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1) The Standard Model
On a large scale (which could be charactarized by lengths ~F

» ive moe* pretentious

A

few hundreds of Megaparsec) the Universe appears to be isctrepi-
'and homogenecus. Its content may be desceribed 23 matter {galixies,
ihtdﬁﬁhctic:ggas) immersed in an electromagnetic bath, Matter do-
minates the energy density nowadays, but we shall see that this w2
not always the case. Relativistic Cosmology applies Finsteir's

equations .

Rav-4 guvR = .!.g,E. Tow e

to the Universe as a whole.

The energy-momentum tensor is, for an isotropic ideal fluid,

‘;Ov - (?+f“,)“4“-”+? ?"” . ’ (2}
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This should give ¢ fair approximation for times not enormcusly
reaote but intaractions petween the constituents nave to be accounted
for 1n stages where high densities appear. Ljuations (1, and (Z) are
a system of 1en coupled partiad differential equations for the compo-
nents of the metr.c tensor, eight of which can be solved without great

trouble to give the Robertson-salker metric,

2 2 .
dst = c? dti- R[22 + n¥(d6% sen®ody)] )

(herein integration constants and units have been chosen as to make.
the expression simpler), The parameter 1{ 18 restricted to the val. :s
0 .nd 1, and R(t) i» a scale function, related to tne mass denqity]o

and pressure P by tne two remaining equations:

3
G (p®) o gk -0

»
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He= & Z=y =5 - 3% (s

Eq. (4) says that the total rntropy is constant: it may be written
as dEz - pdV and the themodynm;lcal identity dE= TdS - pdV implies
. ds=0,
The present value of the function H(t) is Hubble's constnnt,H,,

1 1

Hy =50 km Mpe = sec”

ty”

. It is convenient to define the "critical densi-

3-H2 -30 H 2 -3

g§neé
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From eq.(5) we may obtain the expression for the present density:

-3
o R ™

Notice that the three-dimensional curvature scalar A/RXof the
space ssction of the four-space defined by eq.(3) has its sign deter-
mided by the parameter

(8)
= 7% -
1t L0 > 1 » the curvature is positive and space is closed. If
L) £ 1 we have an open Universe. It is of course difficult to
know the value of Lo because of the possible existence of up-to-

(3) y taking into account ga

now undetected material. A recent estimate
laxy counts, outside limits on the densities of gas and dust, cons-
traints on the number of black-holes and the age of the Universe, be-
sides a few other indirect criteria, gives forfl a value 0.0620.02.
This means that, to our present knowledge, the Universe is open.

An analysis of eqs.(%) and (5) shows that R(t) is a monotonous
function of t and that it has necessarily a zero (in the past,because
6! the present day expansion). The instant for which R(t)=0 is usually
taken as t30, The history of the Universe is fixed by the functions V4
and p , for which the Standard Model takes

prpmtpe T tmam
» the sums of contributions

from matter and radiation:
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7“"}]"‘?.:5 P = %MAT

Once these expressions are put into eqs.(%) and (5), one finds
that when R(t) decreases f‘ increases as R ' and f 5 R 3. so,

for a time small enough (t# 10" years), radiation dominates. It is

found that
RT = constant (11)
and that, when radiation domina-
tes,
moo
4T = 3¢3 t 2 R (12)
187G

The temperature increases indefinitely when t — 0. Here someée-
thing should be said on the composition of blackbody radiation at
very high temperatuses. Particles and their respective antiparticles
are present-if an appreciable amount of photons have energies above
the pair creation threshold and their number is easily estimated(“).
So, as temperature grows up, the energy density of the radiation is
successively shared among the photons, electrons, muons, mesons and
baryons. It turns out that the density is dominated by a different
kind of particle for each temperature and this leads to a division

of the early history of the Universe into eras. Each era is characte-
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rized by the prevailing type of particle and ho b shpmiosl oo

des which they zan exparience.

