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1 Introduction

The astronomical observations point in the direction that we live in a flat universe whose

expansion is currently undergoing acceleration, in a phase that can be approximated by de

Sitter (dS) geometry. In an opposite direction, the construction of a consistent dS vacuum

in 143 non-compact directions in string theory has proved to be extremely difficult [1].



Moreover, a no-go theorem states that there are no (macroscopic) stable or unstable dS,
solutions for n > 4 at tree-level in heterotic and type II string theories (in the absence of
RR fluxes) [2], and even further, it is conjectured that no stable or meta-stable dS vacua
can exist in a consistent quantum theory of gravity [3—5].

Understanding the cosmological consequences of classical string theory requires the
knowledge of the infinitely many higher order corrections that it induces on the Einstein
equations. But so far, only the first few lowest orders have been computed explicitly.
Since the truncated expansion may not display the properties of the full string theory,
alternative models for the evolution of the universe have been constructed from duality
invariant theories with higher-derivative corrections to all orders that are relevant for cos-
mology [6, 7]-[10].

The motivation for the so-called o/-complete cosmology follows from the observation
by Sen [11] that the string low energy effective field theory in d + 1 dimensions displays
an O(d,d;R) symmetry, also named duality symmetry, to all orders in the inverse string
tension o, when the fields do not depend on the d spatial coordinates. As discussed in [12],
the dimensionally reduced theory can be obtained from compactification in a d-torus T,
ignoring all Kaluza-Klein excitations that arise from field configurations in which the fields
depend on the compact space.

Using O(d, d; R) multiplets as field variables, and assuming that their duality transfor-
mations remain unchanged to any order in o/, all higher-derivative terms consistent with
duality invariance for purely time-dependent backgrounds were classified in the seminal pa-
pers [6, 7] into single- and multi-trace factors, involving only first derivatives of the fields.
This simplification is accomplished by performing duality covariant field redefinitions or-
der by order in o', and assuming that all non-derivative dependence on the dilaton is
contained in the exponential prefactor of the integration measure. Implementing an ansatz
with a d 4+ 1 dimensional isotropic Friedmann-Lemaitre-Robertson-Walker metric and van-
ishing Kalb-Ramond field, Hohm and Zwiebach showed that o/-complete cosmology admits
non-perturbative dS solutions in the string frame [6, 7]. This type of solutions were also
obtained in presence of matter sources in [8], while the conditions to get dS vacua in the
Einstein frame with non-constant dilaton were stated in [9] in terms of a quite non-trivial
second order non-linear differential equation for a function that describes the Lagrangian.

A more realistic cosmological model was constructed in [10], extending the isotropic
ansatz of [6, 7] to geometries with two scale factors: a dynamical one in n < d spatial
dimensions and a constant one in the remaining d — n spatial coordinates. Inspired by the
String Gas Cosmology scenario [13-15], the non-perturbative equations of the o/-complete
cosmology were shown to be (in principle) compatible with a dynamical mechanism in
which the universe emerges from a phase with R x 7% spacetime geometry, with matter
made of a gas of strings and evolves towards four large spacetime dimensions with the six
internal dimensions stabilized around the string length.

In the first part of this paper, we reconsider the non-isotropic ansatz of [10] in the
vacuum and rederive the equations of motion. We find the following conditions to get string
frame dS solutions in n+1 < d + 1 dimensions when the O(d, d) Noether charge vanishes:

0P

F(Ho) =0, Fu(Hp)=c*>0, — =—c, (1.1)



where F),(H) describes the Lagrangian of the theory and is well-defined for non-infinitesimal
values of Vo H, H = Hy = constant is the Hubble parameter, ® is the generalized dilaton,
and c is a real constant. The configurations described by (Hy,c) have constant dilaton if
¢ = nHy and are dS in both the string and the Einstein frames. Thus the conditions to
obtain dS vacua in the Einstein frame are now simple algebraic equations because they
have constant dilaton. These solutions are stable (unstable) if ¢ > 0 (¢ < 0), and they can
be easily classified in expanding or contracting dS geometries.

Both the isotropic and non-isotropic ansatze considered in [6, 7]-[10] lead to the ad-
ditional simplification that the multi-trace terms give the same structural contributions as
the single-trace term. However, for more heterogeneous metrics or non-vanishing Kalb-
Ramond field, the multi-trace terms cannot be absorbed into single-traces and have to be
fully considered. This issue is the subject of the second part of this paper. We include the
multi-trace corrections in the equations of motion of the O(d,d) invariant cosmology and
examine a generalized ansatz in which the metric, its time derivative and the time deriva-
tive of the b-field are commuting matrices. Although this is a rather general assumption, it
turns out that the metric can be made diagonal and both the b-field and its derivative can
be made block diagonal matrices, without loss of generality due to the duality symmetry.

Despite the fact that the multi-trace corrections cannot be absorbed into single traces,
still the field equations can be worked out and allow non-perturbative isotropic and
anisotropic dS solutions in n < d spatial dimensions. These solutions may have constant
dilaton, thus being stable or unstable dS geometries in both the string and the Einstein
frames. The new vacua are also found in the sector of vanishing O(d,d) Noether charge
Q = 0, which is then identified as a rich source of non-perturbative dS solutions. On
the other hand, an interesting effect of the b-field dynamics is that it must be turned on
in dimensions with non-zero eigenvalues of a Noether charge block (hence in the Q # 0
sector), and the scale factors of such spatial dimensions must be bounded, thus precluding
dS solutions.

Besides providing the equivalence between the string and the Einstein frame vacua, the
solutions with constant dilaton ¢y have the advantage that one can take g; = e? < 1. This
is consistent with classical string theories, which are some particular points in the space
of duality invariant theories. However, these special points may admit non-perturbative
dS solutions only if they evade the assumptions of the no-go theorem of [2]. In addition,
the string low energy effective Lagrangian is an asymptotic expansion in powers of o/, and
even if all the perturbative contributions were known, we will argue in section 6 that non-
perturbative information is necessary in order to be able to assert that the theory admits
non-perturbative dS solutions. In any case, specifying the conditions that allow dS and
other intriguing cosmological solutions in duality invariant theories is an interesting result,
which may reveal general features that apply to string theory.

The paper is organized as follows. In section 2, we present a brief review of o’'-
complete cosmology and rederive the equations of motion in order to include the multi-
trace corrections. Considering an ansatz with one dynamical scale factor in n < d spatial
dimensions and a constant one in the remaining d — n dimensions with vanishing b-field,
in section 3 we determine the conditions to have dS solutions with constant dilaton. We



also analyze the stability of the solutions and classify them. In section 4 we introduce
the generalized ansatz of commuting matrices and work out the corresponding equations
of motion, leaving details of the calculations to appendix A. We find dS solutions of the
new field equations in section 5, with anisotropic geometries or with non-vanishing b-field.
These have @ = 0, which is a rich sector for dS solutions, as explained in appendix B. A
summary of the procedure to follow in order to obtain non-perturbative dS solutions and a
discussion of their non-perturbative character is the subject of section 6 and appendix C.
Finally, an outlook and conclusions are contained in section 7.

2 0O(d,d) invariant a’-complete cosmology

In this section we briefly review the O(d,d;R) invariant cosmology to all orders in o
introduced by Hohm and Zwiebach [6, 7], mainly to set the notation. We refer to the
original papers for details. In 2.2 we generalize the derivation of the equations of motion
in order to include the contributions from the multi-trace corrections, which enable the
construction of non-isotropic solutions and the addition of non-vanishing b-field in the
forthcoming sections.

2.1 Field variables and action

The seminal framework developed in [6, 7] is based on Sen’s observation [11] that the low
energy effective field theory of the universal gravitational sector of string theory in D = d+1
dimensions displays a global O(d, d; R) symmetry to all orders in o', when the fields do not
depend on the d spatial coordinates. This symmetry, also referred to as ‘duality’, contains
the scale-factor duality a > a~! [16, 17]. Following [18] and using string field theory
arguments [19], Hohm and Zwiebach assumed that the O(d, d; R) transformations remain
unchanged to all orders in o if the theory is expressed in terms of the duality invariant

dilaton @,
e® = /detg; e, (2.1)

and an O(d,d) covariant matrix S, constrained to satisfy S? = 1 and S' = 7Sn, where
n=(91) is the O(d,d; R) invariant metric. Every matrix S that verifies these constraints
can be written in terms of symmetric and antisymmetric matrices g and b, respectively, as

byt g — bglb)
s=(" g , (2.2
(9 Lo )

where g and b are the spatial components g;; and b;; of the space-time metric and Kalb-

Ramond fields, that are taken as:!

—n?
() = ( O(t) g;(ﬂ) with n(f) > 0 and by (f) = (8 b,f(t)) @23

"'Without loss of generality for fields that only depend on the (non-periodic) time coordinate.



Further assuming that all non-derivative dependence of the action on the dilaton is
contained in the exponential prefactor of the integration measure and performing duality-
covariant field redefinitions, Hohm and Zwiebach showed that every O(d, d) and time repa-
rameterization invariant action describing the dynamics of & and ® can be brought to
the form

(S, ®,n) = / dt n e ® [~(D2)? ~ F(DS)] . (2.4)

where ®(t) and S(t) are scalars under time reparameterization, while n(t) is a density.
Under h € O(d,d;R) <= hnh! = n with h constant, S transforms as S — S’ = hSh™!
preserving the constraints, while ® and n are invariant. The covariant time derivative is
1
D= T)E’ and a time parameterization tg can always be chosen such that n(tg) = 1.
n
The function F(DS) is defined by the following asymptotic expansion

o
F(DS) = —citr {(DS)Q] — Z of k1 Z Ck,P H tr {(DS)Q"‘} ) (2.5)
k=2 Pe Part(k,2) meP
which contains all the o/-corrections. Part(k,2) is the set of p(k,2) =p(k)—p(k—1) parti-
tions P of the number k with numbers greater or equal than 2. Notice that F(DS) contains
single-trace corrections, corresponding to partitions with exactly one element, and also
multi-trace corrections, corresponding to partitions with more than one element (|P|> 2).
The coefficients ci,c p are arbitrary dimensionless real constants that parameterize and

classify the (well defined perturbatively in o) duality and time reparameterization invariant

1 1
theories I(S,®,n). In particular, the values c¢; = — < and ¢ (9} = 61128 " 0 correspond to

the dimensionally reduced low energy effective actions of the bosonic, heterotic or Type II
string theories, respectively, and the higher ¢, p are only partially known in string theory.

