KED-Cont- § D- /4f $- /)3

_INSTITUTE FOR SPACE STUDIES

GoNF-43-V"

SUPERNOVAE, NEUTRON STARS, AND TWO KINDS OF NEUTRINO

H. Y. CHIU 0 BY
NBBER Avew
1 Americéﬁ Physical Society | ‘BSTH‘BTED M pes

| 1962 Summer Meeting in the West
. Seattle, Washington
| August 27-29, 1962

GODDARD SPACE FLIGHT CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



SUPERNOVAE, NEUTRON STARS, AND TWO KINDS OF NEUTRINO* .

H. Y. CHIU**

The Institute for Space Studies
New York 27, N. Y.
.'and
Physics Department, Columbié Uni&ersity

New York 27,‘N, Y.

* Paper presented as an invited lecture at the 1963 Spring
Meeting of the American Physical Society held at Washlngton,
.D. ¢. This version is not intended for publication. A
fuller version is under preparation. ‘

* % NRchAS'Senior;Research_Associate




roiey 1 would 1ike to Tiscuzs The xwle Played by meutrircs

ne core of a star which has undergone a supernova explosion.
’ :

s b

ted to this problem are some controversial questions, such

gula
45 the existence of neutron stars, the Schwarzschild singularity

in general relativity, and the meaning of the conservation of
, raryons in the neighborhood of a Schwarzschild singularity. We
s zhall also discuss the prqblem of detection of neutron stars.

Inside a star nuclear reactions take place, in which

. .
:hydrogen‘is converted into heavier elements. Elements inside

a star thus undergo thermonuclear evolution. Thermonuclear

evolution will cease when the nuclear b'inding energy per par-
ticle reaches a maximum, which occurs at the element iron 56,

and at a temperature of 4xI‘L09 °k. Figure 1 shows the evolution
i of a star which has completed the thermonuclear evolution cycle.
§ E“irst hydrogen is .c'onverted into helium, then helium into

: . éarbon, and then carbon into magnesium, then to silicon, and '

F
then to iron. Each conversion process occurs at a different

The gradual increase of the temperature is caused

R e e At

temperature.
‘by a gravitational contraction.

At a temperature of 4x10° ©k, the' state of maximum binding
ene‘rgy'perA nucleon is reached, and these‘ elements also comé into

Further increase of temperature will
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statistical equiiibrium-

e e

only shift the state of equilibrium towards lower elements. Tt
turns out that, at a temperatur‘e of 8x10° OK, the equilibrium

state is Suddenly shifted from iron into helium. Si'nce‘t'his"
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~ disintegration absorbé-energy, gravitational collapse on to.

the core occurs at a very rapid rate ‘and the core collapses.
when the core collapses, the envelope will also contract and
pe heated adiabétically.

The rate of nuclear reactions is a very steep function of

zfemperature. If'they are expressed in the form of a power law, .

"the rate is proportional to something like the 20th4power of

the temperature. Hence a sudden change in the temperature of

the nuclear fuel rich region will cause it to explode. There-

fore, while the core collapses, the envelope will explode. This

is the version of the supernova collapse theory presented by

Hoyle, Fowler, and the Burbidges.

S o

Af T ~ 6x107 K,‘kinétic energy is comparable to the rest
energy of electrqns.' Electron pairs are created in thermodynamic
equilibriuﬁ,with:radiation. The electron pairs can annihilate
into neutrinos; | | |
e” + et ~ v, + Ve . (1)
causing the star to lose energy rapidly. The rate at which

energy is dissipated is rather large, of the order of 1023

ergs/cm3-sec,Aat a temperature of 6x109 ©°K.. Only a negligible

fraction of the neutrinos thus created is reabsorbed by the

star, and practically all the energy is lost. This rate is to

be compared with'the‘energy density of a ‘star, which is around

T
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and this rapid rate precludes any static equilibrium state for
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. 1074 ergs/cm3 at a dénsity of 10° .g/cm3. The star will have to

