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de Broglie—Bohm FRW universes in quantum string cosmology
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The purpose of this paper is to establish possible implications of the de Broglie—Bohm interpretation of
guantum mechanics towards superstring cosmological dynamics. In this context, we investigate spatially flat
FRW models retrieved from scalar-tensor theories of gravity with a cosmological constant present in the
gravitational sector. These models are further characterized by the presence of different types of de Broglie—
Bohm quantum potential terms. These are constructed from various classes of wave packets formed by super-
positions of Bessel functions of different imaginary orders. As far as pre-big-bang scenarios are concerned, we
find that quantum potentials yield varied types of an amplified influence of the singular classical boundary into
the FRW early dynamics. Some consequences of the de Broglie—Bohm program towards pre-big-bang inflation
and the graceful exit problem are then discussed. Other cosmological scenarios are also studied by means of
modulation effects extracted from additional wave packets. We subsequently obtain a broader set of new
solutions. Among the new solutions we find that they could still be related by duality properties, although a
separation into pre- and post-big-bang classes is less clear. Some solutions show a cyclical behavior. Inflation-
ary solutions can be identified and some of their dynamical features are subsequently analyzed. In particular,
we discuss some of the differences between string inspired inflationary cosmologies with quantum potentials.
The results suggest that de Broglie—Bohm quantum gravitational terms slow down inflation, constituting an
effect similar to others previously described in the literature.
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I. INTRODUCTION nario. However, its dual paifdesignated as thpost-big-
bangphase and occurring for positive times>0)] is sepa-
Our scientific knowledge on the origin and early stages ofated by a singularity in curvature and string coupling. It
the Universe has recently reached a promising vantage poinould be desirable to smoothly join the initial pre-big-bang
Superstring theory, or if one prefers, five “different” super- phase to a subsequent standard Friedmann-Robertson-Walker
string variants, related through dualities and pointing to 8 FRW) radiation-dominated evolution. But this does not
more fundamental domaiiso far labeled M theony[1], con- seem to be easily achieved and constitutes the most crucial
stitute auspicious candidates for a unified theory of the funebstacle for inflationary models of this sort. It has thus been
damental interactions. named the “graceful exit” problem in superstring cosmology
From a cosmological perspective, superstring theories ag5].
ply to energies of the order of the Planck scale, thus provid- The graceful exit transition has been thoroughly discussed
ing appealing initial conditions for the universe very close to[7]. In particular, a new type of “no-go” theorems has shown
a classical singularity. An innovative scenario based on th¢hat a transition cannot occur while the curvature is below
underlying superstring symmetries was then pioneg¢Bd the string scale and the string coupling is wgak An inter-
and led to an expanding wealth of literattiteee, e.g., Refs. mediate “string phase” of high curvature and strong cou-
[2—23)). Perhaps its most attractive characteristic is the pospling seems require®], where(i) string correctiongadopt-
sibility of a superinflationary phase driven by the kinetic ing high order terms with respect to the inverse string tension
energy of the dilaton field, which is free from the fine-tuning [9]) and (ii) higher quantum loop effec{s10,11] would be
problems present in usual de Sitter or power-law inflationrepresented. A successful proposal built on a free dilaton
Furthermore, cosmological solutions come in duality-relatedield model (/(®)=0) made use of severad hoccorrec-
pairs[2]. This, when combined with time reversal, results intions of type(i) and(ii) [13]. Other proposals have recently
new solutions. One element of the pair is the superinflationappeared14].
ary expansion, while the other describes a decelerated expan- Other superstring inspired cosmological scenafisih-
sion. In addition, the superinflationary phase emerges from aut necessarily having duality related pairs of solutjdresve
state of very small curvature and string coupling defined atlso been studied. These included other fiéddg., the axion
negative timest<0) and identified as thpre-big-bangsce- or Ramond-Ramond fielgigpresent in superstring theories,
besides the mandatory dilaton. The aim was to investigate
beyond the pre-big-bang framework, conveying a richer and

*Email address: jmarto@mercury.ubi.pt wider analysis(see Refs[22,23 and references thergin

TAlso at CENTRA, IST, Rua Rovisco Pais, 1049 Lishoa Codex,Some specific features associated with superstring or M
Portugal. Email address: pmoniz@mercury.ubi.pt theory at strong coupling were explored as they could prove

IFor an extensive and thoroughly written report §8k while a  fundamental at the very early stages of the Universe.
regularly maintained update can be found4t Several models of the early Universe within superstring
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theory and extended related theories have also been studisdalar-tensor theories with action of the form
from the point of view of canonical quantum cosmology.

Indeed, it is reasonable to suppose that quantum gravitational S_f d*—g )2
effects should indeed become important in the high curvature N 9
and strong coupling regimes. Several publications have re-

cently been devoted to this line of investigatigh16—-21,  where the metriqg,, has (-,+,+,+) signature,R is the
describing quantum transitions which are possible in minisuRicci curvature scalar, the paramete(®) determines the
perspaces with a scale-factarand a dilaton fieldp. Other  strength of the coupling between dilatonic and gravitational
publications that included axion or Ramond-Ramond fieldslegrees of freedonf(®) is an arbitrary function ofb and
[23,24 recently provided a broader quantum cosmologicalV(®) is a potential determining the self-interaction of the
analysis. Solution® (a, ¢) of the Wheeler-DeWitt equation dilaton field ®. Action (1) includes the usual Brans-Dicke
have been interpreted as reflections in minisuperspace asd@8] action. Moreover, it coincides up to minor redefinitions
ciated with the pre-big-bang singularif8]. However, the ~With generic Einstein gravity non-minimally coupled to a
results produced so far seem restricted to the computation gcalar field, employed to study renormalization group for-
transition coefficients. Further progress could be sought bynalism in quantum gravity39]. For simplicity, we will re-
addressing the following related issue. A canonical quantizastrict ourselves to a cosmological constant within the gravi-
tion is intrinsically a nonperturbative formulation. It could be tational sector. Theories extracted from actig@harise in the
worthwhile to inquire within canonical string cosmology if low energy limit of superstring theories and dimensionally
specifically introduced terms would produce effects similarreduced supergravity Kaluza-Klein theories of 4 dimensions,
to a suitable selection of assembled perturbative correction§lepending on the way the compactification is made.