Since F(DS) only depends on traces of even powers of DS, it is easy to check that it
is a scalar (under time reparameterizations) invariant under global duality transformations
as well as under time-reversal ¢t — —t. Therefore the whole action (S, ¢,n) is O(d, d;R),
time reparameterization invariant and (up to a sign) also time-reversal invariant. Thus,
the equations of motion are also expected to share these symmetries.

It is convenient to define a dimensionless scalar function F(X) = o/ F(DS) that only
depends on the dimensionless matricial variable X = v/o/ DS, and verifies F(X) = F(—X).
Then the classical theory described by the action I(S,®,n) can either be studied pertur-
batively, order by order in /' (assuming infinitesimal values of X 2), or non-perturbatively.

Finally, notice that it is possible to add a cosmological constant term 2Ag = O(a/™1)
in the definition of F(DS) when considering the non-perturbative theory. This amounts
to adding an (/%) dimensionless constant ¢y = 2a/Ag to F(X). For instance, 2Ag =
2(D - D) . : . L .
STV in the low energy effective action of non-critical string theory.

2.2 Equations of motion including multi-trace corrections

In this section we derive the equations of motion following from (2.4). We generalize the
results obtained in [6, 7] in order to include the multi-trace corrections, which are necessary
to consider solutions with non-vanishing b-field or generic non-isotropic metrics.



Varying the action I(®,S,n) with respect to ®,S and n,
—® on
5050l = / dt n e (60Eg + tr(68Fs) + 2B, ) | (2.6)
n

one can define Fg, Fs and FE,, which are scalars under time reparameterizations. While

FEg = 0 and E, = 0 are the equations of motion for ® and n, respectively, Fis = 0 is not the

equation of motion for S because the variation dS must verify the conditions §S = —SJSS

and 6S? = 1éSn, in order to preserve the constraints S? = 1 and S* = nSn, respectively.
To impose the constraints on S and 65 we define the projectors

1

Py(A)= i(A—SAS) onto the subspace of matrices that verify A=-SAS,
1

P (A)= §(A:|:7}Atn) onto the subspace of matrices that verify A=-+nAln,

Pr=P,oPy=PyoP, onto the subspace of matrices that verify A=—-SAS and A=nA"y.

All of these linear operators P are effectively projectors since P2 = P, and they also verify
the property
tr [P(A)B] = tr [AP(B)] = tr [P(A)P(B)] , (2.7)

RQdX 2d

for every matrix A, B € . Moreover, considering a local variation 0.Xp = P(dX)

constrained to belong to the image of a certain linear projector P (which we assume to
verify (2.7)), the conditions imposed on a matrix A satisfy the following equivalences:

/ dt n tr(6XpA) = 0V §Xp(t) = P(5X) constrained
(2.8)
— / dt n tr[§XP(A)] = 0V 6X(f) unconstrained <= P(A) = 0.

Thus, the only relevant information on A for a constrained variation is its projection P(A).?
In particular, considering § X unconstrained, we impose both constraints on JS taking:

1
6S = Pr(0X) = 70X + néX'n — S6XS — SnéX'nS). (2.10)
Hence, according to (2.8), the equation of motion for constrained S variations is
Es = Pr(Fs) =0, (2.11)

and using (2.7), it follows that tr(6SFs) = tr(0XEs) = tr(0SEs). This is consistent
with the definition Es = Py(Fs) used in [6, 7], because the explicit calculations verify
nEsn = Es.

Moreover, noting that the image of P_ is the so(d,d) = {7 € R?*¥*%¢ . 7y + nrt = 0}
Lie algebra, the variation 08 in (2.10) can be written as

58S = [r,S], (2.12)

2Taking A = A; — Az in (2.8) and using that P(A; — A2) = P(A;) — P(As), one can show that

/dt n tr(6XpAi) = /dt n tr(6XpAs) V 6 Xp(t) constrained <= P(A;) = P(A2). (2.9)



with 7 = P_(0X §/2) € so(d,d). Therefore, we see that every variation S that pre-
serves the constraints can be written as a local infinitesimal O(d,d;R) transformation
such as (2.12). Conversely, every local infinitesimal duality transformation of the form
0.8 = |1, S] preserves the constraints. Indeed, dS = —SJISS is verified due to (2.12) and
58S = ndéS'n because 7 € so(d,d). In particular, for constant 7, O(d,d;R) is a global
symmetry of the theory and there is an associated conserved Noether charge Q.

The explicit relation between Q and the equation of motion for S can be found noting

0 = /dt n e ?tr(6SFs) = /dt n e ®tr[r 2SPy(Fs)] , (2.13)

because of (2.12). Then, imposing 7€ s0(d,d), one can project P_(SPy(Fs)) =SSPy (Py(Fs))
=S FEs. Further recalling the usual trick to compute the Noether charge, i.e.

6.1 = /dt n tr[(D1)Q] = —/dt n tr(rDQ),

one can take Q,DQ € so(d,d) since 7, D71 € so(d,d), and use (2.9) in footnote 2 to find
the relation
DQ=—-2"%S Es. (2.14)

Hence the equation of motion for S turns out to be equivalent to the conservation of the
Noether charge Q. This generalizes the result found in [6, 7] for functions F(DS) that
contain only single-trace corrections, to generic functions involving multi-traces.

To get the precise expression for Q, it is convenient to define J as

5.1 — /dt n tr[D(5,S) J] = /dt n tr ((Dr)[S, ) (2.15)

where we used (2.12) and assumed that J is a linear combination of odd powers of DS
(we will show below that this is the case) so that [DS, J] = 0. Therefore, using (2.9) and
(S, (DS)?#~1] = 25(DS)*~! € s0(d, d), as implied by the constraints on S, we can identify

Q=P_([S,J]) =P_(25J) =28J € so0(d,d) . (2.16)
Varying the explicit form of the action we get

5.1 = — / dt n e 6, [F(DS)] = — / dt n e tr [6.(DS) F/(DS)] (2.17)

where we define the derivative F'(A) of a scalar function F(A) with respect to a matrix

A, as a matrix such that 0 [F(A)] = tr[§A F'(A)] [20, 21], and then
J=—-e?F(DS) = Q=-2¢2S F(DS). (2.18)

We see that J is in fact a linear combination of odd powers (DS )Zkfl. Actually, explicitly
deriving the asymptotic expansion (2.5), we get

F(DS)=—-2eDS-> "1 Y ap Y 2me (DS [t [(DS)QW},
k=2 Pe Part(k,2) mo€EP meP—{mg}
(2.19)



where we used OtrlgCON g (X) for g(X) polynomial, since § [tr(X™)] = tr [§X nX" 1]

for all ne Ny [20, 21]. Hence, we confirm that Q is a linear combination of terms like
S(DS)?*™0~1 € 50(d,d), and consequently Q € so(d,d).
We now turn to the simpler equations of motion for ® and n. The former is trivial

Eg = 2D?® — (D®)? + F(DS) = 0. (2.20)

To calculate E,, we consider

6, [F(DS)] = tr [6,(DS) F(DS)] = —%” tr [DS F'(DS)] (2.21)
and
5 [(Dcp)ﬂ = —2%” (D®)?, (2.22)
which lead to
Sl = / dtne® %" {(D(I))Q — F(DS) +tr [DS ]—"(DS)]} , (2.23)

from where we can identify F,,.
Summarizing, the field equations including the multi-trace corrections, are

E, = (D®)* — F(DS) + tr [DS F'(DS)] =0 (2.24a)
E¢ + E, = 2D*® + tr [DS F'(DS)] =0 (2.24D)

1
Es = —5 *SDQ=0 < DQ=0 < Q= constant € so(d, d) (2.24c¢)

Notice that the first one is a constraint between D® and DS, while the other two determine
the dynamics of ® and S, since they contain second derivatives. All of them are O(d, d;R)
and time reparameterization invariant. Furthermore, they are also invariant under time
reversal t — —t as expected, since F(DS) only contains even powers of DS. In other words,
for a given solution S(t), ®(t),n(t) there is also a time-reversed solution S(t) = S(—t),
B(t) = d(—t), n(t) = n(—t).
The Bianchi identity, which follows from the time reparameterization invariance,
is [6, 7]
DE, = (D®)(Es + E,) + tr [(DS)Es] (2.25)

Then, if D® # 0 for (almost) all times, it is only necessary to solve the equations
E,=0, Es=0 <= Q = constant, (2.26)

since they imply (together with the Bianchi identity) that E¢ + E,, = 0.
Moreover, it is always sufficient to consider

Es+E,=0, Es=0 <= Q=constant, FE,(ty) =0, (2.27)

where E,(to) is evaluated at a certain initial time ¢¢, as they imply E,(t) = 0 for all times.



To solve these equations perturbatively, one should replace F(DS) and F'(DS) by
their asymptotic expansions up to a certain order. More precisely, one should solve the
two-derivative equations and then correct them perturbatively. On the other hand, to
find non-perturbative solutions, one should consider F(DS) as a general scalar function
of DS, or more precisely consider F (./'F ) as a general dimensionless scalar function of the
dimensionless matrix X 2 which may take non-infinitesimal values.

