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COSMOLOGICAL ASPECTS OF SUPERSTRING MODELS 

Pierre Binetruy 
LAPP, BP. 909, 74019 Annecy-le-Vieux Cedex, France 

ABSTRACT 

I consider more specifically the cosmological aspects of 
supersymmetry breaking in "superstring models" (grand 
unified models which are believed to describe the effective 
theory obtained by compactification of superstring theor. -s). 
The most interesting aspects are related to the presence ' 
flat directions in the scalar potential (vacuum degenerac . ) . 
These flat directions are discussed both in the hidden secLor 
of these models (do they give rise to inflation?) and in the 
observable sector of quarks, leptons and Higgs particles, in 
connection with baryogenesis. 

Superstring theories being theories of gravity, the possibility 
of testing them in the laboratory seems remote, as long as the effec
tive low-energy theory is not known in its full details (the scales 
in consideration here are some 16 orders of magnitude below the typical 
superstring scale, of the order of the Planck mass Mp-). It even 
regains possible that the low energy theory is basically the standard 
Glashow-Weinberg-Salam model (or rather its "supersymmetric" version), 
all other superstring remnants decoupling at scales much larger than 
I TeV. If this is the case, the early universe might prove to be a 
useful place to study the behaviour of these theories at scales inter
mediate between 1 TeV and the Planck mass. Probably the most specta
cular effect of superstring theories on the evolution of the early 
universe is the contpactification of the six extra dimensions. 



2) Let me recall briefly that superstring theories must be defined 
in the critical dimension of 10, if one wants to maintain conformai 
invariance on the world-sheet . The different physical states are 
associated with oscillations of the string. In particular, the bosonic 
massless states are : the graviton, a scalar field which is a dilaton 
and an antisymmetric tensor field. The field theory limit is a Yang-
Mills theory coupled to N=l supergravity in 10 dimensions. The 
gauge group is almost uniquely determined by the requirement of the 
cancellation of 10-dimensional gauge and gravitational anomalies . 
As is well-known by now, this restricts the choice to E 8 * E 3 and 
S0(32). SO(32) has phenomenological problems of its own (ic yields 

4) only vector-like representations ) and I will concentrate upon EHx E e. 

Clearly, during the early evolution of the Universe, compactifi
cation of six dimensions must occur. The 10-dimensional manifold is 
therefore effectively the product of a 4-dimensional Minkowski space-
time and a 6-dimensional compact manifold K. It is a desirable 
feature to conserve supersyiranetry through the process of compactifi
cation. The reason (which is unfortunately only a technical one) is 
that supersymmetry is the only known way to account for the hierarchy 
problem : why is the low energy effective theory stable under radiative 
corrections when scales of order M p. are present? It turns out 
that, in the case where supersyrranetry is conserved down to low energy, 
large radiative corrections from superheavy particles cancel between 
supersymmetric partners. The requirement that one supersymmetry 
remains intact through compactification imposes in turn constraints on 
the choice of the compact manifold. Two favourite candidates seem to 

4) 4 6) 
have emerged in the last year : Calabi-Yau manifolds and orbifolds ' . 4) After compactification, one ends up with a 4-dimensional Yang-Hills 
theory, the gauge group being of the form K x G subgroup of E 8 * E a. 
Matter fields are singlets under K ; the only fields non-singlet 
under K are the gauge fields of K (in the adjoint representation) 
and their supersymmetric partners (gauginos). They interact with the 
matter fields only through gravitational interactions and therefore form 

An evolving string spans a 2-dimensional surface, known as the world 
sheet. Conformai invariance^) is needed in order that the longitudi
nal modes of the string decouple from physical amplitudes. 



a hidden sector. Ordinary quarks and leptons are to be found among 
the matter fields, non-singlet under G. Therefore, G must include 
the known gauge interactions SU(3) x SU(2) x U(l). In the case of a 
compactification on a Calabi-Yau manifold, G is E 6 or one of its 
subgroups. It is useful in this case to describe the field content in 
terras of the underlying E$ symmetry. The matter fields are in N 
(number of generations) complete 27 representations plus pieces of 
27 + 27 (determined once is known the way E E , or rather E B , is 
broken to G ) . 

