerating if until energy balance is achieved:

2 2 . .
2. _ B _B dipole at Yight cylinder
TeMeC Ve = 77 * I% ()

With our above given numbers we obtain y = 1065512{9!200)'3 .
6

emerge from the velocity of light cylinder carrying m1038ergs

sec”'. What will these electrons (or positrons) do if they

A relativistic wind plus low frequency wave with y = 10" will

enter the Crab nebula which has an estimated magnetic field of

~ 1072 Gauss ?
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2. THE SUPERNOVA REMNANT

Particles in a magnetic field B emit synchrotron rad-

jation at a frequency

B 2 2
we = % eyt 1016 (sertz) B3V (6)
and at 2 rate
2 . -
te£ay 0,510 (erassec) 35375 (6a)
T T
with
T = Qiglﬁl years {6d)
8 Y3

j.e. in the ultraviolett in our case. It is reassuming that
this is in fact observed with the Crab nebula. Since 1 is
only ~ 20 years but the nebula ~ 920 years old the radiation
from the nebula is direct evidence that energetic particles
are fed into the nebula from the pulsar. As crude as the
picture may be it does allow for a prediction which can be
checked: if the energy is transported they low-frequency
electromagnetic waves, as given by eqn. (1}, the braking
index
. Qa

"t
should be 3 since @ ~ -93. This number has been measured (only)
for the Crab pulsar and found to be n = 2.5. With a time inde~

pendent braking index
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. 1
a, ]1-_!1

a -9, 1- (1) & (tt) (7)

so that in 1054 when the Crab pulsar was born it had 9/90 = 1.9,
1.7, 1.68 for n = 3,25 and 2.4 vrespectively and the pulsar
rotated roughly twice as fast as it does now {90 = 200 sec']).
The "time" Qofﬁo = i1t = 2500 years for the Crab pulsar and the
tota)l energy it would have pumped into the nebula would have

been for constant n = 3

ﬁs'roidt'éoj[ﬁ‘ﬂ‘dt'éoi[ -E.EE]-I >> E t
0

Without braking the total energy would have been Eoto = 3104Bergs

(€, = 108 ergs) and with braking § times as much i.e.

AE 1.51049 ergs. This is comparable to the total kinetic ener-

049

gy in the nebula if its mass is "9 j.e. 1.51 ergs kinetic

~and roughly as much magnetic energy. The velocity of the ex-
panding gaseous filaments is V = 1500 km/sec which gives

Ein = 3 Mg V2 = 1.510%7 erg and with R ~ 310'8%m an age of

—

T ~ B0O years whereas the nebula is %20 years old. The average

2

acceleration must have been g = 1.6 1075 cm sec™® which is more

than accounted for by the pulsar. What happens to the electrons

in the nebula ? The formulae collected in (6) tell us that

for <B> = 10”3 Gauss and <y> = 10°

49

correspond1ng'to e =1 erg

we find that ~ 10°° electrons {or more) should be present.

They get degraded in energy and would have piled up with a

constant <B> = 1072 Gauss at v, = 0.0167.105/920 = 20y, giving

rise to radio waves with v = 103(Hertz)728_3. f.e. v, = 10'.
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This is not whas is observed. The buik of the emission is at

?-108 Hertz correspond-

the lowest yet observed frequency v ~ 10
ing to y = 300 and a lifetime t = 6-10% years. It may be that
the dynamics of the S-N-remnant resolves this puzzle. Using a
Sedov-Taylor similarity solutfon for the expansion of the

remnant into the surrounding interstellar medium of density P

2.2E_]1/58
R(t) = [ - °] ~ 108cm €375 n-1/8 ¢2/5 (8)
R = g vt {8a)
n=4n; = const (8b}
2.2t
3 0 p-3
kT = R (8¢}
| 75 Th,

