ISTITUTO NAZIONALE DI FISICA NUCLEARE

Sezione di Catania

INFN/AE-86/2
7 Febbraio 1986

E. Recami and V. Tonin-Zanchin:

DOES THERMODYNAMICS REQUIRE A NEW EXPANSION AFTER THE
"BIG CRUNCH" OF OUR COSM0S?

Servizio Documentazione
dei Laboratori Nazionali di Frascati




Istituto Nazionale di Fisica Nucleare
Sezione di Catania

INFN/AE-86/2
7 Febbraio 1986

DOES THERMODYNAMICS REQUIRE A NEW EXPANSION

AFTER THE "BIG CRUNCH" OF OUR COSMOS?(+)

Erasmo Recamdi
Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Catania, Italy.
Dipartimento di Fisica, Universitid Statale di Catania, Catania, Italy.
Department of Applied Mathematics, State University at Campinas, Campinas,
S.P., Brazil.
and

Vilsorn Tondn-Zanchin

"Curso de Mestrado", Department of Physics, State University at Campinas,
Campinas, S.P., Brazil.

ABSTRACT: Recently, a unified geometrical approach to gravita-
tional and strong interactions was proposed, based on the methods
of General Relafivity. According to it, hadrons can be regarded
as "black-hole type" solutions of new field equations describing
two tensorial metric-fields (the ordinary gravitational, and the
"strong" one). By extending the Bekenstein-Hawking thermodynamics
to those "strong black-holes" (SBH), we show: (i) that SBH ther-
modynamics seems to require a new expansion of our cosmos after
its "Big Crunch" (th.s thermodynamical indication being rather
unique, up to now, in showing that a recontraction of our cosmos
has to be followed by a new "creation"); (ii) that a collapsing
star with mass 2My < M < 15My , once overtaken the neutron-star
phase, must re-explode reaching a diameter of at least a few
light-days, thus failing to reach the black-hole state.

(+) Work supported in part by CIME/IIIA, CNPg and IBM-do-Brasil.
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"Mattern possesses a coesion that keeps it Zogethen
and against which the swviounding vacuum 45 impg-
fent. Actually, the material workd is supponted
by an immense fonce, and alternately contracts
and expands following its physical transmutations,
now consumed by fire, now giving on the contrany
a new nise to the cosmos creation”.

PLUTARCUS (ca. 135+%51 B.C.).

INTRODUCTION. Inspired by the Weyl-Eddington-Dirac "large num-
bers coincidences™", recently we proposed(l_4) a unifield theory

of strong and gravitational interactions, that (even if geo-
metrical and classical, i.e. based on the methods of General
Relativity) yields results similar to the "strong gravity" ones
by Salam et al.(5).

This geometrical approach is twofold. On one side, it tries
to describe the strong field inside a hadron just by means of
"scaled down" Einstein equations (with attractive cosmological
term).(l'2'4). One thus naturally gets the confinement of the
hadron constituents, and is allowed e.g. to calculate the hadron
masses (for the meson mass-spectra, see the last one of reﬂ&(4)
and work in progress).

On the other hand, one is led to describe the strong field

surrounding a hadron as a new tensorial field, to be "added" to

the gravitational one; so that a bi-scale theory arises (1'3),

where the total metric g is tentatively regarded as the sum

v

. : . (G)
of the ordinary gravitational metric-field Tuv. F ey and of

the "strong" metric-field Sy at least in a first approxima-

tion. In the surroundings of a hadron (and in suitable coordi-

nates) :
o o 1
Iyv euv + S v nuv + Suv , (1)
where an = diag(+1,~-1,-1, - 1), and the new field-equations
are(l'3)
~ . 8T - L o
Ruv + Asuv = 7 (Suv > gqu p), [A > 0] (2)
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where: G is the ordinary universal gravitation constant; A is

the ordinary cosmological constant (with |A[= 1075¢ cn™?);  and
p-'l = lO41 is the ratio between the cosmos Hubble-radius R{U)
=~ 10%° n  and the typical hadron radius r(h) = 10719 . Quantity
-1

p ~, by "coincidence", is equal to the ratio between the sfrong
interaction and the grav.itational interaction strength:

-1 _ R(U) _ S(s) . 1441
= Tm ~ 509 10°~.