Notice that adding a cosmological constant 2Ag, so that F(DS) — F(DS) + 2Ag,
produces only a constant shift in F(DS), without changing F/'(DS). Consequently, the
only change in (2.27) is the initial condition, which becomes E, (tg) — 2Ag = 0.

In the forthcoming sections we will look for dS solutions of these equations, i.e. solutions
with a Friedmann-Lemaitre-Robertson-Walker metric with curvature & = 0 and scale factor
a(t) = efot with constant Hubble parameter Hy.

3 Non-perturbative dS vacuainn+1<d+1and b=0

Setting the b-field to zero and the spatial metric to g;; = a(t)?d;;, it was shown in [6, 7]
that the equations of motion (2.24) reduce to the (string) Friedmann equations (as found
for instance in [22]) corrected with higher derivatives. These equations can be integrated
perturbatively to arbitrary order in o/ and furthermore, it was argued that they may admit
dS solutions in the string frame that are non-perturbative in o’/. A necessary condition to
have d dimensional dS solutions in the Einstein frame with non-constant dilaton was found
in [9], in the form of a second order non-linear ordinary differential equation (ODE) to
be satisfied by the function that describes the o'-corrections. Additionally, d dimensional
isotropic dS solutions were also discussed including duality covariant matter sources in [8].

In this section we consider the simplest possible extension of the isotropic ansatz,
namely a metric with one dynamical scale factor a(t) in n < d isotropic spatial dimensions?

and another constant scale factor ag in the other d — n isotropic spatial dimensions, i.e.

a(t) if 1<i<n
b=0 y a; = (3.1)
ag = constant ifn+1<1¢<d

This ansatz was analyzed in [10] in presence of matter sources.
If one considered different constant scale factors a;o for each of the d — n spatial

dimensions 27, a global O(d, d; R) trans(flc()]rmation could always be performed, corresponding
aj0
different constant a;o with a single one, thus obtaining (3.1) (the b-field is not affected
since b = 0). The interval ds? = —n?(t)dt> + Zn: a?(t)dz'dxt + Zd: addx’dz’ certainly has
a potential to describe our 4-dimensional uniilzezi"se if n=3. Inj T)TrLiJrnlciple, any rotation that

to a reparameterization ¢ — z7 = z [11, 12], which amounts to replacing all the

mixes the n spatial dimensions having dynamical scale factor with the d — n remaining
ones is not a symmetry of the theory.

3Tt should be clear from the context when n refers to the number of spatial dimensions or to the
goo = —n2(t) component of the metric.



As observed in [10], in this case it is not necessary to include the multi-trace corrections
in (2.5). The function F(DS) will be a single-variable n-dependent function F,(H) of the

D
unique dynamical Hubble parameter H = Dln(a) = =% asin [6, 7].
a

3.1 Non-isotropic metric and vanishing b-field

In a diagonal metric g;; = a?(t)d;; with different scale factors a;(t) for each spatial direction
z' and b = 0, the matrix S takes the form

(0 g\ 0 diag(a?)
S = (g_l O) - (diag(ai_Q) 0 ) ’ (3.2)

and its derivative

0 diag(H;a?) , 2 diag(H?) 0
DS =2 i th (DS)?= -4 :
<diag(—Hiai2) 0 with  (DS) 0 diag(H?)

(3.3)
H; = Dln(a;) is the Hubble parameter associated to z°. Choosing the time parameteriza-
tion tg such that n(ts) = 1, we can write H; = 04 In(a;).
In the simpler ansatz (3.1) with g = diag,, (a*(t),ad) = diag(a®(t),---,a?(t), a2,--- ,ad),
—_— —
n times (d—n) times
the matrix S simplifies to

B 0 diag, (a2(t), a})
5= (diagnm—?(t),aa?) 0 ) | (34)

Its time derivative is

0 diag, (Ha?(t),0)

DS =2
(diagn( —Ha™2%(t),0) 0

) =207,, (3.5)

with H = D(In(a(t))) the only non-trivial Hubble parameter, and

diag,, (1,0) 0

2 472
(DS)" = —4H ( 0 diag,,(1,0)

) = —4H’T, (3.6)

since J2 = —Z,,. Thus, we expect that F(DS) can be expressed as a single-variable function
F,(H) and also that the multi-trace corrections can be absorbed into the single-trace ones.

To prove this, we compute F(DS) considering that Z,, is idempotent (Z2 = Z,, =
I = T,). Then (DS)™™ = (~1)"22"H>" T, and tr [(DS)""| = (~1)"2*"H>" 2,
so that

F(DS) = 8nciH* — 2n Z of B (—1)ko2k g2k Z (2n)P1=te p
k=2 Pée Part(k,2) (37)

=20 o P (—)F g = By (H),
k=1

~10 -



where we absorbed the ¢;, p in an n-dependent single coefficient cén) = Z (2n)|P ‘_1ck, P
PePart(k,2)

for k > 2 and an) = c;. This is related to the way in which the multi-trace corrections are

absorbed as single-trace corrections in [6, 7].* Indeed, we explicitly expressed F(DS) as

a single-variable function F,(H) of the only non-trivial Hubble parameter. Evaluating in

n = d, we recover the function F'(H) defined in [6, 7] (with coefficients ¢; = céd)).

It will also be useful to compute

F'(DS) = —2¢1DS — i o FTU N e Y (2mg) (DS)PT [ te((DS)P™)

k=2 Pe Part(k,2) moEP meP—{mg}

=DS |21 - "1 N ap Y (@2mo) (D)X [ te((DS)*™)
k=2 Pe Part(k,2) mo€EP meP—{mo}

(3.8)

Using that (DS)?™ = (—4)™ H?™ I, and tr [(DS)?*™] = 2n (—4)™ H?™, one can see that
the matrix between brackets in (3.8) is diagonal, with components equal to —2¢; in the
elements that correspond to the zeroes of Z,,. In addition, a straightforward computation
shows that the remaining diagonal components corresponding to the elements 1 of Z,, are

F'(H
equal to — n( ) Thus we can express
8nH
1 0 diag,, (a?,0) 1
F(DS)=—-—— F'(H nATy =—— F'(H) J,. 3.9
The equations of motion can now be calculated, considering that
! 2H / 2 H / /
and
_ 1 _ diag, (—1,0) 0
= 2" PSF(DS) = — ¢ *F\(H m : 3.11
©=-2 (DS) =5, ¢ FulH) ( 0 diagn(1,0)> (3:.11)

Hence Q = constant € so(d,d) <= ¢ = e ®F/(H) = constant. Therefore, in the
ansatz (3.4) the equations of motion (2.24) take the form

E, = (D®)? - F,(H)+ HF,(H) =0 (3.12a)
Eg + E, =2D?® + HF,(H) =0 (3.12b)
q=e ® F/(H) = constant <= D(e~* F/(H)) =0 (3.12¢)

These are precisely the a/-corrected Friedmann equations found in [6, 7] for the isotropic
ansatz g;; = a*(t)d;;, the only difference being that the function F,,(H) replaces F(H).

2m

“More generally, the multi-trace corrections can be absorbed as single-traces if H tr [(DS) ] =
meP
dp tr [(DS)%] for every P € Part(k,2), with dp a constant that might depend on P. This is always the
case if (DS)? is proportional to an idempotent matrix (with eigenvalues 0 and 1), whose trace must be a
constant non-negative integer.
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Then the perturbative solutions found for n = d in [6, 7] also solve the equations for n # d,
simply replacing d — n everywhere (including the c,gn) coeflicients, i.e. ¢ = c,gd) — c,(gn)).
In particular, it is easy to see that there are no perturbative dS solutions.

To discuss the non-perturbative solutions, it is convenient to deal with the cases ¢ # 0
and ¢ = 0 separately. Since ¢ =constant, these two cases obviously do not overlap, and
cover all the possibilities.

The solutions for the case ¢ # 0 when n # d are those found for n = d in section 5.1
of [6, 7], simply replacing F'(H) by F,,(H), or equivalently replacing d — n everywhere. In
particular, there is an uninteresting Minkowski solution with H = 0 = constant, but no dS
cosmologies in the string frame.

Instead, the more interesting case ¢ = 0 that we will explore in the forthcoming

sections, turns out to contain many dS solutions.

3.2 dS solutions in the string frame

If ¢ = 0, the equation e~ ®F! (H) = q necessarily implies that
F!(H) =0 for all times = H = Hj = constant (3.13)

i.e. H(t) is a constant Hy that is a zero of F) (H). If H(t) were not a constant, then the
equation F) (H(t)) = 0 would be valid in an open neighborhood of a certain H(ty) = Hp.
In this case, F),(H) must be the zero function F),(H) = 0 for all H, which is absurd since
we are considering that the asymptotic expansion of F) is non-trivial.

The fact that F,(H) = 0 implies that the conservation of ¢ = e"®F/(H) = 0 is trivial
for any function ®(¢). Then no more information can be obtained from the equation Es = 0
and we turn to the other equations of motion, namely

0= FEg + E, =2D?® + HF!(H) = 2D?*® — D?® =0 <= D® = —c = constant € R,

(3.14)
where we used F)(H) = 0 and defined the real constant ¢ (with sign(c) = — sign(D®) = +),
and

0=EFE,=(D®?* - F,(H)+ HF'(H) = ¢* — F,(H) = F,(H) = ¢* = constant > 0.
(3.15)
We conclude that the solutions with ¢ = 0 are those with H = Hy = constant such that

F/(Ho) =0, F,(Hy)=c*>0, D®=—c, (3.16)

for some constant ¢ that may take any real value.

Since H = Hy = constant, these are all dS solutions in the string frame. They are non-
perturbative because there are non-trivial o/-corrections that must mix with each other in
order to ensure that F'(Hp) = 0 and F,,(Hp) = ¢* > 0. They are described by the dimen-
sionful constants (Hp, ¢) that may be measured (non-perturbatively) in units of 1/v/c/.