(Vo
®

f(P)R— w(P) +V(P)|, (1)

In particular, such as the ones employed in R¢8s-11] The content of this paper can then be outlined as follows.
regarding the “string phase” of high curvature and string Section Il conveys the basics of dBB program for quantum
coupling near the “graceful exit” singularity. mechanics and in particular when employed in a quantum

In this paper we focus our investigation on a closely asosmological scenario, while in Sec. Ill the dBB approach in
sociated objective. More precisely, we proceed with a reguantum string cosmology is applied to a FRW universe. We
search line for superstring cosmology that was firstwill employ wave packets formed by a superposition of
introduced in Ref. [25]: the de Broglie—Bohm(dBB)  Bessel functions  J.,, p=—i(klk), K
[26,27] perspective of geometrodynamics applied to quan=(4+3w)/(6+4w), of different imaginary order. The
tum gravity [25—33. Our purpose is then to construct and reason for it is mainly to allow the use of explicit analytical
employ quantum mechanically derived dBB terms, establishtechniques and expressions, instead of restricting our study
ing if and how they imply new cosmological scenarios forto a strict numerical analysis. These superpositions will be of
the early Universe. In particular, we are interested whethethe formfdkA(k)e"kﬁJip(z). We will first address the im-
any dBB canonical terms will influence superstring inspiredplications of the dBB program within the pre-big-bang sce-
cosmologies. Furthermore, it would be important to deternario through casés), where the superposition is determined
mine how such terms will modify pre-big-bang dynamics by A(k)=exp(sk), 6= —1. A particular emphasis is given to
near singularities in curvature and string coupling. influence of quantum potentials as far as cosmological infla-

The issue of quantum gravitational back-reaction effectdion is concerned. In Sec. IV we investigate célsewhere
in the early universe and inflation dynamics has been disdifferent superpositions wit\(k) =exp(6,k) +exp(d,k) are
cussed in other publications but from different points ofused, together withd;,d, satisfying §1xk=¢&m, S,x={m
view. In Ref.[34] the authors investigated nonperturbative (¢, are real numbejsParticular attention is given to physi-
effects for the quantum gravitational back-reaction on infla<cal differences concerning dilaton driven inflation in the
tion, pointing that such quantum effects seem to slow dowmpresence of dBB potentials within cases$ and(b), in con-
inflation. In Refs[35,37,34 the issue of effective loop quan- trast with standard FRW models in quantum string cosmol-
tization back-reaction was addressed in different models obgy. Section V concludes this paper with a summary and
cosmological inflation. String inflation was specifically in- discussion of our results, together with an outline of possible
vestigated in Ref.36]. However, in neither of them the dBB future work.
program was considered.

Our case s'Fudy is C(_)nstituted by a specifi_c and iIIu_str_ative”. A REVIEW OF THE de BROGLIE —BOHM APPROACH
model, which |s_both S|mp_le as well as physically re_allstlc to TO QUANTUM MECHANICS
allow computations and interpretation. More precisely, we
will investigate spatially flat FRW models that extend be- The dBB program of quantum mechanit26,27 pro-
yond truncated string effective actions. Theories of this typevides interesting insights and possibilities within quantum
place superstring cosmology in the wider perspective ofosmology[25-33. In order to substantiate the use of this

approach in string cosmology, we briefly review some of its
properties and benefits. The following aspects ought there-
Recently, another publicatiofi33] appeared on this subject, fore to be noticed.
claiming (through Gaussian superpositions of wave function solu- (1) The de Broglie-Bohm theory is a causal version of
tions) to have found Bohmian trajectories exibiting a smooth tran-quantum mechanics. It is based on the assumption that an
sition from a pre-big-bang to the post-big-bang phase with0. individual system describing a particle is constituted by that
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particle satisfying certain equations of motianda waveW tials were briefly discussed some years gifg and recently
satisfying a corresponding equatige.g., the Schidinger in Ref.[19], but without any relation with the dBB picture.
equation. Both the particle and wave fieMf are taken to be Although it was pointed in Ref[15] how such potentials
objectively real whether they are observed or not. could assist in the graceful exit problem, no convincing pro-
Let us describe in some detail the main implications of theposal was advanced to introduce them within superstring

dBB causal interpretation of quantum theory. For the case o¢osmology. However, a dBB formulation might achieve that
a nonrelativistic particle with masa the Schrdinger equa-  zim in a self-consistent manner.

tion determines fot = Re” the following equivalent equa-  (3) The standard formulation of quantum mechanics es-
tions: tablishes thaP is the probability density ofinding the par-
9S (V)2 ticle there by means of a suitable measurement. In the dBB
<+t +Vce+Q=0, (20  approach the functioR gives the probability density for the

particle tobeat a certain position. The dBB approach brings
about in an interesting way the classical reality intertwinned
oP VS : .

—+V|P—|=0, (3) with quantum mechanics through Eg&l), (5). It does

at m not need to invoke the notion of “classical emergence”
from a “collapse of the wave function.” The motion is de-

with termined from the wave fieldV through dx/dt
2 V2R =(1Um)VS(x,t)|x=x1 - Hence the designation of “pilote
Q=-5-FR" (4)  guide” formulation for the dBB approach, namely as infor-

mation about the configuration space of the whole system is

R=|¥| andP=R?. Clearly Eq.(2) resembles the Hamilton- directing the particle in the form of the quantum wave. This
Jacobi equation except for an additional tex@, This sug- “wholeness” also determines the designation of “ontological
gests we may regard this particle with momentomVS (or  interpretation” for the dBB theory. Parts of the system inter-
velocity field VS/m) subject not only to the classical poten- act through the wave function, which is contingent on the
tial V¢ but also to the new quantum potential te@n The  state of the wholée.qg., boundary conditions or singularities
action of Q will be the major source of difference between system.

the classical and quantum thedr¥he classical limit corre- The above described features should, in principle, apply

sponds taQ=0. to the entire universe. Because it is first and foremost a
(2) The quantum particle follows trajectories independenttheory of individual systems and does not rely on the en-

on observation, satisfying semble or probability concepts for its formulation, the dBB

theory of motion is quite suited for a description of a system
d2X_ v v that is essentially unique, such as the Universe. The dBB
mﬁ__ VemVe. 5) program allows to consistently maintain the notion of a
uniquely determined and objective quantum universe. Ein-
That is, the quantum potential determines the influence of &tein’s equation are recovered but with additional terms of a
quantum force, and will therefore be responsible for anyquantum mechanical origin. These terms would be respon-
quantum effects. Moreover, the quantum potential dependsible for all the possible geometrical effects of quantum
on the form of®, not in its absolute value, so that its effect gravity. The corresponding quantum cosmological descrip-
does not necessarily fall off with distantélence, even dis- tion of the universe would therefore correspond to an analy-
tant features in the configuration space can profoundly affecgis of the trajectories in minisuperspace. These would reflect
the movement of the particle. On the one hand, this méans the action of the constraints but translated into equivalent
can be very important even though is small. On the other equations, where quantum mechanical correction tethes
hand, it follows from the previous remark that a system maydBB gquantum potentialscould be of physical significance.
not be separable from particular features of its configuration The wave function of the Universe in quantum string cos-
space(e.g., potential wells or obstaclesThis fact brings mology would consequently have a twofold role. On the one
about the possibility of nonlocal effects. hand, generating the quantum graviton-dilaton potential, and
As the quantum potential can be nonlocal, it may intro-on the other hand, acting as a probabilistic interpretation. Up
duce radical changd®] when considering dilaton potential t0 now, only the latter seem to have been considered, to the

