Condensed Matter Physics, 2004, Vol. 7, No. 3(39), pp. 661-671 C@IDENSED
WA rER
PRVSKSS

Fusion and the cosmos

H.Wilhelmsson

Department of Electromagnetics, Chalmers University of Technology
and EURATOM - VR Association,
SE-41296 Goteborg, Sweden

Received March 16, 2004

In the following investigation we pay special attention to the role of self-
organization in fusion plasma physics and in the cosmos. We present a
new approach to the expansion of the universe. Formally the technique
developed relies on our experience from treating hot fusion plasmas. We
account for the possibility that the universe, as it seems, could have a fi-
nite life-time (even if it is counted in billions of years), and combine this
assumption with the experimental observation that the velocity of separa-
tion of distant galaxies is proportional to the distance between the galaxies
(the Hubble law). By analysis of a NL PDE (nonlinear partial differential
equation) we succed in proving that the crucial value of an exponent has a
simple linear relationship with the Hubble constant. It is recognized that the
scale-length that we use as a measure of the expansion is equivalent to
the Einstein radius of curvature. The final results suggest that the Hubble
law should be extended by a factor, which could have an explosive ten-
dency of growth in time (open universe), or a decaying character (closed
universe). The possibility of reversed expansion or an oscillating universe
“cosmic pendulum” is also discussed.
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1. Introduction

Space is full of fields and particles. The fields could be gravitational, magnetic,
electric etc ... and the particles: protons, neutrons, electrons, neutrinos etc. These
may be more or less coupled to each other, depending on the situation (position
and time). There are even smaller entities: quarks, building up the nuclei (protons
and neutrons) and perhaps others still not discovered. The particles can be grouped
together forming more complex systems like atoms, molecules or plasmas (free ions
and electrons at high temperatures). The motion of such systems depends on their
inertia as well on the presence of fields [1-4]. The way in which the grouping occurs
can be described as self-organization and may lead to self-formation. The fields as
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well as the particles participate in such formations.

The self-formation of e.g. a fusion plasma may result in bell-shaped stuctrures,
exhibiting the impressive peculiarity of so-called profile self-consistency, a tendency
to retain optimal radial distribution profiles of plasma and temperature [5-10]. Such
profiles resist any attempts to modify them, e.g. by a change of external power
deposition profile [7—14]. These properties are of great interest when considering the
formation of equilibria of fusion plasmas as well as the stability of such equilibria,
in fusion laboratory experiments and in the cosmos [20-24].

The process of self-formation may also lead to filamentation and striation struc-
tures of plasmas, in particular in the cosmos, as well as whirls and vortices [2-7],
e.g. in the Aurora Borealis [25], in magnetospheric shock-wave and tail formation,
but also as magnetic island structures affecting fusion plasma transport as well as
current profile control in fusion plasmas [14].

In figures 1 and 2 are exposed the results of magnificent self-organization in
Nature and in the Cosmos. Note that more than four centuries passed in between
the two events realized by Leonardo and Vincent, outstanding artists of the last
millenium.

Y@

Figure 1. “Bethleém’s star”. Drawing by Leonardo da Vinci, propably around
1480 (Windsor, Royal Library).
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2. Self-organization

Self-organization occurs in all areas of science, in our daily life, in atomic, molec-
ular, nuclear and plasma processes, in the formation of stars and galaxies as well as
in the evolution of the universe as a whole [1-3].

In the interstellar medium self-organization could start from small local density
perturbations which develop due to gravitational contraction into density clouds
and by subsequent ionization and nuclear fusion into star formation. Self-formation
in a star occurs under the influence of gravitational forces and the thermonuclear
pressure. Similarly, one tries to form in the fusion laboratories, configurations for
which, by means of magnetic or inertial confinement, fusion energy balances losses
by diffusion and radiation[4-14]. As a consequence of the powers involved, the way to
self-formation of an equilibrium state by self-organization is governed by nonlinear
coupling processes in between the participating variables. In particular the diffusion
is a typically nonlinear process that influences the dynamical behaviour and the
equations used to describe the evolution.

These equations may be cast into a nonlinear partial differential form to describe
the laboratory fusion plasmas and will be developed here in a similar form for the
use of describing the expansion of the universe [3].

Several approaches might, in fact, be used to describe the evolution. The most
general way would be to make detailed investigations of all the elementary nonlinear
mechanisms which lead to self-organization and try to combine all the result into one
integrated picture of complex behaviour [10]. Another way would be to use simple
physical arguments based on numerical models.

A complete description of all the simultaneous detailed features is naturally
outside the scope of any attempt. In the theory describing the combined effects of
gravitation, quantum mechanics and particle physics ambitious scientists started to
talk about the equation of everything in order to obtain a unified theory of nature to
be compared with experimental results. This would still have a long way to go and
the solution to such an equation could hardly provide, as it seems, comprehensive
results,all elements taken into account.