. o s ”€ . P PO - .\
1. Initial period (£t £10 ~ sec): density (% 15 Tawm  mo wer
perature (kT2 1 5eV) are tec larga foy sny kneorn ~ipvio0 =5 hee own

plicable. There has been of course much spaculation =hour fnls nercnd,

Inhemogareicles

()

mainly related to the possible formatieon of primaava
Archeons, Planckions and other entitiese would he Mz i tinr ¥he " njiverse

at that time. We shall not discuse this sutiast hars, hyuever great

ite interest may beSS)

¢. hadron era (t 107" sec, kT 2 107 MeV}: strerglv int=ririing

particles dominate the compesition =<f universal radiaticn. The irco: of
a general theory for ths streng {nteracricne ic & rzsyy handicap and

the attempts to study this period are btased con modele. The prelizvrred

7 s et a . N
6,7,8) Hagedorn's, a stetistical degorintisn of «ulci-
. 5y . .
ple production which et great tenomenclogical success . It pives

model has been

an equation of state for l.adron matter, which is a great acnicvenens.

It prediets the densiry of hadron states to be of the form

b _E/RT,
— 1 4 7179
[)(f)_ af e , 1
where all the parametars (a,b,T.) are fitted to experimental venui~s.

The partition function

= E
Z(T) =[dE e ple)
J J
diverges as T approaches the

critical temperature T, =22 x 10120K, which so appears as an upper 1§-

mit for all temperatures. If we accept this, while sticking tc =
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Friedmann universe even at such times, the system would initially bde
in a metastable state. An alternative would be to abandon Friedmann
model or even classical General Relativity, which would delight some
of the people who dislike the primaeval singularity.

The main interest in the study of hadron era is the possible
existence of condensations which would be at the origin of galaxies
and clusters.

Primaeval inhomogeneities could develop in this nodel"’ but the
hadron era would last for larger than in other cases (maybe up to one
year). This has the great inconvenient of making cosmic producticn
of Helium quite improbable. Hagedorn" model is of course subject to
'C’f‘ﬁﬂil-P(.). Some of its recent reformulations preserve its succes-
sful experimental predictions while dropping the existence of a
highest teuporatur.(S). To take a definite position about the gsubiect
is certainly premature.

3. lepton era (t£1 sec, kT2 1 MeV): electrons and muons are
dominant. The large amount of energetic electrons make neutrons and
protons to be in numerical equilibrium and the synthesis of light
elements is possible. The nriginal motivation for' Qamew 's proposal
of what became the Standard Model was precisely Helium synthesis. He
obtained a good number for ratio, My x0.25 , and this
was its first and lone '.ucccn up ’:'ob'::'e. discovery of the background
radiation in 1965. It should be noticed that at kT ® 10 MeV the mass
of the pairs contained in the radiation is of the same order as the

present day mass in the Universe. Before that, the amount of the mat-

ter which is not in the radiation becomes more and more negiigible and

-
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the Universe is practically symmetric.

4., radiative era (t4 108 years.xp 20.3 eV): photons finally do-
minate the composition of the blackbedy radiation. At tz1c" years
matter becomes the main contridbutor to the total density. This period
ends when recombination takes place. The mean free path of the photons
becomes very large as matter neutralizes and they decouple to constitu-
te the blackbody Lackground. This solves a great mystery: why should

the universal radiation to have a Planckian distribution

}:(y)dv= 8’”"”’ “"[e"'/"r - 1] ' (14)
P _

which is valid for, photons in thermal equilibrium with matter, when
there is no such equilibrium today ? The answer lays on the existence
of equilibrium in the past and on the fact that the distribution (14)
is invariant under expansion, because of eq.(11). It is true that only
the Rayleigh-Jeans sector of the spectrum has been firmly stablished.
For frequencies in the pure Planckian region, emission in the
atmosphere make measurements difficult but several limits on the flux
indicate clearly a deviation from Jeans' law in the good direction.
The prediction of the existence of the background radiation is the
greatest achievement of the model. Moreovar, it can also explain the
formation of those light elements whick stars seem unadble to produce.
The difficulties shown by Pacheco in his lacture are small as compared
ﬁith the positive results. Nevertheless, despite its successes and
above all its capacity to coherently arrange all the presenf-day obser
vational results, the Standard Model is not quite above eritiecism. For
instance, it gives no satisfactory interpretation for the origin of

galaxies and clusters. Cravitation instability cannot explain them
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unless the initial fl:~tuations are supposed to have an ad hoc ampli-
tude and to have appeared in a convenient epoch. Alsoc the model has
an extra free parameter, the entropy per baryon. This entropy is re-
lated to the ratio between the ploton number density to the haryon

number density, which is at present

h=28 =720x10 -0-( ) (15)

”'r

through

3.6/h . (16)

Attempts to explain this high value for G in the usual picture

of the model have failed(lo)

and it remains as something like a uni-
versal constant.