The strong metric-tensor Suv , entering egs.(2), is of course

defined b . (1) = - = - i
efin y eq. (1) SUV guv euv guv an . Quantity A

can be called the strong or hadronic "cosmological constant".

All tensorial indices are raised (lowered) by the total metric-
IRV

<tensor g (guv)'

In this paper we shall refer ourselves only to the latter
"side" of our theoretical approach. Let us recall that in the
present bi-scale approach two kinds of objects are taken into

consideration: (a) the ones -—carrying ordinary gravitational

mass, i.e. with intrinsic scale-factor d = 1l— that are sub-
jected only to the gravitational metric euv’ and: (b) the ones—
carrying strong charge or "strong mass", i.e. with intrinsic

scale-factor d = p— subjected also to the strong metric Suv*

The latter are of course the hadronic objects.

On the field equations in the surnroundings of a hadrion. Our

new field equations (2), to be valid in the surroundings of a
hadron, are acceptable only if all the components Siv vanish
for r ® 1 fm. Actually, by linearizing egs.(2) with respect to

the flat metric, in the weak-field approximation, we get(3) at

the static limit (when only So0 # 0) for the scafan potential

-1 2 .
vV = 5 C7sg, the solution (A > 0):



V=——%exp(-—r/2>\), (4)

holding for a pointlike particle at rest in the origin and en-

dowed with "strong mass" (or strong charge) g. By identifying

v 2) = msc/h we find (3) for the field mass the value m, =

hv2r/c = M., and therefore it is varified that Vv (i.e., soo)

is exponentially damped, and just in the Yukawian way.

Let us now recall that egs.(2) can be easily written also

as
1 p 1 B 8m
R .. - = R® - - = e
uv 2 guv o} A(gu\) + nuv 2 guvg naB) c4 Suv (2*)
and therefore, {oamally, as:
R - L g rP == BT (s 4+t ); (5a)
pv 2 Cuveop st W HV -
4
- CA _ 1 oB
L vE T T8 (guv HERATRY 2 g nae)- (50)

Incidentally, the last addendum in the r.h.s. of eq.(5b) can be
considered as an "interference term" between the two metrics Suv

and v = nuv . We can geometrize also the strong field since

the 4Ainentia my of the test-hadron in the surroundings of the
source-hadron, when subjected to the strong field, cohxﬁdesﬁ’3)
with its strong-mass g', and not with its gravitational mass

m', so that: mI = g'; and, in the special relativistic limit,

it is for instance g' = gé,// 1-v2 , quantity gé being the

nest strong-mass. Notice in egs.(5) that also tuv is a tensor,

nuv is only an approximation for ey Moreover, let

the totaf metric (acting on the test-hadron, in the surrounding

since
of the considered source-hadron) be:
ds2 = ea(r)czdt2 - eb(r)dr2 - r2(d62 + sin29 -d¢2), (6)

where a(r) and b(r) are functions to be determined. Then we
find, e.g., that:



-b b-a

= R a . p—tg —
too = L(1 e ); tll L(e 1) .
c A
[L = - 357 ]
- -b .
a b

so that the conditions e“, e - 1 for r > 1 fm are equivalent

to the conditions tuv > 0 for r » 1 fm. Notice incidentally
that, for a spherically-symmetric, static metric in the vacuum,

egs. (2') take on the simple form (valid, at least, where eq. (1)

holds) :
( 2 A’ 2
L — —— = —
B' + B( - + A ) T
< (7)
Al Hr
' — — — —
B' + B(Hr A ) A
where the functions A(r), B(r) are defined as: A = ea;B_lE éb.