In particular the comparison with experimental results would still remain even
if it is said that the developments in modern cosmology give some hope. .. To us it
seems convenient to make use of a description in terms of “concentrated variables”
i.e. amplitudes and profile parameters [4]. In the present investigation the deduction
is done in two steps, considering cases, where the shape of the solution, (i) does not
change, or (ii) the shape does permit a proper change in the process of evolution.

In the presentation we do not pay specific attention to quantum effects that
may prevail for extreme densities of nuclear condensed matter in supernovas, white
dwarfs or black holes where they may be responsible for radiative effects. Such phe-
nomena may however be said to be accounted for by the values of the “concentrated
variables” and parameters characterizing the dynamics of the system that we de-
scribe.

In the NL PDE (nonlinear partial differential equation) the nonlinearity appears
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explicitly in terms of a power dependence in the diffusion coeffcient on the amplitude
(density or temperature).

An interesting result of the investigation is a simple expression which relates
the NL exponent to the Hubble constant. Our NL. PDE thus provides a dynamic
equation for the universe, which might even be extended to account for the influence
of sources similarly to the case of a hot fusion plasma.

It seems that the convensional form of the Hubble law might have to be modified
by a certain factor introduced by a change in form of the universe in the process of
expansion. This seems indeed to be rather natural for an evolution approaching a
crunch state.

Figure 2. “Starry Night”: 1889 oil painting by Vincent Van Gogh (Courtesy of
Museum of Modern Art, New York).

3. Universal expansion and an extended Hubble law

3.1. Basic NL PDE and solutions

It would be temping to try a nonlinear diffusion type of description for the
expanding universe similar to the one successfully used for particle transport and
temperature conductivity in fusion plasma physics. A formal study could be done
in terms of a quantity u, representing the local density variation in space and time,
u = n(x,t),where

x? x?

664



Fusion and the cosmos

with A = A(t), L = L(t) time-dependent quantities, representing amplitude, scale-
lenght, and where n = n(t) is a time-dependent form factor. As a rule it is sufficient
to keep terms only up to the fourth order in z.

An expression for the quantity of flow could then be written

F = au® auéi’ t), (2)

where a and « are constants.
The form of the nonlinear partial differential equation (NL PDE) governing the
universal expansion can accordingly be expressed

ou 9, du
—_— = e Vo ¥ —_—
or " ox (x " ax) ’ )

where 7 is related to the dimension d as v =d — 1.
Introducing the expression (1) for u into equation (2) and matching the increasing
orders of z%-terms (2°, 2% z*) one obtains the following set of ordinary coupled

nonlinear first order differential equations for A, L? and 7, namely

dA Aa+l

I —2a(y + 5)77 (4)
dL?
? = 2GFAa y (5)

dn A®

If one assumes that the universe expands without large-scale deformation one
has (dn)/dt = 0, and A = 0 in equation (6). Solutions to equations (4) and (5) can

be expressed in the form
A \"
(1=

where for a spherically symmetric universe (d = 3,v = 2)

p = —3Ba+I)7", (9)
v = I'Ba+T)" (10)

and
I'=5(a+2n) — 3. (11)

It should be noted that the quantity L(¢) may be interpreted as a scale-length of
the distribution of matter in space, or as the forward base-point of the distribution
(1) with u = 0 and n = 0, describing the evolution of the temporal outer limit of the
universe. It can, however, also be recognized as an equivalent to the Einstein radius
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of curvature in space (see [3]). It is important to emphasize, in this connection, that
the particular positions of stars and galaxies etc, i.e. their specific z-coordinates, are
now relaxed in the description, which accounts only for the expansion of a smooth
distribution, as a celestial fluid, averaged everywhere over a large number of objects.

The characteristic time ¢’ in the relations (7-8) can be expressed as
L2
= 12

One notices from equations (7) and (8) that A and L? obey the following constant

of motion relation, namely
AN /N2
= _ ) =1 13
( Ag > ( Lo > ’ 12)

where in equations (12) and (13) Ay and Lo denote initial conditions, related if one
so wishes to an instant of the early phases of the Big Bang (¢t = 0, L = Ly).
It follows from equation (5) and the solutions (7) and (8) that one may express

dL ( Ag) (L2)a“/“
V=—=(ad—= )L ; (14)
dt L3 L3
where . r
which can easily be compared with the Hubble law
dL
V= T HL, (15)
ie. I
L=—2_ 1
exp(Ht)’ (152)

where H denotes the Hubble constant. One notices that one has to impose the con-
dition ap/v —1=0or (3a+I')/T" = 0 in equation (14) to obtain the characteristic
linear dependence of the expansion velocity V' on the distance L expressed by the
Hubble relation (15).