It is also a source of uneasiness the fact that initigl s tha bs-
ryon over antibaryon excess is negligible for all dynam:~al purnnses
and the Universe looked at first like a symmetric one. '.o excess
which is seen today, if we suppose no galaxies *c be fourmed >y anti-
ratter, is to be interpreted as coming frcm a rather arhitrarv initial
condition,

A certain disconfort, apparently felt onl. by some vhyeiczists. ¢
mes from the idea that the strict matter-antimatter symmetyv € the
equations of fundamental physics finds no corresponden~e in tha lace-.
It is true that no argument exist to suppose this plota. symmes.
which would mean that all additive quantum nunters (-har-- “avvon
nunber, lepton numbers) vanish. Only the electrie char:-e car be shown
to be zero, by integrating V-E =f over the universe. For tha

other numbers, no analogous to Maxwell's equation are known and no-
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thing can be said. All these difficulties, obiective or nct, are in
principle removed by Omnes' model.

I1. The Symmetric Model

an and analysed since many

(8)

Symmetric models have been proposed
vears. 1 shall here concentrate in Omnes model , Wwhich seems nowa-
days to be the rost reliable one. Tt preserves the advantages of the
Standard model while trying to reres;: the ahove mentioned drawbacks.
It has one fundamental hypothesiz there was only the hlackbody radia
tion in the beginning, with all the particles and antiparticles which
are its components at very high temperatures. Omnes proposed two ince
pendent mechanisms, one for creating primaeval condensations during
the hadron era, another to make them grow into protogalaxies or proto
clusters during the radiative period. The first mechanism is a nhase
transition, the second is a coalescence process. |

2,13 z
(12,13) for ~he existence of a nhase

Many arguments were advanced
transition in blackbody radiation at a few hundreds of MeV, hy which
it becomes an inhomogeneous fiuid with a large numbers nf regio~~ ¢
matter ard antimatte» ceparated by a contact layer where annjhitari-=
takes place. A model estimate cf the critical teﬂperature(lq) is
¥T = 300 MeV. Relow that, matter and antimatter tend to nix and wnauld
annihilate completely weve they not kepst spart v the pressure exer-
ted by the annihilation products coming from the interrediate lav-r-,

This pressure generates important maotiome 1n “he [iuid, Fvery tire

0

two distinct regiqps of, say, antimatter meet they fuse and so the
average size of the regions increase with time. Once this process of
coalescence sets up, annihilation is so much reduced that the ratiol’,
becomes nearly constant. Near the critical temperature Q was of the

érder of unity and its decrease as a function of time can be approxi-
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mately estimated. Coalescence is at work till the epoch of recombina-
tion, when the average mass of a region can be of the order of a ga-
laxy mass. A detailed analysis leads to a new division of the e;rly
history of Universe into periods, which superpose to the above eras:

1) a separation period (10 °sec.gt€10™>, 19@V 3 XT 2 300 MeV), at
the end of which a typical condensafion,mass i; ~ IOStlg;

2) an annhilation period (t4£1.600 sec, 300MeV2 kT2 30 KeV), du-
ring which | decreases to its present day order of magnitude; at its

end, a typical mass is 1015128;

6 years, 30 XeVy kT2.0.8

3) a coalescence period (1.600 sec St £10
e V); recombination is retarded in the symmetric model, due to the io
nizing effect of X's rays coming from the thermaliiation of annihila-
tion J'’s ; there is an uncertainty about the events near the end of the
period, but it seems clear that the typical mass can be a galaxy's or
a cluster's.