Notice that the time-reversal of one of these solutions (Hy,c) is a new dS solution
with (—Ho, —c), that trivially verifies (3.16) since F,,(—Hy) = F,(Hp) and F}(—Hy) =
—F!(Hp). Moreover, inverting the scale factor a(t) <+ a(t)~! of a dS solution (Hy,c),
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which is a symmetry included in O(d,d), another dS solution described by (—Hoy,c) is
obtained. Hence, from one of these dS solutions, one can always construct another one
that is expanding in the string frame, by choosing Hy > 0, and that also verifies ¢ > 0 for
example (considering Hy, ¢ # 0).

To the best of our knowledge, these ¢ = 0 solutions with ¢ # 0 have not been considered
previously in the literature. A detailed analysis of this case is presented in the next sections,
where we will find an interesting zoo of stable and unstable dS geometries that can be dS
also in the Einstein frame.

3.3 dS solutions in the Einstein frame

In the case ¢ = 0, non-perturbative dS solutions with H =constant # 0 and D® = 0 were
obtained in [6, 7] for the isotropic ansatz (i.e. n = d). These are dS metrics in the string
frame, which can be trivially generalized to the case n < d simply replacing F(H) by
F,(H). However, they lead to a time dependent Hubble parameter in the Einstein frame
and hence do not correspond to the dS geometries that describe the observable universe.

To see this, recall the standard Weyl rescaling of the metric that relates the string and
Einstein frames

Gy = e 29/d=Dg . (3.17)

For metrics of the form (2.3), we have —n% = Goo = —e **/(@"Dp2. Thus an Einstein

@ e with the same properties
nge

as D, since ng(t) is trivially a density under time reparameterizations. Both time covariant

frame time covariant derivative can be defined as Dg =

derivatives are related as Dg = ¢2?/(@=1)D. We can always choose a time parameterization

tp such that ng(tp) = 1 <= Dgp = %, thus n(tg) = e2¢(te)/(d=1)  — D =
E
o—20(t)/(d-1) 9
Otg

Restricting to diagonal metrics g = diag(a?(t)), the scale factors are related as
aEJ‘(t) = e*2¢’/(d*1)ai (t) . (3.18)

Then the Hubble parameter associated to the x* direction in the Einstein frame is

- W) . (3.19)

Hp; = Dp(In(ap,(t))) = 2/~ (H .

In particular, for a constant dilaton ¢ = ¢y =constant, the Weyl rescaling (3.17) just
amounts to multiplying the metric by a global constant. Thus, a dS metric in the string
frame with Hubble parameters H; = H;( =constant is also a dS metric in the Einstein

frame with Hubble parameters Hg; = Hg ;o = e2¢0/(d~1)

H; o =constant.

Therefore, the dilaton ¢ cannot be constant in a solution with Hy = constant # 0 and
D® = 0 in the string frame, since D¢ = DP+nHy # 0. Hence this solution leads to a time
dependent Hubble parameter in the Einstein frame, and there is no proper dS geometry in

this case.
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Instead, the solutions (Hy, c¢) with D® = —c = constant described by (3.16) admit dS
cosmologies with constant dilaton when ¢ # 0. Indeed, imposing the condition

d
2D¢ = DB + D(In(y/det gi;)) = DB + 3 H; = 0 (3.20)
i=1
in the ansatz g = diag,(a?(t),a3) and b = 0, amounts to
0=2Dp=DP+nHy+ (d—n)-0=—c+nHy <= c=nHy. (3.21)

Thus, the non-perturbative dS solution (Hy, ¢) = (Hy, nHy) in the string frame has constant
dilaton ¢ = ¢g. In the Einstein frame, this corresponds to a dS geometry with constant
Hp = Hgp = e2®0/ (d_l)Ho in n spatial dimensions and null Hubble parameter in the
remaining d — n spatial dimensions. If this was a solution of string theory, the string
coupling could be taken g = e? =constant< 1 for all times, consistently with string
perturbation theory at genus zero.

This result seems to contradict the no-go theorem of [6, 7], which states that there
are no dS solutions in the Einstein frame with constant dilaton ¢. However, the new
solutions (3.21) have ® # constant (i.e. ¢ # 0), which violates the hypothesis of the
theorem, namely that the only dS solutions in the string frame are those with ® =constant
(i.e. ¢ =0). Then we see that the case ¢ = 0 is a source of dS solutions in both frames (i.e.
¢ = constant <= ¢ = nHy, in particular ¢ = nHy # 0).

Notice that for every dS solution (Ho, c) with constant dilaton (i.e. ¢ = nHy), there is
its time-reversed dS solution (—Hj, —c) with constant dilaton since —c¢ = n(—Hj). Thus,
there are two types of dS solutions with constant dilaton: the expanding cosmologies
(Ho,c =nHy) with Hy > 0 and the contracting ones (—Hg, —c = n(—Hj)) with —Hy < 0.

On the other hand, a dS solution in the string frame described by (Hy, ¢) with non-
constant dilaton must have either ¢ > nHy <= D¢ = constant < 0 or ¢ < nHy <=
D¢ = constant > 0. In the former (latter) case, the string coupling would be small only for
late (early) times. The Einstein frame Hubble parameter of these solutions is of the form

£20(1)/(d-1)

He —
E d—1

[+ (d—n—1)Hy] , (3.22)

t
with ¢(t) = ¢o + (nHy — c)/ dt n(t). Then Hpg is a non-zero constant if and only if
t

¢ =constant <= ¢ = nHo.O If ¢ # nHp, an expanding (contracting) solution in the
Einstein frame (which is not dS) is obtained only if ¢+ (d —n — 1) Hy is positive (negative),
see figure 1b.

Alternatively, one could search for dS geometries in the FEinstein frame with non-
constant dilaton (i.e. that do not verify (3.16) and are not dS in the string frame). In
general, they have to satisfy quite non-trivial conditions. In the case of isotropic metric
gij = a*(t)d;; and b = 0, the function F(H) = F,_4(H) that describes the o/-corrections
has to verify the non-linear second order ODE

F'(H)
F'(H)

+(d+ 1)H)
(3.23)
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with £ = —sign(D®) [9]. This must be regarded as an ODE because H = H(t) #
constant can take any value in an open neighborhood of a certain H(tp), provided the
dilaton ¢ is not constant. A possible solution is F(H) = —H? + BH for all B € R if
+ = sign(H ), but this does not correspond to string theory. Even in the case B = 0 (which
ensures F(H) = F(—H)), the O(H?) term does not agree with F(H) = —dH? +--- in the
asymptotic expansion (3.7). Besides this one, there should be another kind of solution with
another integration constant (rather than just B), which should be an acceptable function
F(H) according to [9] in order to be a possible non-perturbative dS solution of tree level
string theory. For instance, the non-constant string coupling must verify gs = e® < 1 at
all times.

Notice that dS geometries in the Einstein frame with constant dilaton correspond to
H = Hy = constant # 0 in the string frame, in particular in the case n = d. Thus, the only
possible solutions for isotropic metric are those with ¢ = 0, i.e. F'(Hp) = 0, F(Hp) = c?
and D® = —c. Replacing this in the ODE (3.23), with £ = — sign(D®) = sign(c), leads to

®+dHE =sign(c)|c|(d+1)Hy = (d+1)cHy <= 0=c*—(d+1)Hoc+dHi = (c—dHy)(c—Hp) .
Then, there are two possible solutions. Either ¢ = H(, which implies
(d—1)Hy —2D¢ =(d—1)Hy — (—c+dHy) =c—Hy=0 — Hp =0,

i.e. a Minkowski metric in the Einstein frame; or ¢ = dHj, which is the dS solution with
constant dilaton (3.21) (in the case n = d). But now we found it by a different pathway,
i.e. solving an algebraic equation instead of a differential one. Indeed, for both constant
H = Hj and ¢, the ODE becomes algebraic.

3.4 Stability and types of dS solutions

Following [23], to study the stability of the dS solutions found above, it is convenient to
define y = D® and recall that the equations of motion (3.12¢) and (3.12b) are first order
differential equations for y and H, while (3.12a) is a constraint between them. There-
fore, a variation of the dynamical variables dy = §(D®) and 6 H must preserve the con-
straint (3.12a),

0=0E,=2ydy+ HF!(H) 0H . (3.24)

Thus, the variation of the first derivatives Dy and DH under dy and dH are determined
by the equations (3.12b) and (3.12c) as

1 / /!
(Dy) = —5 (Fu(H) + HE,/(H)) 6H , (3.25)
F/(H)5(DH) = F'.(H) 6y + yF/(H) 6H — F!"(H)DH 6H .

Evaluating for the solutions (3.16) described by (Hy,c) in the string frame and imposing
DH = D(Hy) =0, F)(Hp) =0 and y = D® = —¢, we can rewrite the variations as

d(Dy) = —c oy and d(DH) = —c0H, (3.26)

where we also applied the constraint (3.24), and assumed F)/(Hy) # 0.
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—— Constant ¢

—— Constant ¢

—— Hg=0 Expanding, late

Expancing.cary
vo 0o
Contracting, unstable
0
Ho Ho
(a) dS solutions (Ho, ¢) in the string frame (b) dS solutions (Ho, ¢) as seen in the Einstein frame

Figure 1. (a) expansion Hy > 0/contraction Hy < 0 and stability. The red line is the region ¢ =
constant <= ¢ = nHy. (b) expansion Hg(t) > 0/contraction Hg(t) < 0. Late and early refer to
the times for which g, = e?¥) < 1. The blue line is the region Hg =0 <= ¢ = —(d —n — 1)Hy
and the red line is the region ¢ = constant with g; = e® < 1.