E 1s the explosion energy. If the magnetic flux is constant

a
¢ = BRZ = const B will change as (t, /)45

which shows that

the magnetic field was large enough to degrade electrons down
to v ~ 300 in the first 10 years which is stf11 a 1ittle short
but not completely hopeless. After some 104 years the remnant
will have died off and we are Teft with a nx travelling
through interstellar space. Is the nx able to accrete inter-
stellar matter 7 Let us first consider single particle accretion.
In this case a particle is unable to give away angular momentum
so the juantity I =m¥ x  is a constant. At the surface of
the n» the free fall velocity is Vee = VZGM/R ~ 0.3c  and the
coricsponding angular momentum L < mvffR*. The 1mpactv;:dius L

for particles which are accreted is therefore ¢t = R, m when

L]
v is the average velocity of the particles for away from the
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star. The current will therefore be I = wlznwvm corresponding

v 3

to an accretion Mass-rate M = ml ~ 10° g sec™) n Mg Vo and

B
to a luminpsity L = 0.1 Me? « 1023 erg sec”] Nyw Mg V- EVED
if the n+ 1is travelling at 1000 km/sec (vs = loza through a
dense cloud n_ = 10% this would give only 1029 arg sec™! (and
the radfation would peak in X-range} hopelessly undetectable
with present instruments. There is a chance only if there are
enough collisions among the particles to that angular momentum
can be removed i.e. the particles must behave as a gas. This

leads us to the simplest picture of an accreting X-ray source.
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3. ACCRETING n+*

3.1. Spherical Accretion

He get a first feeling for the problems invelved if
we approximate the gas by an Tdeal gas which gets adiabatically
compressed as it falls forwards the n«. The equation p = RpT
R = C,-C, gives with s = % tn pp Y = const the equation of

state
P=p, () T T,(g%)*" (9)

For statfonary {(i.e. 3/3t = 0) spherically symmetric accretion

the momentum equation (neglecting radiation) reads

JERRE R Qo)

and particle conservation p + div pv = 0 gives

dI = const = pyride (11)
with the first integrals
Bernoulli' equation
3 v - oy (@) = const Ly e ki g (2)
. (13)

oM
I ;;2

E1iminat1ng p and p = p, {C IC )ZIY'] in favour of Cs we obtain
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equivalently

v cm -
Vet 2 (Ef-)Z’Y-’ (13a)
2
2 ¢
Yre Er . B Al (12a)

We are looking for a simultaneous solution of (13a) and (12a).
Going ook a moment to the differential relations d/dr(rzpv) L3 H
and eqn. {10) we find (equating dv/dr in both equations)

2
c 2 2
d S v 2v- _ GM
r I YR M- (14)

50 that the set of equations is over determined if v = Cs at

some points e {sonic point)}. In this case the accretions rate

1s no longer a free parameter but is determined vz = CE = % gﬂ
s
from (12a)
cg =v=0C. Y 2753y
_ 5-3y GM :
- S | as)
3] '
. 2 -3
¥ = 4x « (GM)}© - Csw * A AL = 1.2

Typical values are B = 107 9 sec”! = 1077 Mg/year, vﬁ* at

2 2 -3
n

much denser than a pulsar magnetosphere. Starting with T =

= 10-6 18 -3
n+x surface v . 0.7¢” so that Pne = 10 gem ~or n, = 10" “¢cm
10% K we obtain with C o 35 determined from (15) n_ = 3.108%m"3.
This it taken Titerally would imply T = T‘,,,-(n“,,f'p‘,,,)\'—I ~

n 10%.(3.1072)7"7 wnich even for a y as low as 4/3 would give
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the absurd temperature of T _ > 108 °k corresponding to a

2
2a1% (2 = ¢ Is (hey™® k= 5,6.1075

black-body luminosity L = &nR
cqs units) L n 6.104°(erg/sec)Ta4R62 many orders of magnitudé
larger than the total energy set free by accretion. The final

tn fall is therefore no longer adiabatic.

3.2. Influence of Magnetic Fielda on Acoretion

'In our somewhat jdealized description the flux of

gas becomes supersonfc at re 0.2 E;— = 2.1013

from the nx surface., Magnetic fjeldgwbecome important when

cm i.e. very far

2
€kin = g? which gives for a dipolar field

- /7 g2 pbc3 2/7 i i -
re = 0Ss's"s « 3.10%m ,3257__R;z/7 .n52/7 ,"9517
8wx_p_m GM
¢rep ‘ K (16)
Olocn so that

The speed of 1ight cylinder is tippically at L= 1

we have

>> >» >>
's rl. rc I"‘“*

We expect that at r = r. the material gets decelerated and
shocked. From there on (inwards) the magnetic field will dominate
the infall dynamics. For free fall along the magnetic field lines
oﬁe would still get v = 0,.3c at the surface of the n* corres-
ponding to a single particle energy 0.1 mpcz = 100 MeV. At fh;
latest at the n# surface this energy goes into heat L = 0.1Mc

implying a steady-state temperature
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Thc? /4 7 M 174 2
Too = el - 25,107 %kt  oR}!/ (17)
bb erR a [10 gsec ] 6

2

with photon-energy kBT ~ 1 keV << O.Impc = 100 Me¥. It is this

large factor by which the two energies differ which makes it at

present so difficult to tell how the X-radiation is generated.