Let us make a few comments on each of these periods.

1) The separation period:

(2,7,15) nade to find mechanisms for ge-

Amongst the many attempts
nerating seed condonﬁations which could be at the origin of the lar-
gest inhomogeneities in the Universe, we'shlll here only consider
Omnio_conjocturc. Maybe some Intuition of the phase transition would
come from the following picture: the blackbody radiation, whose tem-
perature is controlled by the metric through eq.(12), contains an
enormous amount of baryons and antibaryons. These annihilate (mainly
into ﬁioni) every time they meet each other, through an 'qxotorlic
reaction. This would tend to increases the temperature, which is im-
pgloiblc.'Thon, the particles shall show an inclination to stand

avay from their antiparticles.
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From a more elaborate point of viéw, this effect is a consequence
of an statistical repulsion between nucleons and antintdcleons which
exists if the mesons are considered to be their bound states, as in
0ld Fermi-Yang model. A feeling of it can be obtained by writting
down the free energy of a gas containing mesons, nucleons and anti-
nucleons up to the second order in the virial series. The virial coef
ficient related to N R scattering is given by Beth-Uhlenbeck formula(¥?

For each partial wave, the contribution is

Bry = [ TN dbssap
If the partial wave has a bound state, Levinson theorem implies a
decreasing phase-gshift and so a positive contribution to the virial
coefficient. This is characteristic of a repulsive interaction. Of
course, the second order is surely inadequate, as the densities are
of the order of the nuclear matter. It is even possible that the whole
series have no meaning, but we can forget this for a moment and study
in detail what happens in this order. Usually, if a phase transition
is found in this approximation, the higher orders are able to change
drastically the critical point but not to erase the very existence of
the phenomenon. By usimg phase-shifts cbtained from a bootstrap model !
for N R interaction, the existence of the sepiration is stablished at

(1)

a critical temperature k‘l', 2 300 MeV . To have this result, it is

essential to suppose that the mesons are themselves part of the ther-

P

mal radiation, besides being N R bound states. Such a procedure is
(16)

KD -

g

suggested by the S-matrix formulation of Statistical Mechanies sbut’

Gl

it should be emphasized that no classical analogue, to this phenonanonn“
exists. It hae been recently analysed from diffcnpht points of vil&’le)

and the issue is not clear. The correct behaviour of the phase-shifts ;;
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(19)’ but this coutd rnly Y3 - he

could be found experimentally
ner to confirm it.
Howaver, suppose the complete equation of state ¢ nrics -

repulsive character exhibited above. In this case, the suztar

(o

L

5
H

kind for which the separation has been rigorcusly praur
ture of two species of particles with repulsinn betwean o5 < :vnat
ticles, This proof allows also a rough eetimate nf tne ovit o

pcrature(ld)

and gives k'l'c LUOD MeV Above this valuve, the -::vww nu-
the general aspect ¢! an emulsion, with a great numbar of fi.iio:
regions of matter and antimatier.

These is of course no claim to any proof cf the existenc: of *he
rhase transition to have besen given. For the time being, It rawainz s
plauiiblc conjecture. Any other mechanism to gererate primscowval con-

densations at the hadron era should be complemented afterwards: the

whole matter contained inside one particle's horizon at reiT ) sec

would have too small a mass (2:10323). Wa shell cnly aupnos» ~ 1 AT
this time the Universe is conatituded by a fluid vegemciing an emul-
cion(zl), with matter and antimatter stancing apart and 2i: =2 ir a

large number of "bubbles”., The considerations vhich follow 2o not e
pend on how this situation has been arrived at, Rotice tha*t a numes
cal uncertainty remains. Even accepting the existence of the rthase
transition adove, the size of the regions could be much modified (as
critical parameters usually do) by the higher virial terms. Thie s5izae
will de taken as initfal value in the subsequent enlarging.prbcessqs
and uncertainties will result for the final value of # .