terms in quantum string cosmologid hocnonlocal poten- detriment of the former. This attitude may have neglected
crucial quantum cosmological features, since the quantum

potential yields a repulsive quantum force counteracting
*The usual(Copenhagenprobabilistic interpretation takes Eq. Other fields and becomes significantly important near a sin-
(3) as a continuity equation for the probability dengi®; where all ~ gularity, cancelling its influence and possibly reinforcing in-

physical information of the system is contained. The total pigase ~ flation (see Ref[32]). .
completely irrelevant. Finally, it ought to be remarked that the universe would

4By contrast, classical waves which act mechanicélly, trans-  thus be discusseo_l without invoking the concepts of “collapse
fering energy to push an objecalways produce effects that are of the wave function” and absolute need for the presence of
more or less proportional to the strength of the wave. observers. This causal approach assumes an objective uni-
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verse, with its particles and its wave functions, which is notphysically reasonable and it has been discussed previously in

dependent on observers, though it may contain th&dd1].  the published literature in similar physical contexts. In this
The dBB interpretation of quantum theory thus conveyssense, one can use a less popular but nevertheless physically

some attractive and interesting features but two specific inadmissible approach like the dBB perspec(i2é—33. This

gredients have not yet been incorporated in a full satisfactorjesearch procedure would be worthwhile if new and interest-

and uncluttered manner in this program. These two aspect89 insights concerning the early universe behavior could be

are the notion of spin and a quantum field theory frameworkfound, possibly related with other approaches dealing with

but it is pertinent to stress that some relevant progress h4i/antum gravitational effects in cosmology.g., Refs[34—

been obtained recently regarding théor a brief review see 36)). This is indeed what is pointed out in this paper and' in

chapters 9, 10 and 12 in RéR27]). To be more precise, the f[he §ub§equent Secs. Il and IV we will analyze the_pos&ble

inclusion of nonrelativistic spin 1/2 systems in the dBB implications of the dBB approach towards a spatially flat

quantum mechanical perspective was carried through sonféRW model retrieved from a string inspired action.

decades agpt2] and claimed to have been further developed

with sucess more recently3,44. The dBB interpretation Ill. FRW de BROGLIE —BOHM QUANTUM PRE-BIG-BANG

has also been applied to field quantization of nonrelativistic COSMOLOGY

bosonic and fermionic systenid4,45. As far as the dBB _ .

program and quantum fi¥ald theofyr relativistic quantum We will assume hencefoith a flat FRW geometry with

mechanicsare concerned, some relevant contributions havénetric ds’= —N?dt?+e**(dx* (wheree*(") represents the

further advanced our current understanding of the issue. Ifcale factor,  is a constant parametéhe truncated string

particular, a bosonic dBB field theory has been introduced. I€ffective action corresponds = —1) and in additiond

appears to be entirely consistent and reproducing the covarze” ?,f=e~?. Moreover, we choos¥(®)=Ae ¢, which

ant statistical predictions of quantum field theory but someneans that a cosmological constant within the gravitational

problems remain thougf46]. Interestingly, some of those Sector was chosen to constitute the potential for the dilaton

problems intrinsic to bosonic fields are somewhat ameliofield. This scenario has been widely studied in the literature

rated when spin 1/2 fields are instead investigdti45.  of string quantum cosmolog2—23|.

Some other recent published resyi#s] point to a relativis- “Under the redefinitionp(t) — ¢(t) —In fd°x, the obtained

tic dBB theory both for a single or multiparticle systems, minisuperspace action Is

including an extension to curved spaces. L
In what regards the application of the dBB perspective to . w TP o

guantum string cosmology, some specific properties have S_j dte®e™) N(_Ga tbadtwd )_ZNA((M}’

been discussed in this sectifsee itemq?2) and(3) abovd. (6)

Although it may be considered a speculative program, it does

have the virtue of giving a concrete interpretation within which is invariant under the scale factor dualify6]

guantum string cosmology. In fact, it can be applied to a

single system(for criticisms see[28]) and hence it could 2+30w\~ [2(1+w)\~

prove relevant to examine what it can be said about a dBB N\ 2530/ % | 4430 | ¥

guantum mechanical description of cosmological string mod-

els. The cor(espgndipg analysis will often reqpire to truncate 6 \_ [2+30\_

the superstring inspired action to the bosonic sector and a ¢:—(H S e ¢. (7
FRW cosmology, so that no fermionic or quantum field @ @

theory aspects survive and then apply the dBB program. If. . .

may be pointed out that the untruncated action involves fiel efining

theory and fermionic aspects. These are precisely the ingre-

dients whose satis]‘actorily and uncomplicated inclusi_on in B= [a+(1+w)d], (®)
the dBB program is sought and have been the subject of 4+ 3w

recent investigation. But as mentioned in the previous para-

graph, some relevant progress has been recently obtained in o=k Y¢—3a), 9)
those directiond42—-48. Hence, it seems possible that a

dBB approach to quantum string cosmology would admit awith «= 4+ 3w/6+ 4w [under which the duality transfor-
wider suitable framework and eventually establish an im-ation (7) becomesa=c,B=— 8], the Wheeler-DeWitt
proved correspondence with the original untruncated sUpekquation can be written 446]

string action. Furthermore, there is no compelling indication
from a fundamental theory of quantum gravityhere super-

string or M theory constitute promising candidatesgard-

ing which interpretations of quantum mechanics applied to
guantum string cosmology should be employed or indeed
rejected. In such absence, one can decide to investigate thdth
possible implications determined by a suitable interpretation
line. This is scientifically acceptable if this line is itself U=4Ae 2%eb (11

9?9
- 4U

da? P =0 10
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being the effective potential in the Wheeler-DeWitt equation.y ()( 8, z) = RdS= xe™ [z cost)sinh(Br)] i [+ sin(x)coshiB) = /2]
Solutions for Egqs(10), (11) are of the form (17)