Therefore, we see that a dS solution in the string frame described by (Hy, ¢) is stable
if ¢ > 0, and unstable if ¢ < 0, for both the dynamics of y and H. Notice that if Hy,c# 0
and if dy can take non-zero values, the constraint (3.24) necessarily implies F)/(Hp) # 0.
In the case ¢ = 0 (in which F))(Hp) = 0 if 6 H can take non-zero values, because of (3.24)),
further analysis is required to establish the stability or not of the solution.

Then, there are four types of dS solutions in the string frame with Hp,c # 0 (see
figure 1a): an expanding stable dS solution (Hy,c) with Hy > 0, ¢ > 0; its time-reversed
solution (—Hp, —c) which is contracting and unstable; the solution (—Hy, ¢) that is obtained
from a scale factor inversion which is contracting and stable; and the solution (Hy, —c)
that is obtained from a scale factor inversion and a time-reversion which is expanding and
unstable. Hence, an expanding stable dS solution in the string frame can always be chosen.

In particular, a dS solution (Hp,c¢c = nHy) with constant dilaton is stable if ¢ =
nHy > 0, i.e. if it is an expanding solution. Indeed, the condition ¢ = nHy implies
sign(Hp) = sign(c). Thus, every non-perturbative expanding dS solution with constant
dilaton is stable.

We summarize the properties of the dS solutions (Hy,c) in the string and Einstein
frames (expansion/contraction, stability, and times for which g, = e?) <« 1) in figure 1.
Note that for n < d, every stable expanding dS solution in the string frame (green quadrant
of figure 1a), corresponds to a stable expanding geometry Hg(t) > 0 in the Einstein frame
(cyan and light green regions in figure 1b), while for n = d this only happens if ¢ > H.
Recall the precise relation between the Hubble parameters given in (3.22).
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4 Generalized ansatz of commuting matrices

Having solved the equations of motion in a simplified setting that involves a diagonal metric
and vanishing b-field, we now extend the analysis for more general fields. We first discuss
a generalized ansatz in which the matrices g, D(g), Db are taken to commute among each
other, and show that with this assumption, the O(d, d) symmetry allows to take a diagonal
metric and block diagonal matrices b, Db, without loss of generality. We then show that in
this case the equations of motion can be diagonalized, which greatly simplifies the search
of solutions.

In order to examine the o’-complete cosmology in a more general setting, since the
functions F(DS) and F'(DS) only involve traces of even powers of DS, it is convenient
to first compute the matrix (DS)?. This is a straightforward calculation, and after some
tedious manipulations, the result can always be written as

AbgtAg— Ab+ (g — bg~1b)Cyg
DS)? = 4.1
(DS) (C’ g 'Ag— g 'bCqg— Cb ’ (4.1)

where A = D(g)D(g 1) + (D(b)g~1)? + bC and C = D(g~H)D(b)g~! — g7 'D(B)D(97})
contain all the time derivatives.

This expression seems quite complicated. However, if the matrices g, D(g), Db are
taken to commute among each other, then g~!, D(g~!) also belong to such set of commuting
matrices, and C' = 0 while A = —g=2(Dg)?+g~2(Db)? is a symmetric negative semi-definite
matrix. In this case, (4.1) simplifies to

_ (A A]
(DS)? = (0 ) ) . (4.2)

The assumption that the matrices commute is a somewhat general ansatz. Never-
theless, exploiting the O(d, d) global invariance (in particular the invariance under global
rotations of the spatial coordinates, and constant shifts in the b-field [11, 12], which pre-
serve the assumption of the general ansatz), we will see that in this case the metric g can
be always made diagonal, and Db can be taken to a block diagonal form, without loss of
generality.

Indeed, since g and Dg are real symmetric matrices and commute, there is an orthogo-
nal matrix R = R(t), that may depend on time, such that g = Rgp R~ and Dg = RD,;R™,
with diagonal matrices gp and D, for all times. Taking the time derivative of the first
equality,

Dg = D(RgpR™") = R (Dgp + [R'DR,gp]) R, (4.3)

where we used D(R™'R) = 0, and using the second one, we get
Dgp + [R™'DR,gp] = D, .

Since Dgp and D, are diagonal matrices, [R™IDR, gp] is also diagonal. E.g., for matrix
elements (gp)ij = a?(t)d;;, the commutator is [R™'DR, gpli; = (R_IDR)ij(a? —a?). In

)

17 -



particular, the diagonal elements [R~'DR, gp);; are zero, and since [R" DR, gp| is diagonal,
we get
[R'DR,gp] =0 <= Dgp = D, = diag(2a7H;) . (4.4)

Moreover, if a; # a;, then [R™'DR,gp] =0 = (R™'DR);; = 0.
Let us take, for instance, the diagonal metric

gD = diag(a%(t)lsl ) a%(t)lsza T >a72"b (t)]‘s'rb) ) (4.5)

where each one of the r, blocks a?(t) 1, is proportional to the s, x s, identity matrix 1,
and a,(t) # a,(t) if r # r'. In other words, all the directions with the same scale factor for
all times are grouped in the same block. From (R™'DR);; = 0 if a; # a;, it follows that

— RT'DR=D(R™Y)R = E(t) = diag(EW(t), EA(t), -, EM™)(1)), (4.6)

i.e., B(t) is a block diagonal matrix, with blocks E()(t) that correspond to the identity
blocks g™ = (aM)? 1,, of (4.5). We will refer to these blocks as blocks of equal scale
factor a(").

The initial condition for R(t) can always be taken to the form R(ty) = R™1(tg) = Id
with a global O(d,d) transformation, corresponding to a rotation with a constant or-
thogonal matrix Ry = R(tp)~!, that transforms the fields as g — RogRy' (i.e. R(t) —
RoR(t)), b — RobRy', so that R(ty) = Id. Hence, the differential equation (4.6) is the
Schrodinger equation for the time evolution operator (with U(t) = R™!(t) and the Hamil-
tonian (ih)"'H(t) = n(t)E(t)), with the initial condition R~!(ty) =Id. Then, it can be
formally solved with a Dyson series:

RYt) = T{exp { ttdt n(t) E(t)}} , (4.7)
0

where T is the time-ordering operator. Consequently, the orthogonal matrix R~!(t) (as

well as R(t)) must also be a block diagonal matrix with the same blocks as E(t) and gp.

Therefore, considering that each block of gp is proportional to the identity and that
R(t), R71(t) are block diagonal, the metric g = gp can be taken to be (4.5), which we will
do from now on.

Regarding the b-field, since Db commutes with g = gp, it must be a block diagonal
matrix with blocks that correspond to the identity blocks (4.5) of g (i.e. blocks of equal
scale factor):

Db = diag(DbV), Db?) ... Dpe)) | (4.8)
with each block Db(") real and antisymmetric. With a global O(d,d) transformation,
corresponding to a constant shift in the b-field, we can always take b(ty) = 0, without

t
loss of generality, and b(t) = / dt’ n(t") Db(t') must also be a block diagonal matrix
to

with blocks of equal scale factor a(”). Therefore, b(t) commutes with g, ¢!, Dg, and also
[b7 A] = 9_2[b7 (Db)2]

Summarizing, the generalized ansatz of commuting matrices allows to take, without
loss of generality, a diagonal metric g and a block diagonal Db (with blocks of equal a(r))
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with b(tg) = 0, which implies that b(¢) commutes with g,¢g~!,Dg. This includes several
interesting cases, such as a generic diagonal metric g;; = a; 2(t) d;; and b = 0; an isotropic
metric g;; = a?(t) &;; and generic b # 0; a metric with two (or more) dynamical scale
factors, e.g. g = diag, (a?(t),a3(t)) and a block diagonal Db # 0 with the same two (or
more) blocks as g; etc.

4.1 Equations of motion
The equations of motion that follow from the ansatz of commuting matrices are worked
out in the appendix A. They take the form
E,=(D®)?—F,(A)+2tr(AF.(A)) =0, (4.92)
Eg+FE, =2D*®+2tr(AF.(A)) =0,
Qy=e"? g71D(g) F.(A)—bQ; = constant <= D (e_cp g_lp(g)}:’l(A)) —Db Q;1=0
(4.9¢)
Q=" g7%(Db)F,(A) = constant <= D (e~® g~*(Db)F,(4)) =0, (4.9d)
where F(DS) = F,(A) since it only depends on tr(DS*™) = 2tr(A™), and Qy and Q;

are constant symmetric and antisymmetric integration matrices. The last two equations
are the equations of motion for S variations, equivalent to the conservation of the Noether

_2 (—Qz —92(t0)91> | (4.10)

charge

Q

91 o))

As shown in A.1, the equations (4.9) may be diagonalized in terms of a complex unitary
matrix U(t), and they become

E, = (D®)? — F,(—4D?) 4 2tr((—-4D?) F.(-4D%) =0, (4.11a)

Eg + E,, = 2D?® 4 2tr((—4D?) F.(-4D?)) =0, (4.11b)
Dy =e"? g 3Dy FL(— 4D2) = constant, (4.11c)

0 =D, D1 +D (e g7'D(g)Fy(~4D?)) | (4.11d)
0=[U"'DU,Dy| = D(g) [U'DU, F.(—4D?)], (4.11e)

where Dy, D1 and D? are the real diagonal matrices (the latter with non-negative elements):

Db(t) = UGDyOU (), Qi =U(®)ED)U (1), (4.12)
A=Ut)(~g2(Dg)? - g DU (1) = UW)(—4D)U'(1).  (4.13)

Note that the equations (4.11a)—(4.11d), which determine ®, the metric and Dy, can
be solved without any regard of the unitary matrix U(¢). Then, it is convenient to separate
them from (4.11e), which determines U (t), and hence the basis in which Db is written. In
particular, we can take U(t) = Uy = constant as a valid solution of such equation.