2) The annihilation peried

Below the critical temperature, baryons and antibaryons tend to
mix by diffusion. An important point is that annihilation is conncen-
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trated it the intermediate layer, whnnmz widey o Y n gy
Aum walk veasoningi to be X ¥ N X L S I ST R
tal 20 the sannihilation proton mean free sath. 70! w2l 0

much smaller than the +ypical size of a region ‘esuarsly

diffusion length L =¥ Dt ), so thet the fiul: voapnr ir
like feztures. Neutrons dominate the aiffusion up to kT2l Moo, - on

they disappear. After that, the proton diffusion {s less Impar:-ra thor
the simple grouth by expansion to the end of the peric?. “iv wiiscts
of the annihilation products have besan examined in detail(?g?. age
are, ultimately, neutrinos, ) -rays and electrons., The formep ‘nucii-
ple very early and the later produce, by acting on the thawmai ~lza.
trons and photons, a large amount of X-rays. Thasse transgfer ‘n on= =2
dium the energy and momentum. Below kT30 KeV, the mamentum vr.case
creates a pressuré discontinuity in the layer, which pushes nacl.om=
'and antinucleons apartand whoss dynan&ou; consequancse wis. Lo -
lescance. once this becomes effective, annihilaticrm caases ne -ove
appre cisble changes in the ratio i » so that at t,zlnaaec 1 har
already its present day value,

The real calculation of h‘ is a difficult mathematical prollen,
involving the solution of the diffusion equation with moving ronnia-
ries of afbitrary shape. Some simplified models can he werked aounn
and give encouraging results, The most simple-minded of them supposes
matter to be initially concentrated in a great number of delta-‘ike
distributions equally spaced at intervals of the order of the typical
size. This givesna 10712, The situation is complicated by the presencc
of two effects which oppose each other: the large-scale conservation
of the daryon number implies strong correlationu (a point raised by

Zeldovich) and these are partially broken by turhulence inducad by

cote imnlaoad SLPENE ooTea et e
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thermal-neutrino viscosity. The analysis of all these pointa(za)

gives
values forRhh ranging from 5x10"22 (no turbulence) to 6x107° (with
maximal turbulence effect).

The knowledge ofrz as a function of t is of fundamental importance
to the study of the nucleosynthesis of light elements, for which some

(24) reported.At the onset of coales-

1512g)

difficulties have been recently
cence, uncertainties in the mass of a typical condensation(x10
reflect the doubts on its value at separation time,besides i's own

uncertainties. In any case a strong multiplying mechanism is needed.

3) The coalescence period

Somc'progrenn has been made in the knowledge of what goes on du-

ring the late radiative er.(25:25,22)

. The kinetics of annihilation
products was worked out in detail and the processes insid; the inter-
mediate layer are fairly undepstood.

It was said adbove rhat the system beared some resemblance to an
emulsion. Well, emulsions characteristically exhibit the phenomenon
of coalescence: regions of:the emulsified substance tend to fuse so
that their average size increases with time. This is a mere consequen
ce of the surface free energy being proportional to the surface, which
so tends to be minimized at equilibrium., However, thermodynamics has
to handled with great case in our case, as temperature gradients are
preéont. Moreover, we have equal concenfrations of solvent and solute
and this is a situation for which Emulsion Science is not well develo-
POd‘27)-
A most significant result from the study of the kinetics is that
the momentum release creates a preasure discontinuity through the
annihilation layer, and that this discontinuity is, at a point of the

"surface" of average radium R, equal to



[P) = 2 ot /R , - (189)
where o = (2/3)3 X, . (J is the momentum flux and A, is
the mean free path of the thermal photons). This equation is well
known in Surface Science: it is the Laplace-Kelvin formula with a sur

face tension coefficient of (here perfectly well known), and is valid

(“. So, our system is much more akin to an emul-

in any real emulsion
sion than it could be guessed at first sight. From the kinetics, the
.hydrodynanic ejuations for the matter, as well ag those for the matter
plus radiation system, are obtained. The equations for the matter
allow to calculate the number of annihilation per unit of surface and
to prove that this rate is small enough to maintain R praétically cons

tant. From the equations for the global system, the most interesting

is the modified Navier-Stokes equation,

'g_f = ..V(_g) ...'%,..nv [A-v— +§V(v- ’0)] : (19)

Consider a large volume V of the fluid‘, inside which the total con
tact surface is S. The typical size L of a region will be characteri-

zed by

L E - . (20)
s .

