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Abstract
A review of the cosmological term problem is presented. Ba-
by universe model and the compensating field model are discus-

sed. The importance of more accurate data on the Hubble constant
and the Universe age is stressed.
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Two major problem in particle physics originated from cos---
mology. The first one is the hidden mass problem which presentéﬁ
a serious challenge to experimentalists. Unfortunately, théi
chances to observe the hidden mass particles directly are negli-i

gible for a good lot of existing hypotheses on their nature. In-

a sence the problem of cosmological constant can be connected-
with the hidden mass problem because the corresponding vacuué;
energy may, at least to some extent, provide the hidden mass. Ofi
course, the 1mp11cat10n of cosmological constant is much widefw

than that. One can expect that the understandlng why the cusmo@;
logical constant is so small in the scale aof the particle phyé?
sics will have tremendcus impact both on quantum field theorif
and cosmology. The discrepancy between thearetical Expectatinn;g
for its value and the cobservational upper bound are 100-50 DF;E
ders of magnitude. This is a singular exampie when theoretxcaf‘
order of magnitude estimate differs by such an enormous amaunt~
from the real world. But we know that scientific development xsﬂ
based on contradictions between theory and experiment, so “theE
worse the better”, this huge contradiction may lead to a greaéi
discovery as, for example, the observed stability of atoms hégz
lead to quantum mechanics.

The cosmological term was introduced into Gereral Relativi

‘ty equations by Einstein in 19182
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Ruv—1/2guyR=81GnTus +Ague (1

The right-hand side of this equation is a source of the

gravitatinnal field tensor Ruavas (Rieman tensur) in (almost) the

nl"’.liimllm

same sence as eiectrumagnet1c current Ja is a source of the Max

well field tensor Fu . The first term in the r.h.s., Trv,

i
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the energy-—-momentum tensor of matter and the second one, A.guv
is the cosmological term.

The l.h.s. is kinematically conservered
DH(R:—IfZQvR)ED )

This implies the conservation of the r.h.s. It is usually

| assumed that the energy—mcmentum tensur uf matter 15 cunserved




DuTy=TH;, = O (3)
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: This is true if one starts with a Lagrangian Field theurEE
in which Tuy is defined as functional derivative of action withks

respect to metric:

Ty -8 =74 Sguv = -5727—-’ gd“ N s | (a3)

there scalar function L is the Lagrangian density. In

Vfﬁfs case the second term in the r.h.s. must be also conserved;.

‘and since guvsx = 0 then
A= const (3

The cosmological term can be interpreted as vacuum ener.

gy—mnmentum tensor

i Tuyveacs PV-=gua= A guv /BuGn &)

,Th1s is the only tensor compatible with Lorentz invariance

~and in fact vacuum energy calculation in quantum field theorys

—gives the expression for Tuyvas of this form. Thus there capit

}ex1st nonvanishing vacuum snurce of gravitational field in cong
trast to, say, electrodynamics where nonvanishing vacuum cur:

rents juve==0 break Lorentz invariance.

= Einshtein invented cosmological term in order to get a sta=“

= lIII

“tionary cosmological model. He noticed that eq. (1) with A= -?

does not have stationary solutions for homogeneous and isntropif

‘distribution of matter. N term was introduced to compensate—
-Qravitational attraction of matter on large scales. But later or

it became clear that the Universe is nonstationary, it expand'

'énd Einstein rejected the idea of A -term considering it to ben:
the greatest mistake of his life. This term is permitted by gE-u-
neral covariance but no other excuse for its existence wa§g§
known. The principle "everything that is not forbidden is per -z
mitted" was not operative in physics at that time. Neverthelessn:

Le Maitre advocated very much the existence of cosmological cons

HI
“Etant and as_we understand it now, he was right. Guantum _ F:elﬁi

~theory-demands- nonvanishing- vacunm*energyrwh&:h“must-berﬂﬁiﬁﬁﬁﬁﬁﬁ
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tlcally larger than the observed upper bound. The nfirgt physi;
cist who understood the problem was to my knowledge G.Gamov. In
his letter to A.loffe in 1930 he wrote about the gravitaticnal
interaction of the Dirac sea. The hystory of the problem starts
from the paper by Zel’dovich *? where it was explicitely stated
that zero-mode oscillations must gravitate and the contributions
of bosonic and fermionic degrees of freedom might be cancelled
out.