$ contfact by a good fraction of its radius in a second or two —

"the star. The_étar' contracts with a rate very much near the free

fall rate. -
No matlter; what the coilapse ‘mechanism is, we want to know
answers to thelfollowing two qﬁestions :
(1) what happens to the envelope? : -
(2) What happens to the core?
| Hoyle', Fowler, Colgate, Cameron, and many others have done a
great deal of work regarl'd.ing the expanding enveiope. The general
resu,l‘t is: fast_negtroﬁ capture reactions will proceed in the enve-
lope, a sho_ék wave 'wAill be generated, the envelope will be expelled,
and cosmic. rays will: be produced. It Awill be a source of ene;‘gétic
.électroris, high energy cosmic rays, radiowaves, and heavy elements.
We shall not consider it here. |
Awhalnt happens to the cdre has only beeﬁ spe‘cula.ted in the past

— perhaps because there is no astronomical evidence as to what

.mlig'nt be lef t as the core and also the physics there is not very
- clear. It was first speculated ‘that white dwarfs are remna_nt's> 'of-
~such an explosion. White dwarfs are stars of high density, of -

‘around 10° g/cm3;‘

'In the ‘following, we shall show that white dwarfs are not
. ‘< . N R . ,' A". /:. ’
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rotating body cannot be compressed to densities

Hmomentum; We shall first see if neutron stars can be formed. Sécondl‘

PN

expected to be remnants of the care of a supernova.
Moreover, the number of white dwarfs is much too large to be
accounted for .by the total number of supernova explosions.

From what we shall discusé below, we conclude that the most

‘mausible~alternatiVe for the remnant of the core will be neutron

stars.
~ In the following discussion the rotation of a star is ignored.
\ A

Many people'will, of course, object that this cannot be done. They

" will claim that because of the o unservation of angular momentum, a

comparable to neutron

stars, which is 1014 g/cm3, the same as nuclear density. I do not

agree with this kind of argument . .First,‘stars do not rotate as
alrigid bédyf there are differential rotatiéns. This we knowbeven

for the case of the sun whose structufe is'rélatively simple. Second,
if a star has an extended envelope, like a red giant, then most of

its angular momentum Will b¢ distributed in the envelope. During

an explosioh stage, the envelopé is blown away, and most of the

angular momentum will be carried away by the eﬁvelope.‘

For the above reasons, we shall not worry about the angular

we shall find ways ofidetécting them.
We now consider the type II supernova, which are explosions of

fairly massivé stars. Hoyle and Fowler assignéd to an aﬁexage type
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i1 supernova a mass of around 30 times the mass of the sun, which

033 In their model, the mass of th_e core is taken

is around 2x1 g.
.0 be around 20 M, and the rest makes up the envelopé. The central

sensity at the time of collapse is around 10° g/cm3. The relation
tetv},een the density and ‘temper.ature of the star is roughly -

o « T3

' assuming no energy is lost during the dynamical collapse. If a

substantial - amount of stellar energy is removed rapidly, then the

actual temperature we shail obtain is much less than the tempera-
ture given by this simple equation.

Using this relatién, if we find the relaxation time for
dissiéating stellar energy by neutrino emission processes is too
short compared‘ with t;he coll‘apse time, we may conclude that the
above equation is not vaiid and the staf will be much colder than
it would be>without' neutrino emission process. |

We note incideﬁtally that since the temperature considered
may come as high as _lO]-2 OK, the “création of m and 4 meson paifs
‘.must al'so be considered, in addition to e]..ectron,‘ pair formation.

To consider this problem, we.d'ivide t4he neutrino processes .
into two groups, of whiqh"one aeals with the neutrino ‘assqcialtedA
with tbe'ul. mesén, andb the otﬁer deais with the productidn of

~electron neutrinos. This distinction is important because a recent




Table 1 . Neutrino Production Precesses

~ Electron-Neutrino Processes = QZ/GZPvz
C .
e-1 ' '»é-+p~n~+ve 2:2
i ' : m
 ee2 - et4n-p+ Ve __.T'TS
a-3 ‘ e + e+_-o ve + ;e : g—rr_
: + +
. Yy + e = e + vg + Vg 448 1n E_
' ' 9 v mc?®
I~-Neutrino Processes
- L 4
um o+ pTis v+ Y =
M M 3
+ : O
; W et v+ vy 1 = 0.45%106 sec”
T
g +tp--n-+v 2.3
o M m
. _ o
¢ Wo+tn-p+Y, 3.3
™