In the description above, I have distinguished three levels and 
correspondingly three mass scales : i) the string level at a scale 
M = T 3 / 2 (T string tension) ii) the (10-dimensional) field theory 
limit characterized by the Planck scale fL. iii) its compactified 
(4-dimensional) version at a scale M ; M is also the scale 

comp. comp. 
where all the gauge couplings are equal : we therefore have effectively 
a grand unification of the gauge interactions and M = M-,_. It is 

b comp. GUT 
not accurate however to separate three stages because all the scales 
turn out to be of the same order: 

(O 

The reason * is that in a string model there is only one dimensionless 
parameter. This parameter can bs chosen to be the gauge coupling cons
tant at grand unification, whose magnitude Is fixed by phenomenology. 
This in turn imposes the constraint (1). To be complete, one must say 
that ccmpactification introduces other dimensionless parameters and one 
has to make some other reasonable assumptions (e.g. the string theory 
is not strongly coupled) to reach the same conclusion. 

Unfortunately, a constraint such as (1) relates the process of 
compactification to the dynamics of string (M ^ M ) and as long r * •=• comp. s 
as this dynamics is not known at the quantuir level (string field theory?) 
it is difficult to study the evolution of the universe during this epoch. 
Similar difficulties arise from M ^ VL,, because we do not know 

c omp. TI 
yet the exact form of the gravity theory tb.6t emerges from superstrings MN (higher order terms in the Lagrangian R*, F R . . . ) . 



-4-

In the following, I will concentrate upon a phenomenon of basic 
importance for low energy phenomenology and which occurs at scales 
smaller than the common scale (I) : the breaking of supersymmetry. As 
mentioned earlier, one supersymmetry must remain intact after compacti-
fication if one wants to avoid the hierarchy problem. The effective 
theory below M is therefore a 4-dimensional Yang-Mills theory comp. 
with matter fields coupled to N=I supergravity. At which scale is 
supersymmetry broken and in which way? This question has been much 
studied in the general case of supergravity but the raodels that emerge 
from superstrings ("superstring models") have some special features 
that make it a rather delicate matter to study. 

We know that supersymroetry is broken at low energy and finding the 
supersyninetric partners of quarks and leptons would give some first hand 
information. But cosmology can also give us some valuable clues about 
supersymmetry-breaking. And in that respect flat directions of the 
scalar potential (vacuum degeneracies) play a special role : they are 
lines (surfaces) in field space, running to infinity, along which the 
potential V is zero. 

Certainly, in a non-supersymmetric theory, no one would pay atten
tion to these flat directions : radiative corrections lift the corres
ponding vacuum degeneracy and the so-called "flatness" is only a tree-
level property which has no intrinsic meaning. This is not the case in 

9) . a supersymmetric theory and one can prove , in connection with the non-
renormalisation theorem , that flat directions remain flat, to all 
orders of perturbation. It follows that the appearance of a structure 
in a flat direction is a sign of supersvmmetry-breaking. In supergra
vity theories, the order parameter for supersymmetry-breaking is a 
priori the gravitino mass m 3/2. Therefore the details of the structure 
are in principle of order mj/2* One should be careful however 'in the 
case where there is a hidden sector. Strictly speaking, TO3/2 deter
mines the scale of supersymmetry-breaking in the hidden sector. It is 
possible (and it is indeed the case in superstring raodels) that a diffe
rent scale m sets the scale of supersymmetry-breaking in the obser
vable sector of quarks and leptons (G sector, in our notations). Of 
course, m is a function of Qj/ 2 (typically m = m 3 ^ / M ^ ) since 
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the signal of supersymmetry breaking is a massive gravitino. The mass 
of the Higgs scalar responsible for SU(2) x U(l) breaking is also 
given by m. Since we know at which scale this breaking occurs, we can 
put a severe constraint on m : 

m «= 0(1 TeV) (2) 