It is well known that the ground state energy of quantal

oscillator is nonzero

Ea = w/2 -

where « is the oscillatior frequency. -

In quantum field theory the field is represented by an ing—
finite set of oscillators in every space paint with all pnssiblé“
frequences ». Hence the energy of the ground state, i.e. the va-'

cuum energy, is equal to

Peac=Ecac/v=sas2--> Sd’p/(2v)3wp/2 = oo (7)

which is definitely larger than zero. Here op = Jp*Fm>*, and

T HI AT

m is the mass of the field quanta.

The lucky circumstance is that the fermionic contribution
into ij-= is of the opposite sign. So if there were an equal
number of bosons and fermions with the same masses (in pairs)
the contribution of quantum fluctuations into total vacuum ener-
gy should cancell ocut. Such a symmetry between bosons and +ermi-_
ons is called supersymmetry. There exists a formal proof that in.
the limit of exact supersymmetry vacuum energy must vanish. Buf
we know from experiment that supersymmetry is not exact. Masses
of bosons and fermions are different and superpartners of the
known particles, if exist, must be as heavy as at least several
GeV.

I+ supersymmetry is broken spontaneosly then vacuum energy
must be nonvanishing and be of the order of meusvy where mesusvy is
the mass scale of the supersymmetry breaking. Presumably mesusvy >

—100 GEV and correspondlngly J?va: } 10' Gev4 Th15 cnnclusiun;

—can-be- avaxa ed=1f- sypersymmetrydzls—-lucal, 1. e, the-—égaﬁetry



transformation can be done in different space—t:me pulnts indé;?
pendently. To compensate the action variation due to d1{+erencé:
of the transformation in different points one has to add into
the theory vector fields and, what’s more, massless tensor field
with spin 2. The latter is the graviton field. So this theory
automatically includes gravity. In the supergravity frameworks,
even if the symmetry is broken, vacuum energy may be zero. There
exist models in which vacuum energy rather naturally vanishes nnl
the classical and one-loap level but no explanation is found for
the vanishing of the higher order quantum corrections. This 'is;:
sug is discussed in some detail in the recent teview paper =¥
where one can find the corresponding list of references. Th154
review is much more exhaustive than the present talk and may he—
recommended for a deeper study of the /\—term problem. My aim’

here is to give an elementary introduction to the subject digesri

table to experimentalists and astronomers. i

Thus supersymmetry let one expect that vacuum energy is fif 
nite but gives by an crder of magnitude estimate a very huge
number for it. No specific mechanism 1leading to vanishing u;?
javnu in the frameworks of supersymmetric thenriéé has yet béeﬁj
found. ==

Advent of gauge theories with spontaneousdy broken symmetry:
.has produced another scurce of contributions intoc vacuum energy:i
The phase transition from symmetric state to the state with bro--

ken symmetry is accompanied by a change in the vacuum energy =
4Tay =Af> D (B8)

where 8P cur = 10°° GeV* for Grand Unification models, §
Af)gu_10= GeV* for electroweak theory, and ﬂj’ucnzo.l GeV* for’
quark—hadron phase transition in quantum chromodynamics. These
phase transitions took place in the course of the Universe ax -
pansion and cooling down <=4 g to get vame=0 today the Cre-
ator must prepare the initial state with va.¢#n and with such:
an accuracy that the subsequent phase transitions would cancell
it to the degree better than 107299, which clearly seems to be a
difficult job. i

I would like tn stress that there de¥1n1tely axists nnnzecnﬂ

. ——————— e mima o s B L D TSR S R [ S SR S L e ram—

—contribution 1nto vacuum energy Df the arder-aof 0.1 6ev4 frnm*



gluon condensate o?

“Buv GHY > £ D

The existence of this condensate is, in a sence measured

experimentaly. So the situation 1looks absolutely crazy since
this contribution must be exactly cancelled out either by vacuum

energy of some other field or by real cosmological term adjustedi

to f)vnc with accuracy better than 10-=°, -

Up to the present day no convincing resolution of__Egé:

,A—ierm problem is known. There are several possibilities diss<>

il

cussed in the literature, but no one is absolutely satisfactory.”

A list of possible ways of the solution which is by no means:

i

complete looks as follows:
1. A compensating field (like axion?).
2. Baby universes.
3. Anthropic principle.
4. Modification of gravity.