Using O(d, d) invariance, we can replace Db(t) — Rb’on(t)R;é, or equivalently U (t) —
Ry 0U(t), where Ry, can be any block diagonal constant orthogonal matrix, with blocks of
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equal scale factor (in order to preserve the form of g, Dg, g~ !). Taking U(t) = Uy =constant,
Ry can be chosen such that each block Db(") of Db is a block diagonal matrix

DH(t) = diag (8" i0s, B i0a, -, B, i02,0) (4.14)

with ¢, 2 x 2 blocks proportional to the Pauli matrix o9, or a zero (s, — 2¢,) X (s, — 2¢;)
block. The eigenvalues of —iDb are of the form :EBY), :t,@’ér), (--+), iﬂg;ifl, 0, and hence
the r-th block of the diagonal matrix Dy, = Uy ' (—i)DbUj is equal to:

Dy (t) = diag (87, ~B", 85, ="+ B 1, —B5)_1,0,-++,0) . (4.15)

We define ﬁc(f) = (D(T))aCy with 1 < a < s,. Note that if Ba = 0 there is another 5(r)
—B((XT). Moreover, with this choice, (Db)? = Uy(iDy)?U;* = —D? is dlagonal and hence
A =Uy(—4D*)Uy ! = —4D? is also diagonal with elements —4(H())2 — (a(")~* (B(T )2,

Since b(tg) = 0, the field b(¢ / dt' n(t") Db(t") takes the form of a block diagonal
matrix, with r-th block

o) (t) = diag (B ios, By ios, -, BY)_, i05,0) (4.16)

where B{)(t / dt’ n(t') BU)(t') are generic eigenvalues of —ib(t). Notice that b(t)

commutes with Db( ), and then [b, A] = 0.

On the other hand, if the solution U(t) to (4.11e) is taken to be time-dependent, Db
cannot take the simple form (4.14), but Dy can still take the form (4.15). Moreover, in
principle b(t) cannot be as simple as (4.16) and does not commute with Db. However, the
information on U(t) is not relevant for the first four equations in (4.11), and hence it is
not significant for the dynamics of ®, the scale factors (i.e. the metric) and the eigenvalues
of —iDb.

Considering the metric in the r-th block ¢(") = (LL(”))2 1;,, the a component of the
equations (4.11c) and (4.11d) may be written as:

_Qg)/g — e—CD (a(r))—4 ﬁ((xr) (‘Fé(_4D2))((xTo)¢ = constant, (4.17&)
0=—50) QU /8 +D (e=® 20 (F;(—4D*)1)) | (4.17b)

where we defined a generic eigenvalue of 8 197 as Qg) = —8(D§T))aa for 1 < a < s,. Note
that (4.17b) is equivalent to

—Q.,M/8=—BM QW /8 + e ® 2HM(F!(—4D?))") = constant , (4.18)

where —@Q’, (") /8 and BY) are generic eigenvalues of Qo and b respectively, if U(t) = U.
This is because Q2 commutes with Db, since b commutes with Db provided U (t) = Up, and
then it can be diagonalized in the same basis as Db. Instead, if U(t) is a time-dependent
matrix, —Q’, (")/8 and BY cannot be interpreted as generic eigenvalues of Qs and b(t),
respectively. They can only be interpreted respectively as an integration constant related

—90 —



to Qs,% and as a primitive of the eigenvalue ﬁ((f) (t) of —iDb. Moreover, we cannot conclude
that b and Qs commute with Db.
Furthermore, defining

1

WD) = (DD)on = £ | (HOP? 4 1 (a) (512 (419)

for 1 <a <s,and 1 <7 <1y, and leaving the sign unspecified for the moment, we get

F(DS) = F, (A) = Fu(—4D?%)

d
— 8¢, Zh2 I Z )kl g2k 3 2MPley p 1> nm (4.20)

Pec Part(k,2) meP i=1
= Fh(hla h27 e 7h’d)

as a multi- Variable function of the eigenvalues of A (h((f) are relabeled h; for 1 < i < d since
Ty  Sr

) S) DI S

r=1a=1 =1
In addition, F’(—4D?) is a real diagonal matrix with elements

(Fo(—4D?))ii =

—1 d
- (Z S S Mg S oamg ! ] Zh%m)

k=2 Pe Part(k,2) moEP meP—{mo}i'=1
o 1 8Fh(hl)h27"' 7hd)
=~ e . (4.21)

Notice that if h; = 0, or equivalently if H; and (3; are both zero, this expression is equal to
—2c¢1. Then

8Fh

tr(DS F'(DS)) = 2tr(AF.(A)) = 2tr((—4D?) F.(-4D?)) Z hi—— (4.22)

and the diagonalized equations of motion can be rewritten in terms of the multi-variable

function Fy(hi,--- ,hg) and its first order partial derivatives as
QY = e (@)~ g0 =2 congtant, (4.232)
ho;r ahar
0=Q B+ (e 2mt) L 9L (4.23b)
o o ( ) 8h( r)

= (D®)? — Fy(h )+ f: SZ ) OFh _ (4.23¢)

a me 7 r=1a=1 h(r '

9 NS ry OFp

Eg+ E, =2D*®+ Y > hll =0, (4.23d)

o= onl
Defining QY (t) = U~ (t)Q2U(t) and bY (t) = U~ (£)b(t)U(t), (4.9¢c) implies
—8(Q5)50 = Q. = QY () —iBa ), =8(Q9)1), = QT (")), for o’ #a,
even for a time dependent U(t). Since Qg,b(t), U(t) are block diagonal matrices, the non-diagonal blocks
(with r # 1) of Qa, QY (t),b(t),bV(t) are zero. Note that QV) = 0V (r,a) = Qi = 0. If also

Q7 M =9V (r, ), then QY =0 = Qy =0, and finally Q = 0. Conversely, if Q = 0 then Q; = Q, =0
and QY = 0, therefore Q") = @, ) = 0 for all (r, ).
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Note that the second equation is equivalent to

1 0F),

/ (r)y — H(r) r —<I> (r)
e T o

= constant , (4.24)

in terms of the primitive Ba of B

4.2 Conservation of the Noether charge and b-field dynamics

To analyze the conditions for the conservation of the Noether charge Q, recall that they
are equivalent to the conservation of all the scalar Noether charges Qg) and Q;E”, together
with the condition (4.11e) for U(t) (which we may ignore from now on, since it does not
influence the other equations). We will consider only one dlagonal component i (or r, a) and
deal separately with the cases 7) Q(T) Q( N~ = 0; i) Qa =0, QIOST) # 0 and i7i) Qg) #0.

) Qg) =0 and Q/, (") = 0. In this case, the equations (4.23a) and (4.24) imply

1 9F, .y OF
—h
B on) Y ap()

0=+ |(HM)? 4 i(am)%(ﬁm)z (4.25)

«

F r r .
and then either L(h) =0 or hg) =0 < H" = B&) = 0. Moreover, the solution
8har

hg ) = 0 is contained in the equation

OF}

and then this equation is equivalent to (4.23a) and (4.24). We can choose + = sign(hg)) =
sign(H™), or if H" = 0 we can choose &+ = sign(hg)) = sign(ﬁg)), without loss of

generality.
ii) Q) = 0 and Q’, (") # 0.

1 OF,

7oy #0 and then QI =0 = W (4.27)
h onl)

Q" #0 =

which trivially verifies (4.23a). On the other hand, since B&T) =0 = hY = HO
(choosing + = sign(hg)) = sign(H ™)), (4.24) implies p) = g # 0 and takes the form

1 F
§Q/°‘ () =) = ¢ ® ; (h) = constant # 0. (4.28)

har
ii3) Q) # 0. In this case h( o) (;{Zzh) # 0 and Bg) # 0 for all times. Hence, (4.23a) can

be rewritten as:
(r))4
—e L OB _ o) () (4.29)
o O
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Replacing this in (4.24), this equation is equivalent to:

(r))4 1 (r)
B 1 1D((a™)) = Yo = ¢, ") = constant

@ (r) (r)
2 D(B") a (4.30)
2
= D@+ (B - 24, OBY) = (@) + (BY - 4,7)°) =0,

which can be expressed in terms of a non-negative integration constant R? as:
2
(a4 (Bg') —q, (T)) —= R? = constant > 0, (4.31)
or equivalently as:

{ (a™? = Rycos(00 (1)) = 2H"(a)? = —R,sin(87)(t)) DOT)(¢)
B( r) _

o

4.32
¢, = Rosin(60()  — O = By cos0) (1) DIO@) )

with 6% (t) € (—=m/2,7/2) so that (a()? > 0. The fact that 553") # 0 implies that R, # 0,
a(t) # 0 and DO () # 0.

Notice that (a(”)(t))? < R, < co is bounded, and then this cannot correspond to a dS
cosmology in the string frame in the s, spatial directions of the r-th block. This is a rather
curious feature of the dynamics of the system when the b-field is turned on in this case:
the scale factor a(") corresponding to a non-trivial eigenvalue B,(J) (t) of Db is bounded.

Furthermore, using (4.32) and choosing + = sign(hg)) =— sign(DGg)), we see that:

Do)

HO = tan(@Q(O)DEO (1) and b = -0
2 2 cos(fn’)

« «

hence &+ = sign(hg)) =— sign(ﬁ((f)) and

(r) ¢, (r)\4 (r))2 (r)
b el g @y e P L (4.33)
Ba

B 2 Ty 2
Thus, turning back to (4.23a), we get:
o OFn _ R QY

on0) = 5 =da = constant # 0. (4.34)
Summarizing, in the generalized ansatz, the (diagonalized) equations of motion are:
o () OFn
E,= (D(I)) —Fy hf17 h +Z Z h ) = (4353‘)
r=1a=1 ah
2 "t Sr (,’,,) 8Fh
Eo+E,=2D°0+) > hi)— =0, (4.35D)
r=la=1 8har
F
e ? OF: —=¢\") = constant (4.35¢)
ony’
case i1): Qg) =0and Q)N #£0 — Bg) =0
B0 _ DG((J)
C]c(;) #0 = ¢ 2 COS(H((XT)) (4.354d)

o )
case iii): - Qo 20 == 0932 _ ko5 (1)

B —q. ™ = R, sin(6 (1))

~ 93 -



where (4.35¢) and (4.35d) for every pair of indexes (r, «) are equivalent to the (diagonalized)
equation of motion for § variations.