_7 Y — — ko Following the dBB procedurésee, e.g., Ref$26,29,32), let
¥=Zawo(e7"F, 2=2(/M e, (12 us substitutel (") into the Wheeler-DeWitt equation, which
will select outgoing mode contributions at the singular
boundary in minisuperspace. We then obtainmadified
Hamilton-Jacobi equation:

constituting linear combinations of Bessel functiads of

order=ik/« and eigenstates of ;= k= Be “?. The specific

solution y=J_j,(z)e k8 represents the quantum version
of the pre-big-bang branch, expanding and approaching the S
singularity ato— +o% [16—20. Moreover, ;>0 in both — K’z ((92 B
branches and being therefore monotonically increasing,

one usually takeg as effective time coordinate in minisu- whereU = 222, with the quantum potential given by
perspace andr as the spacelike variab[d6]. The solution

2
+U+Q=0, (19)

aS
+

y=J_i(2)e *F is thus a right moving mode, selecting 1 2R\ 1/6R 9?R
only outgoing contributions at the singular boundary of the Q= R K’z 2 E(ﬁ) ap?
minisuperspacg49]. This solution can be further decom- 9z Ip
posed in the low energy limitz{— + ) as right and left = — k22%c0%(k). (19)

moving modes, i.e., expanding pre- and post-big-bang

branches approaching and moving away of the singularity, ton terms of the minisuperspace variables$ we may in-
which a reflection/transition coefficient of the order of stead write

e 27K/« s associated. In this context, it should be noticed

that the potentiaV is intended to substantiate such a reflec- Q=—4Ae ??e®cos(k), (20
tion of the wave functionsee Ref.[16]), required for the
transition between pre- and post-big-bang branches, which K,=—4Ae ?%e®sirf(«)
cannot physically proceed in the free dilaton regimé ( 3
=0) (see, however, comments and corresponding references « coskl \/ k(a+(1+ o) d)|, (21)
in [50]). 4+ 3w
Let us now consider more general solutions constituted by
wave packets Kg=4Ae 2%e%sirt(k)
6
qwﬂzr=dekam*W%ux (13 xsmﬁ—w4+3 k(a+(1+w)d)|, (22

whereK,=dS/9z,K ;= dS/dp are the corresponding kinetic
with €(2)=c13,(2) + ¢ (2)=cyt+cy ) and p=  terms. Being of the form ofJ, the quantum potential also
—ik/k. We will subsequently investigate different cases ac-satisfies the same duality related properties. Hence, this dBB
cording to the choice oA(k)=ZX/exp(8k). This choice of FRW model will admit duality related pairs, i.e., pre- and
superpositions has the advantage to provide usable analytigabst-big-bang branches.
expressions fol? (), namely in the form of explicitly de- Figures 1, 2 and 3, represent the quantum potential for the
compositions in terms ofR€S. With the assistance of choicesw=—0.4, w=—1 (the string theory scenaiand
s dpe'P‘PZ (z)=€'?5"¢ [51] we thus note that for A(k) w=—1.3332, respectively. The presence of the quantum po-

=e* we can obtain tential becomes physically more relevantas: — %, since it
approaches in magnitude the classical poterdialhis can
W()(8,2)=R*)(z B)eis(f)(z,;s) (14)  be checked from Eq(20) as well as from the mentioned

figures, where the range of variables in minisuperspace
whereQ is more intense increases with— — 3. To be more
precise, it is noticed that the quantum poten@abkcquires
increasingly negative values for the same range of values of
a and ¢. This seems to suggest th& will significantly
diminish the influence ofJ in some regions of minisuper-
space aso— —3 andQ+U=0, therefore implying a wider
First, we will investigate caséa), where A(k)=e%, influence of the dilaton kinetic dominance in minisuperspace
8= —1. This implies that we can write the wave packet as [52].
This behavior characterizing the quantum potentiz)
can be further interpreted as follows. A quantum potential is
5The integralf ** can be split inf°,.+ f¢*. The first integral (DY definition [26,29,33 not a preassigned function of
corresponds to contracting and weak coupling approaching modeBjinisuperspace coordinates in the wayr U are. It reflects
which can be reinterpretedrom a third quantization perspective and instead depends on the spectfital quantum state,
[19]) as expanding and strong coupling approaching modes. which is W (") in our present case study. More precisely, the

R(*)(z,B)=exfd =z cog dx)sinh(«B)], (15

gikzﬁyzizgmaxxmsnxﬁy:g. (16)

023516-5



J. MARTO AND P. VARGAS MONIZ PHYSICAL REVIEW D65 023516

. P
e e
TR R
e
L7
« 2R
0.5 £ S
L7
SZARATATA 222z LK XX
0 S R R R
e R R
LR TR
_o5 %% .WO’#QQQQQQQ@@&@ Q’“‘ 1
QP e R 7
| ~50 X )
Dilaton 0 =72 °
=100 ’
é‘.’.’ Dilaton
i
-0 .5 .éa?
Scale factor i'.
o
2—1
=]
0 0.5 1
(a) Scale factor ()

FIG. 1. The quantum potenti§) for case(a) andw= —0.4. The right hand diagram denotes a contour plot, while the left hand diagram
is the corresponding plot in a gray scale gradient. Darker areas represent lower vaQuehitd lighter regions correspond to larger values

of Q.

wave function or packet will enter as causal agent in thehe form of the quantum potential. Moreover, such total
equations of motion fowr and ¢. If a classical potential is states can be specifically constructed averaging their ampli-
roughly localized(e.g., Vc#0 at xo=0 and V=0 else- tudes and phases so that they constructivelly enhance or di-
where then Q may propagate that information to regions minish some features present in the minisuperspace descrip-
whereV-=0. Another possibility is for the dBB total quan- tion. The effect is apparently nonlocal but the quantum
tum state to bring about in a subtle way the influence ofpotential for single systems can rather be interpreted as a
singularities to wider regions in the phase space. Basicallyocal causal link between the classical potential and a quan-
the motion in minisuperspace would thus depend on the spédum mechanical universe, “locally representing the whole”
cific choice or construction of the total quantum state. Thisminisuperspacg26)].

guantum state is usually formed from different wave func- An example of the effect described in the previous para-
tions associated with the same physical model propagating igraph is our particular quantum potent{aD) for case(a). It
minisuperspace. Their superposition will also be a solutiorbrings about the influence of the classical dynamicsrat
but with particular features, namely the motion in minisuper->1 towards larger regions in minisuperspace throligh).
space would be differeritlue to the quantum force originat- More precisely, we extracted a dBB FRW model character-
ing from Q), in contrast with what is implied by any com- ized by a wider influence of the singular boundary conditions
ponent mode individually. This property is hence reflected ifwhere a free dilaton regime dominates o¥efor U) and
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FIG. 2. The quantum potenti& for case(a) andw=—1. See the caption in Fig. 1.
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FIG. 3. The quantum potenti&) for case(a) and w=—1.3332. See the caption in Fig. 1.