S9. T ...
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The order reflects my own preferences which may not coinci

de with those possessed by some other physicists. In what fol.-

—

it

lows the first two cases are mostly discussed and only a fe

e

comments are made on the last ones. Thaose who are interested

e

them are addressed to review 2*_, One thing which is definite

that the cancellation of the cosmological term is a low energ

!

il

phenomenan which is operative at long time and distance scalea.«_

Modification of gravity does not seem very appealing to m%i
because General Relativaty is a too nice theory to be spniled:E
But who knows... It may be premature to judge about the bgé&f@i

of not yet existing modification.

i

Anthropic principle states that the Universe must have ap-

propriate conditions for life otherwise there would be no obser

il

ver who could put a question about e.g. cosmological term. Using

this idea S.Weinberg *’ has found the upper bound on the (posi:_

—_—

tive} wvacuum snergy density jDV-= £ IDDJQm, whereufn-is the CDH{:

|

temporary energy density of matter in the Universe. With a lar-_
gerfDV-c the Universe expansion rate would be too high to permité
—the galaxy formation. A comparable (by the absalute value) bound-

is wvalid for negativefqv-=~since very.}gzgg:&%fir-c)”*Nuuld;;ﬂéég




sult in too small time duration from the Big Bang till recollap-
se.

As was claimed by Linde ¥* anthropic constraint on the wva-
cuum energy density can be made as strong as JDwmm % 1G—ro000
g/cm™ if one assumes the validity of chaotic inflation scenario
with eternally existing Universe aﬁd eternally and continuously
existing Life.

Arguments using anthropic principle would be more close to
religion than to science if there were no chances for existence
of universes (or parts of the Universe) with quite different
conditions, physical laws, and so on. In the approach based on
the baby universes different values of the so called fundamental
constants like particle masses, coupling constants, and at last
A-term can be realized. Thus it can give a justification of
anthropic principle. In fact one expects even more. Baby univer-
sg model may permit to calculate the probability distribution
for all the constants and so makes them caculable. In particular
the probability of wvanishing A—term is claimed to be infinitely
large in comparison with all the other values of A . Here 1lies
an essential difference between the baby universe model and the
compensating field model. The latter predicts that vacuum energy
is not exactly cancelled out but only up to terms of the order
of me1Z2/t2 j. e, of the arder of the critical energy density. So
there is a way to distinguish between these two models.

Before going into further theoretical details I shall bri-
efly comment on the present observational status of A-—ter’m. IFf

/\=B the Universe age can be expressed as follows
tu & Hom*/{1+1/240)=9.8 Gyr hﬁ$lt1+1f24&) &)

where Ho = (100 ke/s/Mpcihica is the Hubble constant and

':1=JO /f = is the ratio of the average energy density in the Uni-
verse to the critical energy density f3==3H=!8nG. Inflationary
universe model predicts Q=1X10-*., Observations give a smaller
value 0=0.130.3 but they are sensitive to the clustered matter
aonly and not to that uniformly distributed. For the latter the
result presented here by Rowan—Robinson is valid which is

n=D.7:j% - The chances that inflationaty model is true are very

high so it zseems safe to assume that ao=1. It was stated by Feeb-

e e e ———



les in his summary talk at this conference that hiea=0.45+0.15
s0 if /\=D the Universe age must be smaller than 13.5 Gyr. As
Rood and Schramm have told us the age of globular clusters and
nuclear chronology are compatible with 12 Gyvr < tu < 1B Gyr. So
we are still uncertain. If however the bound «claimed by Roc-
ca-Volmerange, tu >17 Gyr, is valid we either have to admit that
A#0 or A =0, hioco=0.5 and 0=0.1 i.e. the inflationary model is
wrong. Constraints on decceleration parameter, ge, presented he-
re by Guiderdoni and Triay seem to be in favour of nonvanishing

A but systematic errors could be large.

Nonvanishing neutrino mass can help to resolve the problem

because the Gerstein—-Zeldovich bound
my <400 eV (9.8B Gyr/tu -~hiool) =2, (10)

if we are lucky, may be violated. That would mean that
/\—term is not zero. The positive result on neutrino mass obta-
ined by the ITEP group is still neither confirmed nor rejected.
Hopefully it will be done (in one or other way) in the nearest
future.

To conclude the modern data seem to trend to a nonvanishing
l\—term but of course they are not decisive.