Work is still in progress (in collaboration with J. M. Martinez
and W. A. Rodrigues), as far as the solution of egs.(7) is con-

cerned. Let us here anticipate only that, in units such that

c =h =1 and under the approximation in which (see eqg. (4))
~ » og . = :a: 2 | - -

Soo = 2V; Sq soo ;: and gbo..A..e l+soo 1-2g exp( mwr)/r,

then our field equations y{efd that also 9711 E-—B_l = eb tends

exponentially to 1 for r > 1 fm:

- ~b _ -1 : -1
B = e = - (gll) = 1 + AV(r + m_ )/mn.
This implies that the space-time associated witn egs.(2+7) is
asymptotically fLat (cf. eq.(6)); and therefore that all the

components tuv do actually go to zero for r > 1 fm.

The point relevant to us in this paper, howevexr, 1is that
hadrons can actually be associated (by solving a Schwarzschild-
<like problem) with the spherically-symmetric solutions of our
3
) that

hadrons be regarded as the "black-hole fype" solutions of our

field equations (2),(2'),(5). Namely, it was suggested (l’

field equations, related to the presence of the sftrong - gravity
T



field suv (besides the gravitational field euv). The
Schwarzschild-type radii of our strong black-holes (SBH) are,
e.g., of the order of 1 fm (1’3L Remember, moreover, the eq.(4).
Such SBHs will congine, of course, only objects carrying a

"strong charge", i.e. only hadronic particles.

On the themnmodynamics of "stnong bLack-holLes" (SBH). In the

second items of refs.(l) and (3), as well as in ref.(6), one of

us already mentioned that fashinating consequences would follow
by assuming the Bekenstein-Hawking ordinary black -hole (BH)
thermodynamics to hold good also for our SBHs. Let us approach

this question more closely.

In the surroundings of a hadron, the cosmological constant

A plays no role. In connection with egs(2 *5), therefore, we
can assume our space-time manifold V to be: (i) asymptotically
flat; and moreover(7): (ii) time-orientable and Lorentzian

(= pseudo-Riemannian), with a metric of Lorentz signature

g
IRV
- 2 and satisfying the two postulates: (iii) of local causality,

and: (iv) of focaf conservation of energy-momentum.

The space-time property (i) implies the positivity of en-
ergy.(8)

As to our field equations, we firstly notice that our ap-
proach implies gravity and strong-gravity to be attractive for
positive matter and strong-matter densities, respectively. Sec-
ond, we explicitly assume(7’9) that: (v) quantity RuvKqu is
non-negative for any non-spacelike Killing vector KM. Notice,
incidentally, that all the above assumptions (i) +(v) do agree
with our physical model (the only problem still partially open
at this point being whether the form actually chosen for the
field equations is 4uflfy compatible with them).

All the ordinary theorems on singularities(7), then, hold
good also for our manifold V. Let us deal, in particular, with
the Penrose theorem(lo) and the Second Law of BH thermodyna-

11+13

mics ( ), in order to be able to draw briefly the most relevant

consequences.

Let us consider, e.g., a SBH solution of our field equa-

T



w T

tions in the static case (Bgik,/axo = 0; Yok 0), with its

strong—horizon(173'7). Always with reference to objects endowed
with strong-mass (= strong charge), such solutions will present

at least one asymptotically flat region, or "external universe",

+ .
possessing a timelike (strong) future infinity Is and past in-
finity I; » a spacelike (strong) infinity IZ, and a null

(strong) future infinity J; and past infinity J;. The strong-

-horizon divides of course the external universe (which can send
hadronic particles —"strong-signals"— out to J;), from the
SBH interior (which cannot). Let us define the union of the fu-

ture SBH horizons as the boundary B = 3;(];) of the causal past

(via strong-signals) of the future null strong-infinity (i.e.,

-, .+
of the domain JS(JS) that can send future-directed causal
strong-curves to future null strong—infinity).