U—0 aso— +o]. That is, extending in minisuperspace the A . _ 6
dominance of a localized situation typical of free quantum a= —2—\/msm(;<)sm K\ 4+ 30

mechanical wave propagation. This is the behavior in case

(8@, which becomes more manifest when ags¢1 and Q KVA

+U=0, with the solution resemblingslow) moving free X(a+(1l+w)gp)| - 21355 NK)(1+w)

waves for larger regions in minisuperspace and not only at

o—+% andU—0. Hence, the information previously ex-

tracted from Figs, 1, 2 and 3, further supported by the analy- XCOS*{K 4+ 3w(a+(l+"’)¢) ' (23

sis of Figs. 9—12 below.

As far as the quantum stat# () is concerned, it is . [ 6A _ 6
characterized by the superposition displayed in H@8), ¢=- (4+—3w)5'”(’<)3'” K 4+3w(“+(1+“’)¢)
(17). This can be interpreted as adding up all the strong
coupling outgoing modegr=J_;,.(z)e '*# with a weight 2kA [ 6
factor e ¥, namely with lower frequenciegor energies +4+3wsm(f<)(1+w)cos “N2a+30
acquiring a dominant contribution. Hence, our dBB super-
position of outgoing modes specifically conveys the
strong coupling and curvature singularity towards the
FRW dynamics. The main contributions are thus from the ] -~ ] o
least slowly oscillating modes, diminishing the prominence@nd to which a modified Friedmann equation is attached:

of those modes inducing a manifest classical beh&viar.

X(at+(l+w)d)|, (24)

S A
this manner, a specific average of wave function modes a’—adp— %¢2=§[1—co§(x)]. (25
would contribute towards the dynamics of the very early
universe. The solutions(de Broglie—Bohm quantum trajectorjesre

Before considering other quantum potential scenarios, let
us analyze in more detail some of the implications of the K
FRW dBB state¥ (") towards inflationary pre-big-bang cos- €“()= ( i
mology. For casda) described in Egs(18) and (19), the A
wave function?(*) lead to the standard dBB equations x [cosh(x A sin(x)t)]P=[sinh(x VA sin(<)t)]P=,
=9dSldB, w,=dSldz, from which the following equations
are obtained: (26)

) [(1+w)/(4+3w)]

and the phase diagrams for the values —0.4, o=—1
(the string theory scenapioand w=—1.3332, are repre-
sented in Figs. 4, 5 and 6, respectively. As it can be easily
®Rapidly oscillating wave functions are usually associated withchecked, the class of trajectories in the left hand side repre-
classical space-time recovery, whileea' (I rea) wave function  Sent post-big-bang solutions, while the right hand side repre-
corresponds to pure quantum mechanical procegsgs Euclidean — sent(with time reversala pre-big-bang behavior.
instantons and tunneling through a barxier We can further write for the Hubble parameter that
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FIG. 6. de Broglie—Bohm trajectories for case®) and w=

—1.3332.

FIG. 4. de Broglie—Bohm trajectories for ca¢®) and w

—0.4.

with

[tanh(k VA sin(x)t)]

*

kJAsin(«)[p

H=

(29

)lQ

6+4w

(27)

[ coth(x /A sin(k)t)]],

x

+p

and

together with the restriction sirjt>0 (consequence of the

dBB quantum cosmological formulatinnAs it can be rec-
ognized, the set of solution@6) bear some resemblance

with expressions presented in REE6] but also have distinc-

tive and interesting physical features.

tant (x /A sin( x)t)

p%

(/A sin(k))?

a
.

cothR(x /A sin(k)t)

2
x

+p

is now modulated by

the time dependence
sin(y(4+3w)/(6+4w)), which can become positive, null

First,

A sin(k)t)

p-tanh(x\/A sin( x)t)coth(x\/

TPp=

direct consequence of the quantum potential present in the

Hamilton-Jacobi equatiofiL8), (19). On the one hand, it al-

[for the range—4/3<w<0 we have sirk)=0]. This is a
lows for w;# w, with |sin(w,)|=|sin(w,)|, w,

or negative(see Figs. 7 and)&epending on the choice af
K|
(28)

cosR(xyA sin(k)t)  sinfR(x A sin(

+

=w=+, but
(wy) expo-

(07) andp

nents. On the other hand, subject to the value ofigiafd
sign of t, we now get those solutions on the&0 or t>0

associated with quite differerg
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FIG. 5. de Broglie—Bohm trajectories for ca@ and w

023516-8



DE BROGLIE-BOHM FRW UNIVERSES IN QUANTUM . .. PHYSICAL REVIEW [®5 023516

i [ 4+30 a)
6+4uw
1 4
0
w

-1.502 -1.501 -1.501 -1.5005

0 1r

i t
-10 -5 5 10

FIG. 8. The function sin{) for the range we]—1.502, FIG. 10. The scale factor exg) from a de Broglie—Bohm per-

—1.4993. spective andv=—1.
branches. Duality and time reverdgreserved in the dBB
formulation could consequently allow a broader set of solu-

tions and quanturtde Broglie—Bohmtrajectories in minisu- inducing a behavior where dilatonic kinetic energy domi-
perspace. nates, will begin earlier and finish later, in contrast with the

Second, it should be further noticed that whes0, the ~ ¢ase where sir)=1 throughoufsee Figs. 912 Therefore,
region of the parameter space where the weak energy condi Slower evolution for(t) and (1) is induced whenever
tion for scalar-tensor theories is satisfied could be larger thaH'e quantum potential is present. This constitutes an example
previously accounted for. In fact, as one can check, the pre€f back-reaction effect from the singular boundary towards
ence ofA (which was not contemplated in Ref§,7,16,53)  the minisuperspace, within the context of dBB cosmology.
determines that the weak energy condition is now satisfied if "€ period where\ dominates occurs o“nly much eé}f“ef or
w=—13/2—2A($/$)%. Moreover, satisfactory inflation latter with respect to the new effective “free dilaton” stage.