As a result one obtains from the expressions (9)—(11) the remarkably simple
relation

(Ba+T)=0 (16)
and from the equations (14)—(16)
P HL
_ - 17
CT T3 T T 3aAy” (17)

which settles the value of a to be @ = 3/8 = 0.375 and I' = —9/8 = —1.125 for
dn/dt = 0 with A =0 and n = 0, using the expressions (11) and (16).

From the expression (17) we notice the interesting linear relationships between
«a and H and also between « and I', as well as the dependence of o on the initial
values of L and A, which agrees with the dimentional form of the equation (3).
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3.2. Extended formulation

The relation (16) corresponds, in fact, to a solution, for which the parameters 7
and v as well as the characteristic time ¢’ reach unlimited values, according to the
expressions (9), (10) and (12).

From the formulas (7)-(12), and considering 3a.+I" approaching zero, the values
of A(t) and L(t) can, however, be obtained for small values of t(Ht < 1), namely

A L
= ]—6I""'Ht <o — =1+ Ht
AO ) ( )7 LO +

as well as from equation (14)

V= b = HLy(1+ Ht).
dt
To obtain a consistant and physically meaningful description by means of the
equations (4)—(6) with (7)—(12), and to use the proper direction of time, related to
the sign in the Hubble law (15), one has to avoid the singularity by an amount e
such that
Ja+T'=—¢ (18)

or
ap/v—1=c¢/I, pu=3/¢, v=—I/e,

where ¢ < 0 or € > 0, corresponding to an open or closed universe, respectively.
One notices from the expression (12) with the relation (18) and 7" = —t' > 0,
e<0,I'<0, a<0 that

L2 r (19)
E = ==
2 AT — 2HT
and o
L t\
—=1|1-= t<T 20
o ! 1/HT
dL t\ L
g (og) —me(n) 2
where the Hubble constant, from the relations (14) and (15) is
Ag
H=alZ), (a<0,0<0) (22)
0
and r
T=— r . 2

As a result one notices that the expansion velocity V' in the equation (21) includes
an enhancement factor of explosive character, namely (1 —¢/7)~! with respect to
the conventional Hubble law. For finite 7', i.e. non-zero ¢ the critical time t =T, is
finite whereas for € = 0, T" becomes infinite.
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It is interesting to notice that the scale-lenght L(t) here used (1), (4)—(6), (8),
(13)—-(15), (21) turns out to be equivalent to the Einstein radius of curvature R(t),
(see [3]). The restriction (16), i.e. 3 a«+TI" = 0 is not consistent with the requirement
that 7' could be finite since from the expression (12) 7" would be proportional to
(3a+T)~! and therefore infinite. The origin of this discrepancy is that the classical
Hubble law has the precise form V' = H L. Slight changes in the form-parameters 7,
etc. would not essentially change this discrepancy, but only introduce small relative
changes in « versus I', which would seem non-consistent with shape-preservation, i.e.
d n/dt = 0, and may be considered more a question of informatics. The conclusion
would be that one has to make an extension of the Hubble law according to the
relation (21), corresponding to an open universe (or for € > 0 to a closed universe),
or to change the form of the NL. PDE equation, which does not seem attractive!

4. Conclusions and discussion

It seems that the NL PDE has support from many corners of science, and be-
sides is more general and possibly more far-reaching than the specific Hubble form.
Further detailed measurements may provide an answer or at least an indication to
this subtle but principally important point. What would finally be the value of the
coefficient o and how would it be related to the time T? From the equations (11),
(18), (19) the simple form for o in the NL PDE (v = 2;d = 3) becomes

HIL? 3
_ 1 . 24
“ 3aA8‘< +16HT) (24)

where the second term in the parenthesis accounts for the influence of a finite value
of T', which also influences I', namely

HI?2 5 \ !
= 91 HT > 1 25
aAg ( * 16HT) ’ (25)
with 2 0
0 = 2 26
aAf 8 (26)

from the relations (11) and (16) for (1/[HT]) = 0, = 0.

For an infinitely large value of 7" one recovers in (24) the value o = 3/8 from
equation (17). The relations (24) and (26) are particularly interesting since they link
together v with the Hubble constant H, with T', and with the initial values of Ly
and Ay as well as with the linear diffusion coefficient a, see expressions (2), (3). The
relations (24), (25) refer to an open universe (¢ < 0). For a closed universe the signs
in the parentheses of (24), (25) should be changed.