The equation (4.35c) for all (r,a), together with (4.35a) and (4.35b), determine the
dynamics of the parameters hq  (t) and the generalized dilaton ®.

In addition, the equation (4.35d) establishes B((XT) =0and H" = hg) in the case i);
while in the case #i7), it determines 08’) (t) with a first order differential equation in terms
of A (t), which in turn fixes (a(")2, By - ', and hence H")(t) and B (t).

In the case qg) = 0, or equivalently Qg) =Q'&’ =0, ie. case i), the component (r, )

of the diagonalized equation of motion for S is equivalent only to the equation 7(1?) =
oh

«

If the equations of motion are considered perturbatively up to O(a’?), then F},(h) =

d (r)
8c1 Z hZ4+0O(c’), and hence (4.35¢) implies (e_‘bhg))o = (qlcé)o =constant. To construct a

; €1

i=1
perturbative dS solution in at least one component (i.e. H") = H(()T) # 0 for at least one r),
one needs Qg ) =0 for every 1 < a < s, (to avoid a bounded scale factor), and (@, )y =
2(qg))0 # 0 (to avoid a Minkowski solution with (Hér))o = 0). We are left with case ii),
in which B&r) =0, py) = g # 0. The equation e~ (H"))y = (qg))o =constant
only allows a non-zero constant (H())q if ®¢(t) is constant, but equation (4.23d) implies

Ty  Sr T, S
- OFh .

> (hﬁ&m = 16les] DD (W)F = () =0 =
r=1a=1 aha 0 r=1a=1
(H (T))o = 0, then there is no solution of the two-derivative equations with non-zero constant

0 = [2(D%®)o| =

Hubble parameter. Therefore, we see that in the generalized ansatz, the theory does not
allow perturbative dS solutions up to O(a’?), not even in one spatial component. Although
we only proved this up to leading order, it makes sense that there are no perturbative dS
solutions to all orders since H; =constant should have units of 1/ Va! , and hence it would
not be perturbative. This is why we now turn to search for non-perturbative solutions.

In a similar fashion as in the isotropic ansatz considered in the preceding section,
the sector with vanishing Noether charge contains many interesting non-perturbative dS
solutions, both with vanishing or non-vanishing b-field. Indeed, we show in appendix B
that if every h; is constant, which is a key for the construction of dS solutions, then @ = 0.

5 Generalized non-perturbative dS vacua

To search for dS solutions in the case @ = 0, we recall the equations of motion (2.24),
copied here for convenience

E, = (D®)* - F(DS) + tr [DS F'(DS)] =0, (5.1a)
Eg + E,, = 2D*® + tr [DS F'(DS)] =0, (5.1b)
Es = —%eq)S DQ=0 < DQ =0 < Q = constant € so(d,d). (5.1c)

The condition @ = —2 e=® & F/(DS) = 0 necessarily implies that F'(DS) = 0 for all
times when e~® # 0 and S is invertible. Then (5.1b) implies D?® = 0 <= D® = —c =
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constant € R and (5.1a) requires F(DS) = c?>. Summarizing, the generic solutions with
null Noether charge must satisfy:

F(DS)=0, F(DS)=c*>0, Dd=—c, (5.2)

a natural generalization of the conditions (3.16).

Considering that F(DS) = G(DS?) only depends on (DS)? and F'(DS) =2 DS G'(DS?),
in principle from (5.2) we can only conclude that G'(DS?) belongs to the matrix subspace
that is annihilated when multiplied by DS. The solutions verifying (5.2) can be constructed
imposing (DS)? = constant such that DS G'(DS?) =0 and G(DS?) =c%>0.

Imposing DS? =constant without an ansatz that simplifies the expression (4.1) seems
quite not trivial, since it is necessary to ensure that both the blocks of the first column A, C
and the blocks of the second column (written in terms of A, C') are all constant. However, in
the generalized ansatz of commuting matrices, this expression takes the simpler form (4.2),
and DS? =constant is equivalent to A =constant, which implies that h; =constant.

As we explained in the previous section, under the ansatz of commuting matrices
the condition @ = 0 is equivalent to Q1 = Qo = 0 or to zero scalar Noether charges
Qg) = Q) () = 0 for all (r,a). Therefore, as we showed in the case i) of section 4.2, the

OF,
equations (4.23a) and (4.24) in this case are equivalent to 7(:3 = 0 for each (7, a).
oh
The remaining equations of motion F, = Fg + E,, = Oaimply D® = —c =constant

€ R and Fj,(hy, -+ ,hg) = c® (see (4.23c) and (4.23d)). Therefore, the condition (5.2) for
a solution with @ = 0 turns out to be equivalent to

OFy,

m:0 — VE, =0, Fylhi, -, hg)=c*>0, Dd=—c, (5.3)

)

0. Again, these solutions seem to be the natural generalization of the conditions (3.16),

for which we require that the parameters hg are constant in order to ensure VF} =
now written in terms of the multi-variable function Fj,(hy,--- ,hgq). These solutions have
hg ) —constant, which is not equivalent to H(" = constant, except for example if Db = 0
where hg) =g,

Hence, imposing H (r0) — constant for a certain block 7o, i.e. a dS solution in the
string frame for such block, requires that ﬁgo)(t) = constant,, - (a(™)(t))?, or equivalently
Db (1) = (al70)(t))2Y (70) for the case U(t) = Uy, with Y ("0) a real antisymmetric constant
matrix of size s,, x s,,. However, for this Q = 0 solution, the condition (hg))2 = constant
must be verified for every value of r, not only for r¢. In principle, some Hubble parameters
might be non-constant provided a non-trivial b-field compensates the time dependence of
H™(t) and the dimension s, of the block is even, since Dl()r) cannot have a zero element. Of
course, if we are not interested in this case, we can simply take H(") = constant for every r.

5.1 dS solutions in the Einstein frame and examples

As discussed in section 3.3, dS solutions in the Einstein frame can be obtained from the
dS solutions in the string frame if the dilaton ¢ = 3[® + In(y/det g;;)] is constant. For a
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diagonal metric g;; = a?(t) d;;, (5.2) requires

D (111 (, /det gij» = zd:Hi =c¢ = constant € R. (5.4)
i=1

In a solution with non-zero constant Hubble parameters only in n < d spatial dimen-
d

sions, i.e. H; = Hp; = constant # 0 for ¢ = 1,---,n, this becomes Z H, = c—

i=n+1
n

Z Hj; =constant. Note that the remaining Hubble parameters which are not a non-zero
i=1
constant may have a temporal dependence provided they add up to a constant, i.e. the

temporal dependence must cancel in the sum. This cannot occur if the metric is isotropic
in the extra d —n spatial dimensions, in which case the geometry of those extra dimensions
corresponds to a static cosmology, and the condition (5.2) for a constant dilaton takes the
n
form ¢ = ZHW'
i=1
If the constants h; = hg) = hg,; that solve the equation (5.3) for a certain value of ¢
are known, some interesting particular dS solutions can be constructed, as we now discuss.

5.1.1 Isotropic dS geometry and b # 0

Consider an isotropic dS geometry in n spatial dimensions and a static solution in the
remaining d — n spatial dimensions, i.e. the metric is g = diag, (a*(t), a3), with a(t) such
that H = D(Ina(t)) = Hy = constant and ayp = constant. Then, there are two blocks:

1. The r = 1 block of size n x n with ¢ = a2(t) 1,,, HY) = Hy =constant # 0 and
Db = a2(t)Y D with Y1) =constant.

2. The 7 = 2 block of size (d—n) x (d—n) with ¢ = a 14_,, =constant, H? = Hy = 0
and Db = a2Y(?) =constant.

Assuming U(t) = Uy for simplicity, the temporal dependence of Db (t) = (a(")(t))?Y (")
is necessary to have h((;) =constant. These constants must verify (5.3) to be a Q@ = 0
solution.

If the condition for a constant dilaton ¢ = nHy is fulfilled, the solution is dS,, x T¢"
in both frames. The difference with the previous solution of (3.16) is that now it allows a
non-trivial b-field. In particular, if n = d this is a dS solution, isotropic in all the d spatial
dimensions with H = Hy = constant, and a non-trivial b-field such that Db = a?(t)Y' () for
which the condition that Db is block diagonal is always verified, since there is only one block.

5.1.2 Anisotropic dS geometry and b =0
If b = 0, then h; = H;. A solution with Q = 0 is simply obtained when the h; = ho;

are the constants that solve the equation (5.3). This corresponds to an anisotropic dS

solution in all the n spatial dimensions and a static geometry in the remaining d — n spatial
n

dimensions. Moreover, if ¢ = Z H; o, this anisotropic dS geometry has a constant dilaton,

i=1
and it is dS in both frames.
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5.2 Stability of dS solutions

Generalizing the analysis of stability performed in 3.4, we define y = D® and recall that the
equations of motion (4.35¢) and (4.11b) are first order differential equations for y and for
all the parameters h; respectively, while (4.11a) is a constraint between them. Therefore,
a variation of the dynamical variables dy = 6(D®) and dh; must preserve the constraint:

OF d OF 4 9?2R
0=2y oy — Z h 2( =h hzaha};z >
- 5.5
:—2céy+ZZh By ol

i=14=1

where everything is evaluated in the @ = 0 solution, except the variations; for example:
y = —cand h; = h;.
Performing a variation in Eg + E, = 0, we get

1 d d
T2 Z Z gm0 (5:6)

OF;
ho—o. Hence, the dynamics of y = D® is
ony
stable in the @ = 0 solution if ¢ > 0, and is unstable if ¢ < 0.
Turning now to the equations (4.35¢) that determine the dynamics of h;, namely:

OF, OF, OF, aF 1 92K
_ _o OF) _ h h h h
0=D ( o, ) = 0=—-(DP2) 5 (ahi) Z 8hz/8h

(5.7)
and performing the variations dy and dh;, we have:

R, (0, oF, OB (OB,
0=-% Oh; y5<8hi>+p<5<ahi>) <:>D(5(8hi>>_ C(S(ahi) (5:8)

h 0 was evaluated in the Q@ = 0 solution.