If a flat direction appears in the potential of observable scalars 
(Higgs), the structure that is induced in this direction by supersyui-
metry breaking scales as m. If this determines a ground state for 
which the vacuum expectation values (vevs) are much larger than 1 TeV 
(as in the case in superstring models), we obtain almost flat direc
tions in the scalar potential. It is well-known that such a configu
ration can have striking effects on the evolution of the Universe : 
for example, the evolution of a scalar field along such a direction 
might lead to an inflationary epoch or conversely (depending on the 
time at which it occurs) to a late release of entropy that endangers 
the successes of the standard Big Bang scenario. 

I will in the following concentrate upon the costnological evolu
tion associated with these flat directions- It is at present one of 
the best ways to study supersymmetry-breaking in superstring models. 
As I will discuss in Section 3, it is of particular relevance in these 
models because the question of supersymraetry-breaking is still an open 
one (in particular the way it is transferred from the hidden to the 
observable sector). I then discuss in Section 2 flat directions in the 
hidden sector and whether their presence in the model leads to infla
tion. Finally, in Section 3, I turn to flat directions in the obser
vable sector and study their connection with baryon number generation. 

I. SUPERSYMMETRY BREAKING IN SUPERSTRINC MODELS 

I will first discuss two flat directions of the scalar potential 
which are of particular relevance for our discussion. From the pre
ceding comments, it should coase as no surprise that we chose to start 
this way to discuss the breaking of supersymmetry. 

One of these flat directions is present even at the string level. 



It is associated with the dilaton field 0, which, as we Baid, is one 
of the massless bosonic modes of a string. It turns out * that, at 
the classical level, all S matrix elements have the same dependence 
in 0 . Therefore all (J> vacua are related to one another by a sym
metry (a rescaling of 0 amounts to a rescaling of all tree amplitudes 
or, in field theory language, of the Lagrangian itself). And the po
tential of the dilaton is flat. 

The second direction is connected with compactification. There is 
a field T (called "breathing mode") associated with the fluctuations 
of the overall size of the compact manifold K. If we consider the 10-
dimensional metric g (m,n = 0,...,9), its dependence in T reads: 

- • ( " - , 
(3) 

with u,v = 0,...,3 , M,N = 4,...,9 ** . 
The potential of T is also flat. In other words, two compact mani
folds of the same shape but different size are equally preferred. 
The presence of such flat directions is certainly a drawback of the 
model. To give a hint of the problems that arise, let me write 
some terms of the Lagrangian in four dimensions: 

e 2 4 uv (M 
where 

S = T 3 4T Z, (5) 

pv R is the curvature of the 4-dimensional space-time and F i m the 
Yang-Mills field strength. 
If S has a vanishing potential, the first term in <Sg ' tells us 

For the simplicity of the discussion, I am working until further no
tice with units where the string scale is I (see ref.8 for example). **) 
The dependence of the 0...3 components of %mn on T is only a. con
sequence of the fact that we chose to have the same value for the 
Planck mass in 4 and 10 dimensions. 



that S is a Brans-Dicke field with 0) of order ]. This is ruled out. 
Also from the second term in (4), ve find that the gauge coupling (in 
4 dimensions) ib given by 

i- = S. (6) 
g 

If S has no definite ground state, g has no preferred value and the 
model is not determined. 

We said earlier that such a degeneracy is not lifted, to all orders 
of perturbation theory. We therefore need to include some non-pertur-
bative effects. 

Affleck, Dins and Seiberg have made a thorough analysis of 
supersymmetry breaking through non-perturbative effects. The review of 
numerous cases led them to empirically conclude that only two cases 
are possible : 

i) the degeneracy is not lifted by non-perturbative effects, 
ii) a non-zero potential is generated which slopes to zero at infinity 

(from above or from below). 