The idea that the cosmological constant is most probably
zero originated from the Hawking’s paper 2*, Shortly his argu-
mants are the fellowing. The probability of a field configurati-
on is assumed to be defined by action § in Euclidean space-time
which is achieved by analytic continuation to imaginary time,
t=it. S is taken to be the Einstein action with A —-term and

without matter:
g5 = (m:ffiérr)Sd“ng(—R+2A) (»

It is also assumed that guasiclassical approximation is va-
lid s0 S is calculated on the solution of the classical equati-
ons of motion. In the case under consideration the latter are
the Enstein equations and their solution is the four—dimensional
Euclidean sphere with radius {374 (if A > O). Hence, the acti-
on.is (Sea=-Imm%,/A and one could expect that the probability
of: the cosmological-term-being equal-to A_in

.a.universe is T



We~ expilimm= 3 =
P'L Pc/A.r (1 )

So universes with vanishingly small A are infirnitely maore
probable than any other.

This result heavily rests on the Euclildean approach and
the sign nondefiniteness of the gravitational action. In a sence
these two statements are contratictory. The continuation to Euc-

lidean space iz made in order to achieve the convergence of the

integral over fields by transforming the nscillating Ffunction .

exp(iS) into the decreasing one, exp(-5). But this is not the
case if S is not positive definite. One hopes however that the
method is nevertheless correct and will be justified in the fu-
ture.

Another objection against this result is that A is not a
dynamical wvariable in this approach but a constant. To overcome
this the third Quintized theory cof baby universe was proposed
(for the list of references and the detailed review see paper
**). This is an absolutely new theory which does not follow from
gquantum field theory (second guantized theory) as quantum field
theory does not follaow from guantum mechanics (first quantized
thecry) and guantum mechanics daoes not follow from classical
mechanics. Still some analogy between lower and higher guantized
theories is kept. Guantum field theory is constructed as gquantum
mechanics of a system with infinitely many degrees of freedom
when the value of a field in any space point is considered as
quantum variable. Third gquantized theory deals with whole uni-
verses in any three—geometry. Fundamental objects in quantum fi-
eld theory are elementary particles and those in third quantized
theory are universes. In analogy with particle creation—annihi-
lation operators ap and ae one introduces universe creation-an-
ntihilation operators AI and A, where index ; refers to different
kinds of universes.

It iz assumed that only small size baby universes (1a mj% 3
are essential for our Universe. The formation of large scale
universes is suppressed as exp(—mﬁmlz)_ Whether this is the case
or not is still an open question. Ancther assumption is that the
interaction between the baby universes is negligible and so the

action is the bilinear function of A,_and'at{;:in»;:,
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5 = TLfsAsA,

Here f, can be represented as the ingegrals over whole spa-
ce—time (to be more exact, over Euclidean four dimensional spa-

ce) of scalar functions L,:

fs = Sd“xd‘gL,

This follows from the condition that baby universes do not -
posses nonvanishing energy and momentum because they are closed.
By the same reason they do not posses any conserved charge. Fun-
ctions Ls depend upon the properties of the baby universes and
are of the form

La = 2A-R,

La =m¢y,

Lz = gV« ¥ }=¢ , etc

Averaging over small size baby universes gives an effective
Lagrangian in our large Universe. One sees that all the "funda-
mental constants” like m, g, etc. can have arbitrary values de-
pending upon the average < AtA, >. The latter generally are dif-
ferent for different large universes.

Nonrenormalizable couplings like, e.g. (??’ )2 must also
be present. Their absence at the available energies is probably
explained by their power law rescaling, -~ (E/me1)", whereas re-
normalizable couplings rescale as logarithms of energy.

Now cosmological constant has become variable so one can
talk about its probability distribution. Of course, in one uni-
verse f\ =const but it can be different in different universes.

Summing over all noninteracting baby universes ane gets an
extra exponential in comparison with eq-(12) and obtains the

following probability distribution
W exp{exp(3wm%!//\ >3 (13

This result and to the large extent the method belong to
Coleman 31©7,
The theory seems to be very promising. All the fundamental

constants mighthbe calculable quantities if their thet

r-probabi -




lity distributions prove to be peaked at some specific values as
it was demonstrated for A.—term. At the moment however the way
seems to be long and hard. First of all the validity of Euclide-
an approach and quasiclassical approximation can be questioned.
Universe behaviour in real (not imaginary) time is obscure. If
the Universe was created with the characteristic Planck scales
how was it sensitive to a quantity which is more than one hun-
dred orders of magnitude smaller? And at last but not the least
how the objects which do not interact with our Universe, since
their energy and momentum are zero from the point of view of ob-
servers in our world, can influence the Universe evolution? All
these questions reflect our poor understanding of the relation
bptween real and imaginary time.