. 12 This effect becomes more manifest as——4/3 and t
would now be possible as long as=—4/3—2A(¢/P)~. N

However, one would need to employ more general transfor- An.d on the other hand, the prefactors &nand sif(x)

mations than Eqs(8), (9) (where w>—4/3) to study the N . - .
canonical equations of motion. Depending on the relativéPPearng In the EXpressions for and'a/a, respectively, :

- . o . cause additional slowing in the expansion and corresponding
values of¢,¢ and A, other scenarios dissimilar to those in yeceleration/deacceleration. It is quite tempting, in face of
Refs.[6,7,16,53, with o< —4/3 and sink)<0 [or even a  hig scenario to inquire what would be the cosmological im-
short range inw where sin) is rapidilly oscillatind could  pjications of a dBB quantum potential in the equations of

then be investigated. _ motion if V were different andJ did not approach zero at the
Third, the dBB trajectorie$26), (27), (29) convey some strong coupling regime.

rather interesting cosmological properties. In fa_ct, these can Finally, the inflationary stages in this de Broglie—Bohm
be interpreted as a twofold quantum cosmological effect ofr\w model[case(a)] raise another interesting possibility. In
the singular boundary, Wlder_nng its influentga solunons. fact, for the case of a string inspiread & —1) FRW model it

of the Wheeler-DeWitt equation, i.e., the quantum potential yas peen pointef54,55 that a pre-big-bang Universe must

towards regions in minisuperspace. , be spatially very huge and homogeneous from the onset of
On the one hand, the term si)( present in Eqs(26),

(27) and also ira/a=H + H? determines that the conditions

a(t)
t 25000

20p00

15000

10000

05 000

t t
-10 -5 5 10 -20 -10 10 20

FIG. 9. The scale factor exp] for sin(x)=1 andw=—1. FIG. 11. The scale factor ex) for sin(x)=1 andw=—1.32.
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=) TE(B,2) =R (2,8)€% @A) +RE)(2,8)% P
25000 (e
= R(i)(Z,B)e'S(f)(Z'ﬁ), (30)
20000 . N N Syt N
R)(z,8)=[(R{")?+(R§)?+ 2R{R cog S{*)
15000 _S(Zi))]v (31)
10000 RIsin(S)+R5sin(Sy)
s“)(z,B):arctar( rillo PhA RS PN )
5000 RicogS;)+R;cogS;) @)
t . . .
20 10 10 20 As it can be checked, we have now a modulation effect in

R(*) as Eq.(31) shows. The amplitude o¥ (=) [that deter-
FIG. 12. The scale factor exg) from a de Broglie—Bohm per- mines the quantum potential—see EfQ)] is now modified
spective andv=—1.32. by terms proportional to the full phase (that induces the
trajectory or velocity fieldwhich in itself is directly affected
inflation, in order to satisfactorily deal with the horizon prob- by R. In fact the trajectories are now given by
lem. If a; anda; denote the conditions at the beginning and

end of the pre-big-bang inflationary epoch, with= —1 we ISt 9 Ry siN(S;)+R;sin(Sy)
will have a; /a;~ 10~ 3%(1+3)~ 10~ which implies that the OB B ar - " " —1 ], 33
size of the homogeneous region at the beginning of inflation Ry C0gS;) +R; cogS;)
is of order 16%%/(1+ 3~ 109 ¢~10"Lp, wherelLs is . . e
the present string length arndg is the Planck length. 9S°_J arcta Ry sin(S;) + R, sin(S; )

But for our case of pre-big-bang inflation in a de Broglie— dz 9z R;cogS;)+R;5co4S;) '
Bohm picture within scalar-tensor theories, we have to write (34)

insteada; /a;~10°%P-/(1=P-)) j e 1G%(P-)=D near the

pre-big-bang singularitywherea~ |t|P- for t<0). For val- Hence, we can expect some rather different influences of
ues nearo~—4/3, p_ approaches larger negative values¥*) into the dynamics of the FRW model. Nevertheless,
[see Eq(29)] and one could have; /a; much closer to the beingR andS of the form(30), (31), (32) together with Egs.
adequate values of 16° characteristic of the standard de (15), (16), this shows that the dualitg=z,8=— 3 is still
Sitter inflationary case. However, this de Broglie—Bohm in-maintained. That is, dBB solutions will be duality related in
flationary regime will evolve sloweland therefore lasts this case and pre- and post-big-bang phases could be ex-
longep due to the features discussed previously. Neverthepected among the set of solutions, although much less clear
less, this particular dBB scenario does not mean that the identify.

pre-big-bang approach has just become viable from the point

of view of cosmological inflation. Instead, it only points out A. 6,1c= 75, S,6=— 7T

that from a dBB perspective, string inspired models may ] ) ] . )

have interesting dynamical features which could be further We begin the analysis with the specific choidgx

studied. =x/5, J&,k=—ml7, together with w=-0.4 which
determine5 that §,=7/5\11/7, §,=— =/7\/11/7. Figures
IV. FRW de BROGLIE —BOHM MODULATION 13 and 14 represent the corresponding quantum potential and
IN QUANTUM STRING COSMOLOGY dBB trajectories. As it can be checked, the quantum potential

now is quite different from cas@). It acquires large or nega-

We mentioned in the previous section how the quanturtive values and intense peaks are now present. These will
potential is not a preassigned function, reflecting instead thdetermine the presence of new quantum forces in the system,
total quantum state properties. The total quantum state ignplying additional new types of solutions or dBB trajecto-
retrieved from specific superpositions, characterized witlries.
properties different from each mode component. The quan- In order to analyze the cosmological dynamics for this
tum potential(from the functionW (")) may enhance or di- choice ofé;,5,, let us compare and contrast the differences
minish some dynamical features of minisuperspace as déetween Figs. 4 and 14. In the case considered in this sub-
scribed from the classical equations of motion. It is ofsection, we can identify the possibility of cyclical behaviors
interest to point out that in cag@) the quantum potential for a and ¢. In addition, the following evolutions are also
maintained the scale factor duality. But other cases with difpresent for FRW universesi) starting from weak coupling
ferent quantum potentials and superpositions may provide
different cosmological scenarios. —

Let us now consider superpositions of the ty@dad) but "The choice ofw=—0.4 means no loss of generality. No signifi-

with A(k) =e%k+e%K  thereafter designated as cad®.  cant dynamical modifications occur in phase space had we used
This determines that insteadw=—1 or w=—1.3337.
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FIG. 13. The quantum potenti&) for case(b), §;x=m/5, S,x=— /7 andw= —0.4. The right hand diagram denotes a contour plot,
while the left hand diagram is the corresponding plot in a gray scale gradient. Darker areas represent lower @alt@kedighter regions
correspond to larger values @f

and zero scale factor, evolving to strong coupling and zero oweak coupling and infinite scale factor, and then following a
infinite scale factor;(ii) starting from weak coupling and phase along the features @f). However, a graceful exit
zero scale factor, evolving to weak coupling and an infiniteproblem still exists. In spite of a weak coupling region now
scale factor;(iii) starting from weak coupling and infinite separating the two stages, the scale factor still goes to infi-
scale factor, evolving to strong coupling aflabuncing to  nite. This is therefore not a realistic model for the early uni-
infinite scale factor. Typdii) suggests a post-big-bang be- verse scenario.
havior, but trajectoriesiii) are only similar to pre-big-bang Another possibility(also not realistigis for the universe
scenarios without invoking time reversal. Inflationary stageso start its evolution according to trajectories of tyfie)
may occur in typesii) and (iii ). from weak to strong coupling, with the scale factor going
We thus obtain new additional scenarios for the early unifrom infinite (with a bouncgto infinite. But then a trajectory
verse in superstring cosmology, induced by the presence @f type (i) with time reversal will lead to an evolution from
dBB quantum potentials. For example, the universe couldtrong to weak coupling with a decreasing scale fa@ton-
start instead in a strong coupling phase with infinite sizetracting post-big-bang universe
universefsee typdliii ) with time reversa evolving towards Given the similarities of trajectorig@) and (iii ) with the
dynamical behavior of post- and pre-big-bang phases in Fig.