For example, in the case of SU(N) with matter fields in the 
adjoint representation, flat directions are not lifted (i). On the 
other hand, an example of case ii) is a gauge theory with a singlet 
field S coupling to the gauge field : 

where the A are the gauginos, supersyranetric partners of the gauge 
fields. This is precisely the case of superstring models(compare (7) 
with (4)). It is easy to obtain tiie form of the potential for S. At 
a scale 

-l/(2be 2) -S/(2b ) 
A ^ e ^ e ° (8) 
c 

the gauge interactions in the hidden sector become strong (b is the 
coefficient of the beta-funccion for the group K ; I also take S -

From now on, we turn to units where Mpi = 1. 



and T - to be real fieldB : their imaginary parts have very interes
ting properties but 1 will not discuss them here). Therefore the gau-
ginos should condense at scale A : 

(9) 

]2) 

and the four-gaugino coupling present in the theory yields a non-
trivial potential for S. 

V _, ̂  |<XX>|Z ^ e " 3 S / V (10) 
etr ' ' 

What about supersymmetry-breaking in this context? Let me recall that, 
in supergravit} theories, supersynraetry is broken spontaneously through 

13) the superHiggs mechanism . In the well-known Higgs mechanism, a 
gauge boson eats up a Goldstone boson to become massive (degrees of 
freedom 2+] = 3). Goldstone bosons are scalar fields which can be 
gauged away. Similarly, in the superHiggs mechanism, a massless gra-
vitino eats up a Goldstone ferniion - Goldstino - to become massive 
(degrees of freedom : 2+2 = 4 in 4-dimensional space-time). To find 
a Goldstino, one has to look for a fennion field x which can be trans
formed away by a super symmetry transformation (6"X = est * E + ••• 
where c is a constant spinor associated with the transformation). For 
instance, the supersymmetric partner of a scalar field transforms as : 

«5X = n e + ••• (ii) 

Therefore gaugino condensation (<XA> = est) induces the presence of a 
14) Golstmo and hence super symmetry breaking . The gravitino mass reads 

m w 2 = A /M_. but unfortunately a large cosEological constant 0(A*') 
is also generated. It is of primary importance however that our way of 
breaking supersymmetry does not induce a cosmological constant. The 
vacuum energy seems to be zero at the level of strings and, if super-
symmetry is to be broken after compactification (i.e. in 4 dimensions), 
it must leave intact this remarkable property. 

Luckily enough, there is another way to break supersymmetry. I 
mentioned earlier that the massless sector of the closed string includes 



an antisymmetric tensor field. Its field strength B is involved in 
16) the transformation of the gauginos 

w - i * r F V £ t •'• ( I 2 ) 

where i " are antisymmetric products of gamma matrices and notations 
similar to eq.(3) are used for indices. If IU.p acquires a vev 
(<H. ., > •= c z. ., ?* 0 where i.i.k refer to the three complex coordi-ljk ljk ' J* r 

nates of the compact manifold) then we have found a Goldstino and super-
symmetry is broken : a non-zero mass for the gravitino but also un
fortunately a non-zero cosmological constant are generated. 

Dine, Rohm, Seiberg and Witten noted however that combining the 
two mechanisms allows to cancel the two contributions to the cosmolo
gical constant. Indeed, the tree level potential for S and T now 
reads 

V ( S , T ) = T S F I c * h < 1 + 3 k ) e ' 3 S / 2 h ° i 2 ( 1 3 ) 

where the first term is the contribution of <H>(c), and the second 
one originates from gaugino condensation (compare its exponential de
pendence in S with the crude estimate eq.(lO)). The ground state 
(S 0, T 0) is trivially obtained by writing: 

c + h (1 + 3 Z~ ) e " 3 S ° / 2 b ° = 0 , (K) 
Do 

and the gravitino mass is computed to be 

•»/,--, >/l ,/, | c * h ' " 3 5 ° / 2 b ° |- <'5) 
' AC ' T ' ' 

Clearly, S is fixed by eq.(U) but not T . In other words, 
V(S0,T) = 0 and we are left with a flat direction in T. This means 
in particular that the gravitino mass regains undetermined av tree 
level (it depends on T ). We will come back in the next Section to 
the determination of T (and nJ5/2) D u t we will start with the cos
mological evolution associated with S. 