L - 0.39x108 goc™

T




: mqment bY 'banby;'l.Sohwartlz gt_:_ al has oemonstrated :that they .
;g,différenﬁ; | It tnrns,‘.on‘t that the most important p-neutrino |

- ‘fg,;gss is‘ from'the decay of T mesons. All electron -neut_rino

.‘ .,;cesSéS seem ‘t'oAbea.equally important. Table 1 lists all neutrino

,,,Cesses con51dered together with their cross-sections.

BN e e T

In Table 2 we tabulate ‘the temperature, density of the star,

b.yjf the relaxation time for cooling by neutrinos. We find the

|
nrious phenomena that the relaxation time first decreases, then

o aa b

iscreases agal'n.- This is due to the ‘following fact: although the

¥ :ate of emission of neutrinos increases with temperature, when the

Lo

' ;ellar matter is opaque to neutrlnos, they w111 be temporarily

‘ ﬁll inhibit the.,further emission of neutrinos. When this occurs,
; ihe rate of dissipation of stellar energy is goVerned not by the |
sroduction rate, but!‘the rate at which neutrinos can leak out of
? 'zhe star. Henoe the neutrino luminosity of a star becomes small
as the neutrino opacity increases.

For electron neutrinos, the minimum occurs at a temperature
' of around 4x1010 °K For u neutrinos the minimnm occurs somewhere
around T ~ 6x1611 OK. Both rates are large enough to dissipate
stellar energy in a tixne very short compared with the time of
- dynamical collapse. Hence, when the coliapse takes place, it will

take place as if the gas is very cold, essentially absolute zero

e T

ontamed inside the star and then the action of the Pauli Principle’

e )

e




ir the purpose of stellar structure theory.

It has been objected that the gravitational red shift will

: siainish the actual amount of energy dissipated. However, the

.4 shift is never very large. When the gravitational red shift |
'_;gi#,_ue ster approaches a singular situation which we
2n discuss.

te,hron Stars
s+sler, and Salpeter, have independently investigated this’
e s:z::c.time ago. They found that in the density regime

3

K;;,U , no equilibrium configuration could exist for

g/cm
.+, This is because of the inverse beta process which rapidly
..:*»3 the number of electrons. The Fermi energy of the

“ry at a density of 10° g/cm3 is around 10 Mev, which is

. +-.8 to the energy difference between isobars. ' Therefore,

1 2ata processes' will take place. As a result the total

»* r4 electrons decreases as the density increases. Eventually"

" .sf dissolve into free neutrons and neutrons will not

~%¢ substantially to the pressure until the density is

et

t ®°. Whatever calculation one makes, one finds in the

. 9
¢ tegime 107 — 1012 g/cm3 no stable star can exist. If we
>+ #af with a density in this range, a slight touch with one's

'

v.il cause it to collapse to a density of 1013 g/cm3

“ir aeutrons cannot decay, because the energy of decaying
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" .rons is only ‘1.8 mev, and electronic states are occupied
.. an energy larger than this energy; the exact value depends
~sly OD the temperature. The decay of neutrons in a neutron

. {s forbidden by the Pauli exclusion principle.

o sﬁatic' structure of neutron stars have been studied even
s earIY days of nuclear physics. Among the contributors

‘. . jppenheimer and Volkhoff, J. A. Wheeler, and A.G.W. Cameron.
.ste 3). They used the equation of stellar structure as given

:* . e general relativity theory and they have tried every kind of

zion of state, including that for an incompressible gas.

-y 2onclusion they obtained are all the same: No matter what

. 45 to the equation of state of the neutrons, the center of

»2130 stars becomes gravitationally singular when the mass of

' 3tar reaches one solar mass. By singular, I mean the density

vmes infinite, and the time metric gy4 = 0. The result gyq = O

< iher serious. 'It means the following thiné: a photon emitteé

" s center will be 'infinitely red-shifted by the time it reaches
f.3tant observér, and hence cannot be seen. Also, at the éingular
i the gravitational potential energy of any particle is equal

ws rest energy. Hence the net energy §f any particle is ,

25 That means that it takes no enerqgy to create a pair of

-licles — any kind of particle.