e » 1 4, itis of interest to analyze the evolution of the scale factor
Hd gt “. § a(t) for identical initial conditions.

B LY . . .
2“23::3‘:3‘:3333512 “s It is found that the presence of the quantum potential in
““;;:::;}“;:;; H case(b) slows down inflation with regard to casa). How-

o shidiifsr 2N -2 ever, it should be reminded that inflation in cag was
“32 477l ::;’;2‘ shown to also slow down in contrast to standard string cos-
4 1’;:: 1 H
ﬂ“:%;,”m:gftﬁ;v: : mology [16]. It is tempting to conclude that quantum me-
P 4 h . e . -
IR R R I iAa e A A T T IS AL chanical corrections of a dBB type within canonical minisu-
Dilaton 0 ;23322;;;;;;;;;%2” IN :E perspace cosmology induce a slowing effect in inflationary
111111222;;::;; nv‘i‘g’cj h:h: dynamics. This slowing effect was addressed in other publi-
fHLiLeaaaaeaiiiy ii;ax;l S cations[34—36 but without relation to the dBB program. It
R EEP M AN R R L‘\ shiat should be stressed that one-loop quantum gravitational cor-
R ISR R R I I AAAA S bR B ;Z::H:t rections in the pre-big-bang scenario were investigated in
44‘“44;44//,:\::::"“ D by b by : : : :
R R I A e RS R A A Ref.[36]. There it was shown how the interaction of gravi-
IR ERER RSty bl S AN tons becomes nonperturbatively large at late times, implying
:1:::::4141111111,‘”\\:\‘\,§ AL 3 N i / oY - y
I RRRER Y :;;;;;;;;;:;;:::\“\!3\' S that inflation will slow down. While it is not obvious how the
two approaches may be related, there seem to exist some

o
o
w

seale 1factor 1.3 2 common agreement in the physical consequences of quantum
gravitational back reaction. Furthermore, from other choices
FIG. 14. de Broglie—Bohm trajectories for cagb), &« of 81,6, and the analysis of other trajectories we are led
=/5, 6,k=—ml7 andw=—0.4. again to the conclusions above presenset Figs. 15—-17
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(a) (b)

FIG. 15. A solution with an inflationary stage,= —0.4 and the initial conditiong;=0.001 and®y=0.001. The right hand diagram
corresponds to cag@) and a post-big-bang trajectory. The left hand diagram corresponds to a trajectory db)casd type(i). The full
lines denote the scale factor while the broken lines represent the dilaton behavior.

B. d1x=m/3, dok=—m case(b). Nevertheless, it indicates where to possibly inves-

The choice 8,x= /3, S,k=—, together with w= tigate further the issue of the graceful exit problem in dBB

—0.4, depicts an even more complicated dynamics. Figurduantum string cosmology.
19 represents the corresponding dBB trajectories. There are a
few similarities with the previous subsection but some new

aspects are described in the following. The purpose of this paper was to advance current knowl-

Besides the region of cyclical dBB trajectories and the ; .. N
edge employing an original approach to superstring inspired

upward trajectories in the leftest region, the downwards tra- . - X
cosmology. To be more precise, we applied the de Broglie—

jectories divide and countour the cyclical region. These indi- X )
cate a pattern that could be sought after as it contains the°hm (dBB) perspective of geometrodynamics to quantum
elements of solving the graceful exit problem. In fact, theCosmology within scalar-tensor theories. Although dBB pro-

downward trajectories pointing to the left of the cyclical re- 9ram may be regarded as speculative within quantum string
gion correspondwith time inversion to an evolution from cosmology(see discussion in Sec.)llit does have the virtue
weak coupling with scale factor starting at a nonzero coni0 give a concrete interpretation for the quantum mechanical
stant value, evolving towards strong coupling and a nonzeréffects. Moreover, in the absence of a compelling indication
constant scale factor. The downward trajectories pointing tédrom a fundamental theory of quantum gravity on which in-
the right (in the direction of increasing) evolve from a terpretations of quantum mechanics applied to string cosmol-
constant scale factor in strong coupling towards weak couegy should be employed or rejected, one can decide to em-
pling phase with infinite scale factor. However, given theploy a less popular but nevertheless physically admissible
complexity of the dynamics it is difficult to clearly identify approach as the dBB perspective. Investigating quantum
pre- and post-big-bang phases in a single diagram withistring cosmological models would then be worthy to con-

V. SUMMARY AND DISCUSSION

) 50t
N 40}
0.5}
— o . 30}
0.250-7"
/,’ 20-
Il : ‘ | | t
-5 P d 2 e - h |
/-0.25 ]
/
flo.s |
(’, ‘‘‘‘‘‘ 5. _<-—-—‘—-<}9- 15 20
/ S e
II 0.75 .
,' -1t
) (b)

FIG. 16. A solution with an inflationary periody=—0.4 and the initial conditiong,=0.4 and¢$,=0.2. The right hand diagram
corresponds to cag@) and a post-big-bang trajectory. The left hand diagram corresponds to a trajectory db)casd type(i). The full
lines denote the scale factor while the broken lines represent the dilaton behavior.
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)

FIG. 17. A solution with an inflationary periody=—0.4 and the initial conditiongy=1 and ¢,=—0.5. The right hand diagram
corresponds to caga) and a post-big-bang trajectory. The left hand diagram corresponds to a trajectofip)caise type(ii).The full lines
denote the scale factor while the broken lines represent the dilaton behavior.