2. FLAT DIRECTIONS IN THE HIDDEN SECTOR. INFLATION. 

We are now able to describe the cosmological evolution associated 
with the field S. 

When the Universe emerges from the compactification epoch 
(T ̂  M ), gauginoa have not condensed and the vev of H is zero : comp D ™ 
both of these conditions are imposed by supersymmetry; moreover if 
<XX> = 0, it follows that c - 0 because it is the value that mini
mizes the total potential energy. 

At a scale A , the gauginos of the hidden sector condense. This 
induces a non-trivial structure in the S direction of the potential 
(typically eq.(lD)) but it also triggers a non-zero vev for H : this 
time because, since <\~\> f 0, the total energy is minimized by a non-

19) . 
zero c. Rohm and Witten have studied in detail this process, which 
requires some attention. The point is that, because H is a field 
strength (in the language of differential forms, H = dB, where B is 
the antisymmetric tensor of the massless bosonic sector of superstrings), 
c can only take discrete values. Indeed, it can be written as an inte
gral over a closed oriented 3-surface S : 

<= - / s ^ «NNP <"> 

which is quantized in ouch the same way as the charge of a monopole is 
quantized. If this was the end of the story, it would be a disaster 
because c would be fixed once for all (by the topology of the compact 
manifold) and would not be allowed to change from zero to a non-zero 
value. It turns out * that there are in H more terms than simply 
the differential of B» dB : they are known as the Chern-Simons terms. 
These terms allow tunneling from one quantized value for c to another 

19) one . It is therefore passible for the i/niverse to evolve to a phase 

where the value of c minimizes its total energy. Because the process 
is not known in detail, we have to suppose that it occurs fairly quick
ly. If this was not the case, some energy of order Au would be stored 
in the vacuum for a non négligeable amount of time, which would lead to 
inflation. We would be left with the problems of the original scena-



. 20) . . . n o for inflation (since there is tunneling). 

Once the Universe has evolved to the c i* 0 phase (according to 
our hypotheses, this should occur at T < A ), the potential for S 
and T is given by eq.(13). It is then an interesting question to 
determine whether the structure in the S direction satisfies the con-

21) ditions for a new inflation scenario . Before addressing it, let me 
give some arguments why inflation should occur after compactification. 

Let me define IJ as the typical scale of the inflaton potential 
(the inflaton is the field whose evolution in the potential leads to 
inflation) : the energy stored in the vacuum is of order u". 

The production of gravitons during the de Sitter phase leads to 
relic gravitational waves at present time and therefore to distortions 
in the 3°K radiation background. This allows to put restrictions en 

22) the scale \i : o 

C ^ > 2 - ( £ - ) " < 10" (17) 
T M p l 

23) Analogous constraints are obtained from iihe requirement that density 
fluctuations in the de Sitter phase should lead ro galaxy formation 
without giving too large anisotropics of the radiation background. We 
see that y has to be at least two or nhree orders of magnitude 
smaller than the common scale tL ^ M "« MniT ( e Q ' 0 ) . 

The same conclusion can be reached using other arguments. For 
24) example, Wen and Witten have shown that m the process of compacti-

fication from 10 to 4 dimensions, monopoles are created (as we said 
earlier, part of the gauge symmetry is broken at the same time). Typi
cally, the ratio of the number of such monopoles to entropy is given by 

JS2£> ( l £ ) 3 * 0 { > C I 8 ) 

S "PI 

corap 
The only known way to dilute these monopoles is to have an inflacionary 
epoch following corapactification (p < M ). r a comp 