“’tn the mass of a neutron star exceeds the critical value,

"lcoes not exist any static equilibrium confiquration for

\\?‘ AT




TABLE 3

General Relativistic Treatment of

Neutron Star Models

Model. Equation of State Critical Mass
- oppenheimer-volkhoff Perfect Fermi Gas 0.76 Mg
g/;x.Schwarzschild Incompressible fluid ~ 1 Mg
' at nuclear repulsive
core density
Skyrme computation, ~193 Mo

A.G.W. Cameron

according to many
body theory

At the critical mass g, = O at the center and pressure becores

infinite. For a point mass

4

lg\lz

H
N

(l_ZGM =(1_r0).

0 —_

rc

,

2.6 km for M = 1 Mo

10‘53'cm for'Proton
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In our case we 5t rted with 20 solar masses before the explosion. -

| xly a fraction is blown.away: what happens to the rest of the mass?

sinée there does noﬁ exiét any equilibrium .confi'guration, will fl;}e
- ollapse .;‘tak'e 'pi;ce indefinitely? |

. oppe'nhein'ler‘ and. Snyder take this attitude. They argue that :
he whole star will fall through the singularity whose radius is -
gcfin.t‘ad in Table 3; and thus will disappear from the rest of the
»;ni.ve'rse. They found out that the disappearance from the world
vill be :approaghed. only 'asymptotically. Hence this is consistent‘ |
vith the idea that there is no equilibrium cénfiguration. To a.
Ebcél observgr who willingly volunteers to fall With the star,
toweyer, it wiil take a finite time and for the case of the sun

the time is rather short — around one day.

Once the fall is nearly completed, we have no way of telling
whereé the star is, 'siﬁce all photons and gravitons and neutrinos
leaving fhe star will be inf‘iniAtely red shifted so that its gravi-
‘utional effect canno.t_be felt. However -the star méy behave
‘¢«{thin the sin_gularity, to us the star is forever lost, together
vith its 10°4 ergs of energy and its 10°7 nucleons. To external
‘;:scrveré, this d'isappéar-ance not -only does not conserve nucleon
*abers, but also.'does ndt conserve the energy.

Wheeler takes anofher attitude. He argued that when the mass .

f the star is very near the critical mass, if one adds just
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’; ,little drop of matter to the star, carefully extracting every:

; .jt of energy, the net increase of the mass of the star as

: sserved by a distant observer on its gravitational pull is much

- 1pss than the mass™added. The energy of the drop of matter is-

Convé_ri:ed into energy = into -a kind of energy that can escapé.
fhis means néutrinos,' radiation, and gravitons. In his pictufe,,

aucleons just.dissol‘ve into energy, but the energy itself, at

- least,. is conserved.

We have sé far treated the neutron star as a clqssical objéct.
It has no Ibui-lt-in meéhanism to remember how many nucleons it has
.beex{ g'iven{ It remembers the mass oﬁly as energy, a property _of‘
the gravitationa"l fie.ld.«‘ Given a neutron star whose mass is
equ;al'to the critical fnass, we pump in energy and dissolve the
star from i‘ts gravitational 'binding. When this is completed, i
'we{ get mass back. Then we cérry away these pérticles to gravi;_
tat,ionaivfield-free space. 'We‘then measure how much mass is |
'thgre. " The rinass.' we obtained in this way is a constant times
théa critical maés, independent of the way the ﬁeutron star is
formed, ‘indicating -that"'the neutron st;.ar has no memory of its
nucleon nﬁmbér. |
 An anal.ogous- situation exist§ in. electromégnetism but there
qugntum‘ theory'resolveS'tﬁé difficulty. 'Consider a nucleus of '

charge Z greater than 137. The binding energy of its K-shell

T
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éle'ctronsi will be great‘er't‘han 2mc2, the rest energy of an’

electron pair. Spontaneous creations of electron pairs can take

slace. However, once a pair is created, the positron will escape

aﬁd the'lelecfron‘w;i.l'l.fill up“a quantum state. | The spontaneous
grea£ion proc'es's.”wi,ll continue as' long as there are quantum’ state'_sA
available. The totai_l ngmber of bound electrons is limited. Onei
cannot. have a nucleus with an indefinitely large number of bouﬂd

electrons.