From assumptions (i) :(iv) above, it is then straightforward
to generalize the Penrose theorem(lo) on the structure of the
future strong-horizons; i.e., to conclude that B is generated
by null strong-geodesics which do not have future end-points.(¥*)
Let us clarify that the strong-geodesics are the ones followed
by the hadronic test-particles, i.e. by particles affected by

the strong metric besides the gravitational metric e

s
Hv uv
(negligible in the vicinity of the source-hadron). The null strong-

-geodesics, therefore, are geometrically well defined, even if

(*) Let us recall that, more specifically, Penrose's theorem
states that(g): (a) the "generators" of B are defined as
null strong-geodesics that lie in B, at least for some fi-
nite interval of the affine parameter; (b) a generator, fol-
lowed into the past, may leave B entering J;(J;); (c) once
a generator, followed into the future, enters the boundary
B of J;(J;) at point C (a "caustic" of B), it will never
be able thereafter to leave B, nor to intersect another
generator (the generators can intersect each other only at
the caustics); (d) only one generator (apart from a normal-
ization of the geodesic affine-parameter) can pass through
a non-caustic event. .
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test-hadrons would not exist travelling exactly at the speed of
light. (**) But in the naive version of our approach there should

exist, for instance, "strong gravitions".

At this point, let us consider our asymptotically-flat space-
~-time, endowed with gravitational and strong charges, i.e. not
only "gravitationally" but also "strongly" (locally) cwwed; and
the union B of all its future strong-horizons. Let us drﬁde(%
the null strong-geodesics, which generate B, into a large num-
ber of infinitesimal bundles, each one identified by a number
o. Consider along a generic bundle o of strong - generators
(all lying in a surface of constant phase), a particular event
P and various observers (endowed with different velocities) all

measuring the cross-section a(ao,P) at P of ao . Then, from

assumptions (i) * (v) above and following e.g. ref.(g) — taking
into account, in particular, that the geometric optics in curved
space-times exploited therein holds good also in our approach—,

one can show that the area a(ao,P) does not depend on the ob-

server velocity; and that, in general, a(a,P) depends only on
the localization of P along the bundle @, according to the
"focusing theorem": If condition (v) holds for any one of the

observers measuring a(a,P), then for any point P along a:

2
" v ala,P) . o, yp e q,

2 —_
dk

where ka = k(o,P) is the affine parameter along the bundle a.

Let us discuss, in connection with eq. (8), the sign of the first

derivative daé/z,/dka , where a, = a(a,P).
If dai/z,/dka were negative at a certain event P along
o, then it would thereafter go on being negative, and fatally

1/2

a would reach the value zero, after a finite interval of the

(**) Remember that the global space-time dilations, considered
by us(z), do not affect the speeds, in particular the value
of the light-sveed.
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172 vanishes, all the

affine parameter. At the point where a
(adjacent) null strong-geodesics belonging to o cross each other,
thus violating the Penrose theorém; unfess those null geodesics
hit a real strong-singularity, and disappear, before intersecting
each other. But the last hypothesis implies the existence of a
naked singularity. We wish, on the contrary, to associate had-
rons with SBHs, excluding the existence —just as it is generally
done— of naked point-like singularities [é hadron associated
with a naked singularity would appear to be point-like, whilst
experimentally —as well as in our approach— they are extended

objecté}. We may therefore conclude that

3al’/?
o

> 0. (9)

dk B
o
Since new bundles can be born, but noone destroyed, when moving
towards the future the total cross-section of B cannot de-

crease(ll’g).

Therefore, we can believe the Second Law of the ordinary
BH thermodynamics, by Bekenstein(l2) and Hawking(ll), to hold
good also for our SBHs. This conclusion is confirmed by the fact
that the purely thermodynamical considerations elegantly devel-

13)

oped by Hawking( (by which he generalized the results above)

seem to be easily translatable into the SBH language.