The natural question is therefore to ask whether the S field 
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could be responsible for such a behaviour. If this was the case, the 

example P 0/Mp 1 ^ 10 3 *°r m 3, 2 % 10 1 3 GeV. The study of the poten
tial (13) in connection with inflation has been done in Ref. 25) (and, 
under Bomewhat different hypotheses but with similar conclusions, in 
Ref. 26)). The shape of the potential at T - 0 and T - Mp,*5 de
pends on the value of c - c/h and is given in Fig. 1 in terms of 
a e 3S/b (see Ref. 25). The ground state at high temperature deter-

27) mines the initial condition. Clearly in order to have inflation, 
the field must lie away from its minimum (minima) at zero temperature. 
This occurs only in cases (b) and (c) of Fig. 1, that is 0.937 < c < 1. 

21 ) ~ In case b) inflation can proceed in the standard way ' whereas case c) 
involves tuneling and requires a scenario à la Hawking and Moss ^ 
which further restricts the constraint on c. We find 25) 

c = 0.9374 + 5c , ôc < 3 x 10 " . (19) 

This is definitely much too strong a constraint. We have noted earlier 
that c is uniquely determined by the topology of the compact mani
fold, and as long as we have not exhibited one which yields precisely 
the value (19), we must conclude that inflation does not seem to occur 
in the direction of S. 

What about the T field? We left it at the end of Section 1 with 
a flat potential. It has been realized for some time that a non-
trivial potential is generated by radiative corrections at the one-

29 30) 
loop level ' but which structure arises is still a matter of dis
cussion and I will only summarize the situation here. 

30) In some cases , the potential obtained is unbounded from below 
towards T = 0. This situation is intolerable and some non-perturbative 
effects (which, we know, do play a rôle in the T "» 0 regime) must 
stabilize the potential. However, the potential for T •+• °°, where we 
trust the perturbation expansion, is negative; this seems to indicate 

Our methods for computing the effective potential at high tempera
ture are certainly not valid at T = Mpi but this gives a trend and 
the potential at realistic temperatures is obtained by the appropriate 
rescaling. 



a 1 10 a2 a a t̂io 
via)* ttt:-- . 

a i a 0 

Fig. 1 : Shape of the potential V(S) (eq.(13); a = 3S/b0) 
at temperature T = 0 (solid line) and T = Mpx 
(d&jhed line ; the scale is different) for different 
values of c = c/h : (a) c < 0.937 (b) c = 0.937 
Cc) 0.937 < c < 1 (d) c = I (e) 1 < c < 1.21 
(f) c = 1.21. 



that any ground state that v»e would obtain this way would yield a non
zero (negative) cosmological constant. Maeda, Pollock and Vayonakis ^ 
have devised a clever scenario for inflation based on such a stabilized 
potential (actually the one originally given in Ref. 29). But they 
have to add a constant term to cancel the negative cosmological cons
tant, which seems to be a rather ad hoc treatment of a fundamental 
problem. In particular, we have stressed earlier that, if supersymme-
trv-breaking is a post-compactification process, it seems difficult to 
invoke higher etring modes to cancel the cosmclogical constant thus 
created. 

32) In a recent work , we have adopted a somewhat different attitude. 
A natural cut-off for the (supersymmetry-breaking) radiative corrections 
is provided by the condensation scale A (eq.(9)), above which the 
gaugino condensates are broken into their constituents. This is not 
quite the case when we deal with a vev like <H> and we argue in Ref. 
32 that the corresponding contributions should be cut-off at 
M ^ &..-. Under this hypothesis and for a number of chiral fields comp Tl J t r 

slightly larger than the number of gaugino fields, we obtain a stable 
potential which slopes down (from above) to zero at T •* <*>. The poten
tial energy is in this case positive (a good point for inflation!). We 
further argue that, whenever there is a ground state for finite T, 
the corresponding cosmological constant is zero (at least at the one 
loop level that we are considering here). The potential thus obtained 
is therefore a perfectly valid tool to discuss inflation. A detailed 
analysis remains to be performed. 