. In the case of a neutron star, which is a gravitationally

bound‘object, this is not so simple. First, if quantum theory -

comes in at all, -it will not come in in a way as simple as that

for a nﬁcleus with charge Z > 137. The system is too large. Its

dimension is much larger than its de Broglie wave length. Second,

theA'po.ssibility of anti-gravity is pr.acticallyAAruled out by the
;zery precise experiment of EStvSs as pointed out by Schiff. Third,
if any ground staté éxists at all, it will have an energy so low
;hat it does not mean anything to us because the object is 'so big.
' ‘These are the difficulties we deal with. | |
Astronomically there are some indications that neutron stars
exist, From the rate of .occurence of Type II supernova in othe:r
'galaxies, we estimate in our galaxy that there are around 107
neutron stars, of &vhich around ‘100 neutron stars are within 100

light years from the sun. Zwicky recently reported the discovery
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- 54;0 nearby 'objects' ‘which‘ show large proper motioh and which
;Jve.eXt;.reme]'.y.higl'.L surface temperafure' and small radius. - The
"'-adius is. of the -ordérA of 100 km. The radius of a r.1eutAron star,
:iscounting the possiblé existence of an envelope, is of the .
: ;:de;‘ of 20 km. We do not know the properties of the envelope

fa neufron star, but it is not beyond reason that it may be

siite extended. In genefal it is expected that these neutron
stars will appear to be bluer and also dimmer than white dwarfs.

3 far no theory concerning the envelope of such a condensed star

exists.
In conclusion we may state the following: there definitely

xists a contradiction or paradox between the theory of general
While the

relativity, and the theory of elementary particles.
theory of elementary pérticles has not been developed to a degree
such that we may trust all of its predictions, it is certainly
founded on extremely sound experimental basis. As for general
relativity, the'theory is _fr;ounded on extremely ébund theoretical
reasoning, buf its experimental verification has so far been

limited to iny_' second order. Perhaps in the center of a neutron

star, vhere the two theories meet, lies the unified theory long

looked for.




NEUTRINO LOSS RATES IN A NEUTRON STAR
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TEMPERA- { DENSITY ENERGY NEUTRINO PRODUCTION MEAN FREE PATH RADIUS OF ' RéLAXATION TIME
TURE g/cm3 DENSITY RATE cm STAR | sec.
O.V\ e_rgs/cm \)e Vp. , \)e Vp \)e'- 4 \/,.,

1010 107 |1.6x1026 | 102° 1010 102 1
4x107 1027 3x1027 1.6x10° 6.3x108 | 3x10-1
1.6x108 |6.3x10%7 | 2x1029 | 4x1012 2.5x108 | 5 star| 4x108 | 3x10-2
6.3x108 | 4x1028 |1.3x1031 | 7x1021 4x107 | > star| 2.5x108 | 3x10-3
2.5x10° | 2.5x1029 | 1033 | 9x1028 6.3x10% | > star| 1.6x108 0.1 3
101! 1010 |1.6x1030 | Eq. 1031 106 > Star 108 0.3 0.1
4x1010 1031 EQ. 2x1034 1.6x10% | > star| 6.3x10’ 0.5 5%x10~4
1.6x1011 { 6.3x1031 | Eq. 2x103© 2.5x10% | > star| 4x107 1 3x10™5
6.3x1011 | 4x1032 EQ. 5x1037 4x103 > star| 2.5x107 10-5
2.5x1012 | 2.5x1033 | mo. EQ. 6x10%2 |~ star| 1.ex107 10-4
1012 1013 |1.6x1034| Eq. EQ. ~ Star 10’ 10-3




} FIGURE CAPTION
3
! sigure 1. The evolution of elements inside a star. The
3 elements are characterized by their binding
# energy whi.ch‘is plotted as a function of temperature.
Iron-helium disintegration occurs at around 7x10° °K.
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