In particular, if two SBHs, forming an isolated system,
merge Zogeiher so to originate a unique new SBH, the final strong
Schwarzschild are As must be larger than the sum of the initial

strong Schwarzschild areas:

1 n
Ag > AL + AN, (10)

Consequences and applications for collapsing stars and for

the univense "Big Crunch". Let us, first, consider an ordinary

star S, collapsing towards its gravitational Schwarzschild ra-

dius rBH=2GM/c2. We are interested in the case in which S passes

through the neutron-star phase before collapsing beyond its ho-
. 3.2, . .
rizon; i.e., in which its BH-density PpE = 3c6/(32ﬂG M”) is high-

S 1
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en than the nuclear-matter density Pnh = lOl4 g/cm3. Under the
simplifying hypothesis of a homogeneous collapse, we get:
M < lSM@.

If M 1is smaller than two solar masses, the star S stops
collapsing and transforms into a neutron star. If, however,

2M, < M < 15M (11)

© @’

it is usually expected that S go on collapsing beyond the neu-
tron-star state. (***) But the star neutrons, if regarded as
SBHs, when melting together must comply with eq.(10), so that
they should thermodynamically tend to give origin to a cosmolog-
ical "hadronic object" with area(®)a > Nan, quantify N being the
number of neutrons corresponding ?o the. star mass M, arlahlxﬂng
the neutron SBH area (;n refs.(lr4) we found for the neutron
=~ 0.8 fm, agreeing with the experimental nucleon—radius).
< M < 15M, the collapsing body S will

TsBH
This means that, for 2M®

not become a ghavitational black-hole; on the contrary, it is
predicted by Thermodynamics to re-expfode tending to become

an (evaporating) SBH with horizon-radius of a few light-days:
R > R, with 1 < R < 5 light-days. (12)

Of course, such an explosion will be complicated by the fact that

the "super-neutrons" formed during the process will evapo-
e l3’14), just as expected for genexrdic SBHs(lT4).

The most interesting case is the one corresponding to the

collapse of a mass as big as the one of our cosmos (174) : M%lo54 kg.

In this case, however, the Schwarzschild radius 1is enormously
large, r =~ 1,5 x lO27 m, and we have to regard ourselves as

BH
inside such a cosmic horizon; i.e. to regard the considered col-

(***)Notice that, within the mass limits of eq. (11l), the collaps-
ing body S will never stabilize itself at the level of a

"quark star".

(@) Just as in the case of ordinary hadrons, we assume the ho-

rizon-radius to be representative of the effective (or av-
erage) radius of the "hadronic object".(174)
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apse as taking place in the interior of such a "cosmic black-
-hole".

Equation (10) requires that, if during the contraction phase
our cosmos U reduces at a certain moment to a neutron super-star
of ~ lO80 %lO81 neutrons, then it will re-explode tending to

form a new object with radius (99)
2
Ry, > 2 x 10°° m, (13)

which is not far from the presently accepted "Hubble radius" of
our cosmos.(We may have, then, sucessive expansion/contraction
cycles, all taking probably place inside the cosmic horizon).
That indication of Thermodynamics, anticipated by one of us
in refs.(ls), is the only (thermodynamical) hint till now known
to us that our world, after the recontraction, has to <newly
give origin to the creation of the cosmos>, to use Posidonius'
words (~ 100 B.C.). But one should not be surprised that the
laws of physics seem to allow us to make predictions beyond the
"Big Crunch": in fact, in our approach, no final (nor initial)
singularity exists in the cosmos history, so that the physical
laws do not break down in the temporal vicinity of such a non-

-singufarn Big Crunch.
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(99)In a sense, at the end of every cycle our cosmos can be re-
garded as jumping to a higher step in the considered field
strength hierarchy; but this would not be perceivable inside
the cosmos, due to the scale covariance of the fundamental

2). The important point, once more, is that the

equations(l’
horizon-radius is not far from the average radius (both our
cosmos and hadrons are expected, in our approach, to pulsate

between a minimum radius and their respective horizon-radius).
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