3. FLAT DIRECTIONS IN THE OBSERVABLE SECTOR. BARYOCENESIS. 

We now turn to the observable sector of superstring models, that 
is those fields which are in 27 and 27 of Ej. 

As we discussed earlier, the supersymmetry-breaking parameter m 
is fixed by phenomenology to be of order J TeV and need not be equal 
to the gravitino mass. This is indeed the case in superstring models. 
We discussed at the end of Section 2 how the field T is determined by 
radiative corrections, which in turn fixes the gravitino mass (eq.(15)). 
In the observable sector, even after supersymmetry-breaking, scalars 



and gauginos remain massless at tree level : this illustrates the dif
ficulty of sending the information of Bupersyrametry breakdown from the 
hidden to the observable sector (a general feature to all no-scale 

33) models ). At the one-loop level however, although scalars remain 
29) . 34) 

massless , gauginos acquire a non-zero mass and supersymmetry is 
therefore effectively broken in the observable sector. This in turn 
yields a non-zero mass for J.calars, which we will define as our effec
tive supersymraetry breaking parameter m. 

As noted earlier, almost flat structures will appear in the poten
tial, in the direction of the fields whose vev is much larger than m. 
This restricts our analysis to SU(3) * SU(2) * U(l) gauge singlets. 

There are two SU(3) x SU(2) * u(l) singlets in a 27 of E s : 
one of them is a singlet under SO(10) (we will denote it by N) and 
among fields charged under S0(10), one (N*) is a singlet under 
SU(5). We can safely consider N and N r on their own since they 
are the only fields which can acquire a large vev. Tĥ .re are N + 6 
of them, 6 being the number of fields with opposite quantum numbers 
(N, N') coming from the 27. We will consider for simplicity only one 
fo them (say N). 

It is easy to check, from Eg symmetry requirements, that no 
renorraalizable term can be constructed in the superpotential W that 
involves only N or W . The corresponding F-terms in the potential 
(|dW/dN|2) are zero. Since the D-terms are of the type (N2 - N 2) , 
the potential is zero for N = N. This is the flat direction that we 
are looking for. 

The corresponding vacuum degeneracy is lifted by: 

i) non-renorraalizable terms in the superpotential (NN) /tip, (n > 2) 
ii) supersymmetry breaking (for simplicity, we only include here a mass 

term). 

The potential reads typically in the flat direction (zero D-terms): 

V = m2 N 2 + X N " 1 1 - 2 / ^ " " 6 • (20) 

The ground state is obtained for: 



V " P I * ( f i / Mpi> 
l/(2n-s) 

U^/M^ S (V(0)-V(Mo»/Mj1 -V. (Î/Mpj)1 ftn-l)/(n-]) 
(21) 

This yields typically N "\- 10 1 0 GeV, g % 10s GeV for n - 2 but 
35) ° ° 

symmetries can prevent n • 2 terms to be present in the super-
potential, thus pushing N to larger scales. 

The evolution with temperature of the potential for K has first 
been discussed by Yamamoto and is summarized in Fig. 2. 

(a) 

(b) 

(c) 

Fig. 2 : Evolution of the potential for N with temperature : 
(a) T ». N (b) m < 1 < N (c) T < m . 

At very high temperature, the gauge symmetry associated with N is 
restaured (N is r.ot an Ee singlet) and the ground state is <N> = 0, 
As temperature decreases, a dip appears at N = N and N soon 



becomes the absolute minimum : temperature corrections are exponential
ly suppressed at large N (this is always the case but it is here of 
special importance because N » u ). For m < T < N , a barrier of o o o* 
height T separates the origin from the true minimum N and the 

* • ) D 

field is trapped at the origin . For T < m, this barrier disappears 
and the field rolls down (fairly quickly) to N . 