Now let us turn to the compensating field models. The idea
is extremely simple and is the fellowing. The curvature of spa-
ce-time is assumed to induce the formation of a classical field
condensate which by its back reaction cancells ocut its own sour-
ce. As a result the exponential expansion of the universe turns
into power law cne. As a toy model let us consider the theory

with the lLagrangian 12>,

L=- M= /16w{R-2 A )+1/2(f...f-°=—3Rf=) (13)

It leads to the following equation of motion of scalar field fs
faoam + ? Rf =0 {15)

If R <0, long-wave fluctuations of f are unstable and
there exist rising solutions of this eguation. This rise is ex-
paonential while the total energy-momentum tensor is dominared by

-

the vacuum term Tu}x(/\ﬁl'/sn) On 2
expi{-3/2+ {97812 23 YSA7E 3 (1&)

The solution may be taken spatially homogeneous hecause the
Universe expansion an~nexp(JA/3 t) quickly smooths down the inho-
mogeneities of f. When f becomes large its contribution into T,

must be taken into account. Using the Einstein equations one ob-

tains



SA M=+8w (63 ~1) =
R= (17

M=+8w ’2’ (62 ~-1)¢=

With encreasing f, R becomes smaller and the exponential
rise of f slows down. At large t FEFAME, R t—=2,
H=a/ant~*- Thus we have got the desired result that the sc
factor behaves as a power of t, a~ t%, Unfortunately this is
hieved by the price of vanishing of the gravitational coupl

constant:
G(t)-—-(nﬂ—awz -Fﬂ)—‘m/\"‘ (Mt)—= {183}

To get the presently measured value EN:mE?=1G-=- GeV—2 one

has to assume that
M 2= mess A tu) (19}

where tu X 5-10'7 sec is the Universe age. Of course, in

such a naive version the madel can not stand cosmological tests.
In particular there exist a very strong upper bound on possible
time variation of Gw. The bound might be avaded i+ there would
be a conspiracy between time variation of different coupling
constants and masses. Probably the model of this type can he
worked out. An idea of consistent variation of masses together
with G(t) was considered by Fujii 22>,

The problem of vanishing of Gu(t) persisted in the models
with more general coupling of f with gravity as it has been
shown by Ford *3’, Attempts to resolve it with the help of the
canformal anomaly did nat prove ta be very succesful 12.1248> 14
was claimed in ref.*®™ that in thearies with torsion one is able
to get rid of the cosmological constant along the lines conside-
red without destroying gravity.

Another attempt to save gravity was made in a madel with
vector field Va instead of scalar one ***, The Lagrangian has

the foarm



L =1/3F«eF=®+1 /2 (DaV=) 2 +'3R(m? 716w)1ln (1+ V’/m:) 20

where Fas=daVe-3,v. i5 the field strength. Potential of
this type may arise due to radiative correction. In this model

field Vn is unstable and asymptotically increases as
Vi~ Sue(At + Bt—*) (21)

Its back reaction céncelis out vacuum energy so that RAt—=2

and H~ t—=*, In contrast to the case of scalar field, energy-mo-
mentum tensor of Vu is asymptotically prupurticnel to guew sO
that ail the components of the total energy-momentum tensor go
down as the Univers expands. Effective gravitational coupling

constant decays only logarithmically,
G=** (L) = Em§+mT1n(1+th=)]“ (22)

which may be consistent with observations.

Energy density in this theory is not positive definite but
field quantization over classical background (21) seems safe.

It is noteworthy that the cancellation of cosmological term
in such models proceeds anly on large scales comparable with the
horizon. In fact gravitational field drives the Fformation of

condensate of f or Vu if it is homogeneous at the distance
1 > mzznplzl)-nm (23)

where f) is the energy density. So gravitational field of
usual astronomical bodies is not influenced by this mechanism.
It could only be essential in black holes.

All the models considered have the common feature that the
vacuum energy is not completely cancelled out but only up to
terms which give rise to the power expansion law. It seem to be
the generic feature of compensating field models. This could
change the standard scenario of the Universe evolution, influen-
ce large scale structure formation and so on. The cosmological
models with wunstable scalar field have been considered in

refs.*¥-3® and by Sato at this meeting. In the frameworks of



such models large values of the Hubble constant and the Universe
age can be compatible.

In this short talk I am unable to cover many other interes-
ting possibilities. Their large number shows the importance of
the problem as well as it is still far from the resolution. I am
not so optimistic as to believe that it will be solved to the
next conference but I hope that it will be done in this milleni-
um and in one of the futwe Rencontres de Moriond a single and

correct model of A —term cancellation will be presented.
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