One might imagine to use our formulation even to model how a turning, i.e. a
reversal of the expansion, could be described. Before reaching a critical domain, or
a crunch, we could assume that the universe did not change in shape with time,
which meant that dn/dt = 0, with n = 0, corresponding to A = 0 in the expression
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(6) and I' = —9/8,a = 3/8 from the relations (11) and (16). Now approaching a
crash this cannot possibly be true. The conditions have to be changed. Near the
“turning” one would expect not only € = 0 in (18) but also I' = 0 and o = 0 from
the relations (14)—(16), which happens for a particular value n = 0.3 in (11).

The turning would then be described by a transition from dn/dt = 0 with n =0
(I' = —=9/8, a = 5/3, ¢ different from 0) to dn/d¢ different from 0 with n = 0.3
(I'=0, =0, e =0), and with a reversal in time to return to the previous shape
and distribution (backwards in time!), not a detailed one of course, but an average
one. That means to return by contraction and compression, and by heating up the
matter to the state of the original Big Bang from the intermediate Big Crunch!

Enormous amounts of matter may be concentrated, in both or either of these
limits, forming a hot plasma, ejected particles and radiation of X-rays, neutrinos etc.
Perhaps, it would mark the beginning of a new phase in the motion of the “cosmic
pendulum“, an oscillating universe, where the masses of ejected dust and crashed
matter would again form new galaxies and stars to be thrown out in space, with
enormous forces to later on contract again into a small total volume and form the
beginning of the next universe and so on. But that is another story!

One may, however, consider the Hubble expansion as a specific manifestation of
what could be considered, in a more general sense, nonlinear cosmodynamics (NL
CD). The above analysis may be seen as an attempt to approach such a description
by means of a certain form of nonlinear partial differential equations (NL PDE).
It extends ideas based on a recent paper by the author [2], relating fusion plasma
physics and gravitation.
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TepMosaepHUn CUHTE3 | KOCMOC

BinbrenbmcoH

Kadepnpa enekrpomarHeTuamMy TEXHOJIOMNYHOIO yHiBepcuTeTy Xanmepa
i acouiauis EBPOATOM,
SE-41296 letebopr, LBeuis

OTpumaHo 16 6epesHsa 2004 p.

Ocob6nmBa yBara B 4aHOMY A0CHiOKEHHI NPUAINAETLCS POJli caMOOopraHi-
3auii y pisnui TepmosaepHoi nnasmu i y BeecBiTi. MNpeacraBneHo HOBUMN
nioxig, 4o npobnemn po3wmnpeHHs Beecsity. dopmManbHO po3BUHEHUN
nigxig rpyHTYETLCA Ha JOCBIAiI, OTPUMAHOMY NMPU BUBYEHHI rapsa4yoi Tep-
MosaepHOoi nnasmu. My BpaxoByeEMO MOXJIMBICTb TOro, Wo BcecsiT, Ak
BMOAETbLCS, MOXE MaTWu CKiIHYEHNI Yac XUTTS (HaBITb AKLLO paxyHOK ae
Ha MinbsipAM POKiB), Ta NOEAHYEMO LIE MPUMYLLLEHHS 3 EKCMEPUMEHTASTb-
HUM $aAKTOM, WO WBUAKICTb PO36iraHHs BiagaNeHnX ranakTuk nponop-
uiHa go Bigaani Mix HUMKM (3akoH Mab6na). Ha ocHOBI aHanidy HeogHO-
pigHOro andepeHuianbHOro PiBHAHHA Yy YaCTUHHUX NOXIOHMX HaM BAa-
10CH OOBECTY, LLLO KPUTUYHE 3HAYEHHA NOKa3HMKa NoB’a3aHe 3i cTanolo
lMa66aa NpPocTUM JiHIMHKUM chiBBigHOWEHHAM. BusisneHo, wo mactab,
KNI MM BUKOPUCTOBYEMO $IK Mipy PO3LUMPEHHSA BcecBiTy, € ekBiBaneH-
THUM [0 EMHLUTENHIBCbKOrO pagiycy KpMBM3HU. 3 KiHLLEBUX Pe3ybTaTiB
BUMIMBAE, WO 3akoH Mab6na cnig JOMOBHUTU MHOXHUKOM, KU MOXe
MaTn BMOYxonoAibHy TEHAEHLi0 pocTy 3 YacoMm (BiakpuTtuii BcecsiT),
abo cnagHwii xapakTtep (3aMkHeHuin BcecBiT). OBroBopoETbCH MOXIN-
BiCTb 0OOPOTHLOIrO PO3LWNPEHHS abo ocumnoloyoro BeecsiTy (Kocmiy-
HUI MasTHUK).

KniouoBi cnoBa: camoopraHisadisi y BcecBiTi, 3akoH Xabbna,
ocuwnoYni Bececsit

PACS: 98.80.Es, 91.01 Qm
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