Since y > m, it is clear that in the temperature range 
m < T < y , the energy stored in the vacuum dominates the total energy 
density of the Universe and triggers some exponential expansion. This 
inflationary epoch is however not long enough to cure all the problems 

25) that inflation is supposed to solve. Indeed it yields a maximum of 
20 e-foldings in the cosmic scale factor increase, whereas at least 65 

20) are needed . Once the field has started falling, it oscillates 
around its ground state N Q. Because it is weakly coupled to matter**, 
there will be a large release of entropy (a factor of entropy increase 
larger than I0 1 2, see Ref. 36) at a late time in the evolution of 
the Universe. All existing concentrations are considerably diluted 
away, in particular the baryon density. Such an evolution requires 
therefore some mechanism for generating baryon asymmetry that works at 
a low temperature (after the decay of the N field, the Universe re-

1/2 heats to a temperature T_„ ̂  (P M_.) ). 
38) The standard ingredients for generating baryon number are : 

baryon number violating interactions, a CP violating phase and a dis
tribution out of equilibrium. The first requirement points towards one 
specific component of the 27 : the g-quarks vhich are color triplets* 
5U{2) singlets (their sca?nr p3̂ tner<= '-an be Interpreted as the color 
triplet Higgs of the grand unified theories). Their (E6-allowed) in
teractions can generate proton decay so that, if these g quarks are 
light, one has to forbid such couplings : apart from the unnaturalness 
of such a choice (no explicit model has been constructed which incorpo
rates these constraints), it is difficult to see how one could create a 

Except if something - such as inflation - happens in the mean time 
that flattens out temporarily the barrier 

37). 
The coupling is of order 1/N0 since it is mediated by heavy parti
cles of mass N 0 times a coupling constant. Hence the corresponding 
decay rate is T ̂  m'/Np « 1. 



non-zero baryon number in the Universe. 

Fortunately, the coupling gg N which is present in the super-

potential allows to give a large mass to the g quarks. If this mass 

is large enough, we can keep the baryon-vIolaLiug iuLciOutionù. o£ the 

g-quarks without having a fast proton decay. 

To obtain an out of equilibrium distribution, Yamamoto ^ proposes 

to use a mechanism which was originally devised for inflationary scena-
39) 

rios . The N field decays into particles of mass much larger than 

T : they are thus evidently out of equilibrium. 

A clever mechanism has also been proposed by Lazarides, 
40) 

Panagiotakopoulos and Shafi . They note that when <N> = 0, the g-

quarks have a mass m, whereas for <N> £ 0, they acquire a much 

larger mass of order <K> (through the coupling gg S). We said that 

at T = m, the field K falls rapidly from the origin to its ground 

state N ; accordingly, the mass of the g quark blows up from m 

to N , too quickly for its thermal distribution to follow : the g-

quarks are out of equilibrium. 

41) Finally, the mechanism proposed by Affleck and Dine is another 

striking example of the richness of scenarios using flat directions of 

the potential. Consider such a direction <J> not connected with gauge 

symmetry breaking. They argue that the field <j> can be left by an 

inflationary expansion quite far off the origin (by fluctuations in the 

de Sitter phase). When supersymmetry is broken, some structure develops 

along this direction and the field 0 falls towards its ground state. 

Through baryon number and CP violating quartic couplings, this can gene

rate a significant baryon density. This scenario has been worked out 

in detail in the case of superstring models by B. Campbell, J. Ellis, 
42) 

D.V. Nanopoulos and K. Olive 

To conclude briefly, the cosmology of flat directions of the poten

tial is a unique way of having access to the details of supersymmetry 

breaking. This is of special importance for superstring models where 

this breaking might occur at a scale intermediate between low energy 

(1 TeV) and the Planck scale. At this point, it is not so much definite 

testable predictions than the possibility of writing a self-consistent 



and complete cosmological scenario that will put strong constraints on 
superstring models. The issues at stake are for example the ti-nsition 
from <H>=0 to <H>^0 (and is <H> equal to zero at the end of com-
pactification?), the possibility of implementing inflation, the ques
tion Df stability of the proton vs. baryogenesis... 
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