If ve multiply eq.(19)'by v and take its average over V, the last
term can ba shown to be negligible during most of the radiative §eriod.
When thic is the case, the remaining terms lead to an ordinary diffe-
rential equation for L(t), with the solutions
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tﬁ/q

L%t) = 5.3x10°

(when Pr ))})M);
(21)
L3t = 4, x10317" t“/" (when Pom>? i ).

A difficulty comes from the viscosity term in eq.(19): near the
end of the period it becomes important,so that the solutions (21) are
no more valid (to my knowledge nobody has been able to solve the com-
plete equation by now. Anyhow, they show a very rapid growth of the
regions with time. Another difficulty is the recombination epoch, which
is lonmguer and comes later in the symmetric model. Only to check the
capacity of coalescence to produce large masses, ve may takevthe usual
recombination time (t:le6 years) and extrapolate the second of eqgs.

sog.forJlso.Oe. This has no real significance

(21), Ve find Mxp 1}x10
as a number, but shows that this mechanism is able to develop/masses
as large as a cluster's.

Reynold's number can be calculated and shown to be small, so that
no turbulence is present. At the end of the period this no more valid.
It is interesting to recall here two results from Emulsion Science:
first, at high concentration of the "solute” there is a high probabi-
lity of having infinite (thatﬂis, with one dimension comparable to the
size of the container) droplets; second, that a very efficient means

to break thenm is viacosity(27)

. So, at the end of the period the sys-
tem would consist of a certain number of "infinite" regions of matter
(and antimatter), which are progressively broken as the viscosity term
becomes iuporiwst. ;uite independently of any consideration of Emulsion
Science, Stecker and Puget have shown that turbulence could he at work
at the recombination epoch and could be at the origin of the gala-

xies(zs). Good numbers were found both for the masses and angular mo-
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menta.

II1.A few remarks on the observational aspects

Despite all calculational difficulties, the Symmetrie Model sosec
to be able to improve on the Standard Model by explaining the hie*
value of the entropy per baryon and the origin of the larpgest inhomo:
geneities. Clearly, much remains to be done to lessen the incertain-
ties in the calculations. In particular, the difficulties with Heliu~

synthesis(z“)

will not be clarified before R(t) is reasonabl: well

known and this would be a very good test for the Model. Ann*ther ¢e:-
could come from “he study of the recombination epoch which lasts 7-»
a lony time due to the presence of X-rays. This could produce dister
tions in the black-~body radiation spectrum. Also annihilation woul-
cause heating of the medium before recombination and upper limits *-

d(29). These are specific

this heating have been recently stablishe
tests for Omnes model, the onlv one for which detailed calculations
seem by now feasible, The only observational evidence at presert oo

§30) of a bump -

mes from the atribution by Stecker and collahorators
the diffuse ganma-ray spectrum above 1 MeV to annihilation. The fit i-
excellent but it is still difficult to exclude the possibilityv of =z
other non-trivial mechanisnm,

More general tests concern the prospection of antimatter in the
Universe, Our Galaxy is surely a matter agglomerate and we should 1~¢’
over ways of finding antimatter outside it. It is not excluded that .
fraction of the cosmic rays have an extragalactic origin. A theore+’
cal upper limit for antiprotons being produced in our neighbourficod

(3L recently. If a larger rate were found, we wouls

has been proposed
be gathering cosmic antiprotons. This poussibility is by now remote,

for they would have fantastic energies and would be verv difficult <.
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stop and recognize,
Still another possidility would be the discovary of point } -cour

(32)

c2s. This has been analysed by Staigman for a large variety of

X - sources, with negative results. S*ill the emission of ¥ -rays
from other objects s not cxcludod(aa).
‘Alternative tesfs, as the det ‘ion of high-intensis: npomusir miun
rays, are under study.
Summing up: the prospection of antimatter as an widely cpen 7i=1d.
Any new idea wduld~h.yil. be too welcome.
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