sider if a dBB approach could provide interesting and newthe region in minisuperspace where effectively the dilaton

insights, possibly related with other approaches dealing witlkinetic energy dominates ove is larger and determined a

guantum gravitational effects in the early universe. With thisslower cosmological inflationary evolution in time. This ef-

motivation and perspective, we then restricted our analysis téect was due to a quantum potential with dependencea on

a flat FRW geometry, with an homogeneous dilaton field andand ¢ similar to the classical minisuperspace poteritidiut

a cosmological constant in the gravitational sector of thewith opposite sign. This situation becomes more manifest as

theory. w is closer to—4/3. Furthermore, in these conditions some
Employing several wave packets formed by superposiproblems(e.g., the horizon problenraised recently against

tions of solutions(Bessel functions of different imaginary standard pre-big-bang inflationary cosmology could be in-

orden of the Wheeler-DeWitt equation, we then retrieved thevestigated in an interesting context. In fact, it seems that

basic feature of a dBB framework: the presence of quantunwvhen o is closer to—4/3, a dBB FRW model might not

potentials that may be quite different from a standard classirequire an early pre-big-bang phase where the Universe

cal potential. The analysis and interpretation of the cosmowould have to be infinitely huge.

logical properties of the subsequent dBB FRW solutions can The fact thatQ increases in magnitude as becomes

be summarized as follows. larger, was interpreted as being caused by the fact that spe-
A broad set of solutions in minisuperspa@ke Broglie—  cific superpositions constituting’ might enhance, diminish

Bohm quantum trajectori¢svas obtained in casé). For  or even cancel the dynamical behavior at the classical singu-

superpositions wittA(k) =exp(sk), 6=—1, we found that larity in minisuperspace.
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4. of the formU = A f[e%;e9%],q+ 0 [19,20 [which wouldnot
1 EEIYE v . .
VA ! approach zero at(a,¢)— +]. These will produce differ-
444 1Q\ : 4 . . .
11170 ! ent quantum potentials, which could dominate over the clas-
4442750 . L S
4137750 sical minisuperspace potentid| or the kinetic term$,, K
RERENY ; . ; . z
0.5 Uﬂiqi near the_ pre—b_lg—ba_ng smgulan_ty,_ smoothing the k|net|c_a_lly
i;;;:;ﬁ i driven dilaton inflation and assisting an adequate transition
1“1;:;§ " from the pre- to post-big-bang stages. But the quantum po-
_ 444707 LR tential could also be of a complicated nature, not satisfyin
Dilaton 0 A ‘\§§ . . . . .
IR A A AR S R duality properties and preventing duality related scenarios.
OISR In Ref.[33] the free dilaton model\(=0) was discussed
uu;ﬂiurnn444:\nnn . ) . . o
BRI HAATA R RS R DR R BD. and it was claimed that through Gaussian superpositions a
LAALaNVEPPPPZ N 44 NPTy
44!41:’777””AII/"&}\\\\\\‘Q‘ d H |d i H h d
IR M I I SRR IS R RRRRRRE BB quantum potential induces trajectories that correspon
:“2:\5;;;;;;3;229& RNRLIREREE to a smooth transition from a pre-big-bang to a post-big-bang
2“ '2”225‘5;;3\’%1:}‘ 4’:\,’333333 stage. Nevertheless, these trajectories seem also to evolve
:U;;;EE;;‘%:;'};« t;m ‘,’J; ’;‘ 3 from weak towards strong coupling in the post-big-bang and
-1 111100 1A A AN the universe is not in a strong coupling state today. More-
0 0.5 1 1.5 2 over, the results ip33] were claimed with the use of numeri-

Scale factor cal analysis techniques and it could be interesting to check

analitically on the corresponding quantum potential. For ex-
ample, if it satisfies duality properties. Further investigation
on this issue is required, namely with the inclusion of real-
istic potentials for the dilaton.

With other choices of superpositions we could identify  Another possible line of work is to investigate the gener-
different evolutions. For example, from a strong couplingality of dilaton inflation in the presence of dBB quantum
regime to weak coupling undergoing a bouncing evolutionpotentials. Figures 14—18 seem to suggest that less initial
from infinite towards infinite scale factor. Other choicesconditions at the phase space would lead to an accelerated
showed dBB classes of trajectories contained a pattern afxpansion in casé). In fact, there are now cyclical trajec-
relevance for the graceful exit problem. All these possibili-tories and for the same initial conditions within=—0.4
ties come from wave packets determining a dBB dynamicsthere was still inflation at late stages in cdaewhich were
conveying the influence of physical boundaries within thenot possible anymore in cagb). This investigation would
system. From the analysis of trajectories in minisuperspaceequire an adequate choice of quantum potent@dssuper-
in the presence of various dBB quantum potential we foungpositions¥), analyzing within the context of dynamical sys-
that the inflationary dynamics was slower than in c@déor  tems possibly along the methods presented in 5.
the same initial conditions. This seems to point that quantum Finally, it would be important to establish if and how
gravitational effects of a canonical type may not enhanceionlocal potentials for string cosmologies can be naturally
inflation (research on this issue but with different techniquesmposed through a quantum potential. These questions will
and frameworks was described in R€f34,35,37,3% One- be the subject of a future report, where other wave packet
loop quantum gravitational corrections applied to the gracesuperpositions and/or more classical potentials will also be
ful exit problem in string cosmology were extensively ana-considered. In particular, the cagssee Refs[19,20) with
lyzed in Ref.[36]). U— =+ asa, ¢ approach the singular boundary may pro-

The framework of dBB quantum string cosmology may vide more suitable behaviors for the quantum potential at
thus provide useful insights regarding other pertinent issuestrong coupling, where a reflection of wave modes seem nec-
but those were not the specific purpose of study in this papeessary to occuf50].

In particular, whether canonical dBB quantum potentials
could produce effects similar to a selection of suitable as-
sembled string and loop corrections aimed at dealing with
the graceful exit problem. This research work was supported by grants ESO/PRO/

In essence, within a dBB perspective for canonical stringl258/98, CERN/P/FIS/15190/1999 and POCTI/32327/P/FIS/
cosmology, dynamical features at the singular boundary ca®000 as well as by financial assistance from the Gulbenkian
be conveyed into equations of motion. The influence of thdoundation. The authors are grateful to M. CavagRa
classical potential can either be strengthened, diminishged Colistete Jr., F. Dowker, M. Gasperini, A. Yu. Kamenshchik,
in case(a)] or even replaced. Different classes of quantumC. Kiefer, J. Lidsey, D. Marolf, N. Pinto-Neto, F. Shojai, C.
states could thus be retrieved with varied superposition&/ngarelli, M. Visser, and R. Woodard for useful correspon-
(e.g., Gaussian—see R¢83]) and more generic potentials dence and important discussions.

FIG. 19. de Broglie—Bohm trajectories for casb), i«
=7l3, S,k=—m andw=—0.4.
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