3.3. The Eddington Limit for Spheriecal Aecvetion

2

With luminosity L = E = 0.1 c°M  the merging photons

exert a force on the infalling electrons and ions. The force is

. . 2E
K = mp and p = ——2%2£2£ g where o is the cross-

photon photon
section for Thomson scattering, The electrons are morf effective

and have

2
o = T(-Eg) = 6.7 107 % cn?
mec

so the force on the infalling electrons is

L -
F =g (18)
e “Th 5 Z¢ .

it has the same radial dependence as does the gravitational pull
- GHm!rz. Equating both forces {(which stops the infa]f complete~-
1y) gives the critical Tuminosity

beaq, = © %E = 1.26 10%8erg/sec My ", (19)

Megq, = 4mcRm a;; = 1,38 lowgsec"1 (20)

p
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: - 7 0, o172 ,1/8
Tbb Edd. 4.4.10 K R6 "9 (21}

In all observations so far one has concluded so far that indeed
Lx < LEdd {(although our derivation is some only for spherica?

accretion)
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GALAKIAS

EN EL UNIVERSO - (de Vel. II)

P. 349

Linha 12:

P. 333

Linha 3 (de abaixo):

P. 559

Linha lé4:

P. 565

Linha 6 (de abaizo):

P. 563

Linha 2 (de abaixo):

P. 566

Linha 1:

P, 567

Linha 12 (de abaixo}:
P. 578

Linha 9:

P. 579

Linha 5 (de abaixo):

P, 582

Linha 2:

ERRATA

Ler

“ep el capitulo de DISTANCIAS ASTRO

c&s“

Abell

cuanto

-vz(n(e)p)

tanto L coms & lo son

para t* = -¢t,

sencillamente

-

C = =0Cy la ...

[ %

giends y-1 = d £n T/d &n p

el contrarioc algin ta&rmino

NOMI



P. 583

Linha B (de abaixo):

P. 584

Linha I (de abaixo):

P, 586

Linha 9:

P. 586

Linha 13:

P. 588

Linha 6 (de sbaixo):

P. 589

Linha 1:

P. 589

Linha 6:

P. 550

"Linha 8:
Linha 9:

Linha 17:

P. 591

TABLA TIT :
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= p.Oi

es T = (Gpy)

. 1 AX(T) 2

2

l+z
pT,C - Dc(T) 14! + s

{1+2n)

+es identificadas en el

tado egtacionario qua ......

172, 5 ~3/2y-1

=+ BEC.

Junto con 2U + W = 0 conduce ....

1a ecuacion (2) toma la forma

ten =gt (19 o]

12 20.3 3y neo.7

iy s 2
sustituir v por h2

)
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GALAXIAS EN EL UNIVERS50 - (do Veol. II)

ADDENDA et ERRATA

Addends P, 587

Una expresidn menos simplista del 1imite inferior pa-

ra 14z en la época de formacion de lag galaxzias es

1/2
1+ 2> 0,71 432 .
{1-n)
de donde szale la siguiente tabla

1-n l+z > >
0.%999 12,25 11.25
G.999 6.88 5.88
0.99 3,86 2.86
0.9 2.10 1.10
0.8 1.70 0.70
0.7 1.48 0.48

Notese que, segiin estos resulrados, la formacion de galaxias ep
pirales (i-n = 0.99) tendria lugar em 2 = 3, corrimiento al re-

jo caracteristico de los Q5S.

P. 590
Ee posible simplificar ailn mids la expresidon (4) obsexr

vando que el virial con rotacidn (20+Hr # ) equivale =&

2

|£% =1-h

de donde la (4) se reduce a

1 +n= %ﬁ% [E + h2 {]