Oh;

Hence, the dynamics of every partial derivative

where

OF
}‘1 is stable in the Q = 0 solution if
¢ > 0, and is unstable if ¢ < 0. '
Moreover, (5.8) can be written as:

d ) 2 d 2
O°F, 0°F, 0°F,
Z:: <6h o D Ohi) <ah Oh; ) ohi ) - 2 Oyl

4 (5.9)
Z O°F, (D(élw) +c 6h-/) =0 <= D(0hy) = —c hy
~ 8h2/8hl % % % )
. . O*Fy, .
where in the second line we used that D on ) = 0, since h; =constant, and assumed

that the Hessian matrix of F}, is invertible. Then, the dynamics of each parameter h; is
stable in the @ = 0 solution if ¢ > 0, and is unstable if ¢ < 0.
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Therefore, a (possibly dS) Q = 0 solution described by (ho 1, - ,hoq,c) is stable if
¢ > 0 and unstable if ¢ < 0, for the dynamics of both ® and h;. In the case ¢ = 0, further
analysis is required. In particular, a @ = 0 solution with constant dilaton is stable if

d
c= ZHZ = constant > 0.

ZNétice that the time-reversal symmetry always allows to obtain a stable dS solution
from a solution with ¢ # 0, since it transforms (ho1,- -, hod4,¢) to (—ho1, -+, —hod, —¢).
Moreover, if hy = (hoa,- -+ ,hoa) solves (5.3), then any other of the possible 2¢ — 1 vectors
(£ho1,- -+ ,%hoq) obtained from changing some signs of the components also solves it.
Hence, one can always choose a dS solution (ho,1,- - ,hoq,c) that is stable and expanding

in some directions and contracting in the others, provided these directions are not static.

6 Caveats on non-perturbative dS solutions

In this section we summarize the procedure to obtain non-perturbative dS solutions, and
in particular those with constant dilaton. We also discuss the obstructions to determine
whether there are dS solutions or not, if only the asymptotic expansion of the function
F,(H) is available. For the sake of clarity, we present the arguments in the simpler case
of an isotropic dS geometry with b = 0 analyzed in section 3, and the extension to the
generalized case is presented in appendix C.

If the function F,(H) is defined for non-infinitesimal values of v/a/H and all the co-
efficients c,gn) are known, then it contains non-perturbative information of the theory. As
discussed in the previous sections, in this case the theory admits non-perturbative dS so-
lutions if F/(H) = 0, F,(H) = ¢> > 0 and D® = —c. To explicitly find these solutions,
and especially to determine if they admit a constant dilaton, one should implement the
following steps:

1. Calculate the roots Hy # 0 of F. Since F,,(Hy) = F,,(—Hy) = F}(Hy) =—F(—Hy),
given a root Hy there will be another one —Hj, and then one can choose only the
positive roots Hy > 0, corresponding to expanding cosmologies in the string frame.

2. Keep only the roots Hy such that F,(Hy) = c? > 0 gives a non-negative number.

3. For each of these Hy values there is a non-perturbative dS solution in the string
frame like (3.16) if D® = F\/F,(Hy) = F|c| = —c¢, for any choice of sign(c). Then,
assuming ¢ # 0, there are two dS solutions: a stable one for ¢ > 0 and an unstable
one for ¢ < 0. The stable solution is an expanding dS metric in the string frame,
corresponding to the green quadrant (Hp > 0,c¢ > 0) in figure la. Then it is also an
expanding solution in the Einstein frame with Hg(t) > 0if n < d or if ¢ > Hy (cyan
and light green regions in figure 1b).

4. In particular, if c =nHy <= D¢ = 0, there is a non-perturbative dS solution with
constant dilaton ¢, which can be taken to be stable and expanding in both frames.
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To illustrate the procedure, take as an example (not connected with string theory):
F,(H) = Fycos(va'H) with Fy = Fy/o/ > 0 a dimensionful constant. The previous steps
become:

mam

1. FA(H()) = —Fo\/asin(\/a H()) =0 = \/J Hy=minm < Hy= H07m1 = ﬁ

with m; > 0 positive integer since we only keep the solutions with Hy > 0.

2. Keep the roots Hy = H p, such that
Fo(Hy) = Fycos(mm) = Fo (—=1)™ =¢*> >0 <= (-1)™ = +1,
i.e. keep only the roots with m; = 2m even and positive.

3. For each of these Hy = Hy ., values, there are two dS solutions with D® = —c:
a stable one with ¢ = ++/Fp and an unstable one with ¢ = —+/Fp. Choosing the
former, for each m € N there is a stable and expanding solution in the string frame

2
described by <H0’2m = %, c=+v Fg). If n < dorif ¢ > Hp, it is also expanding
o

in the Einstein frame.

4. In particular, if Fy = n*Hg,,,, for a certain my € N, there is a non-perturbative dS
2mym
solution <H0,2m¢ = %70 =+ Fy= nHogmé) with constant dilaton ¢, which
a

can be taken to be stable and expanding in both frames.

Instead, if the only available information is the asymptotic expansion of F,,(H), it is
not possible to determine whether there are non-perturbative dS solutions or not. To see
this, suppose that only the values of all the coefficients c,(gn) are known in the perturbative
expansion and F,(Z) = o/ F,(H) is a dimensionless function of the dimensionless variable
i = v/a'H. In this case, one cannot distinguish between F),(Z) and other functions with
the same asymptotic expansion around # ~ 0, say Fj, (%) + h(Z) with h(Z ~ 0) ~ 0. In
other words, non-perturbative information of the theory is necessary to distinguish between
perturbatively equivalent functions that belong to the same equivalence class

(] = {Fu(%) + h(Z) : h(Z ~ 0) ~ 0} . (6.1)

A function h(Z) with trivial asymptotic expansion (&) ~ 0 is said to be subdominant [24,
25]: it decays faster than any polynomial Z” when Z ~ 0. Since F},(Z) is even (i.e. it only
depends on #? o o tr(DS?), hence it preserves the duality and time-reversal symmetries),
the subdominant functions must also be even: h(Z) = h(—%).

For instance, a function with asymptotic expansion of the form (3.7) (i.e. belonging to

- ) ) To NI . .
F,]) that admits a dS solution (Hy, c) = (Hg,nHy) = (, ) with constant dilaton
[ ]) ( 0 ) ( 0 0) \/a \/a

for any Zo, can always be constructed by adding to F,(Z) a subdominant function A(Z)
such as

h(Z) = xo (e_ 2 — e_%) - X2 e 57 , (6.2)
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with x0,x2 € R, x1 > 0. In fact, given a certain F, € [F,] and &y > 0, the y; can be
chosen so that F!(Zg) 4+ A/ (Z0) = 0 and F,(Zo) + h(io) = n?i2. E.g. take x; as

X1
522 1
e % = 5 = x1=x1(T0) = 272 In(2) >0 , (6.3)

X2 as
1

I (&0) = —Fy,(%0) <= xa2 = x2(Fo) = %) €**

N

(o) (6.4)
and finally o as

h(F0) = n33 — Fulio) <= X0 = xo(#0) =4 (n?5 — Fu(F0) + & Fi(#0)) . (65)
where we used the particular expressions x1,2(Zo) and isolated xo, expressing it in terms
of #y. Therefore, the theory described non-perturbatively by F,(Z) 4+ h(Z) admits a dS
solution (Hy,c) = <x0 na:o) with constant dilaton, that is stable and expanding in both

Consequently, the knowledge of the asymptotic expansion of the theory (i.e. the co-

frames.

efficients) is not enough to determine if it admits dS solutions of the form (3.16) or not.
Non-perturbative information is necessary, which seems to make sense since the accessible
dS solutions are non-perturbative.

In particular, if the Lagrangian is an analytic function, the asymptotic expansion
must have a radius of convergence greater than zero. When choosing one function of
the equivalence class [Fh] equal to the convergent series in a neighborhood of zero, one
is implicitly imposing non-perturbative information, since now perturbatively equivalent
functions can be distinguished. Hence a subdominant function cannot be freely added
because it will break the analytic character of the Lagrangian. In principle, there seems to
be no reason to assume that the Lagrangian is analytic, especially in classical string theory,
which is constructed perturbatively.

7 Conclusions

In this paper we have examined the field equations of the o’-complete cosmology introduced
in [6, 7]. Assuming a rather general ansatz for the fields, we determined the conditions to
obtain non-perturbative dS solutions in the string frame, and also in the Einstein frame
provided the dilaton is constant. These solutions arise in the sector of vanishing Noether
charge (Q = 0). We found isotropic and anisotropic dS vacua in n < d spatial dimensions,
with non-vanishing and vanishing b-field, respectively, and determined their stability. In
particular, the stable and unstable dS solutions with constant dilaton are new in the context
of o’-complete cosmology, and might provide interesting implications and interpretations.
Metrics with bounded scale factors can also be obtained when the b-field is turned on in
the Q@ # 0 sector.

The procedure to obtain non-perturbative dS solutions, and in particular those with
constant dilaton that are proper dS geometries in the Einstein frame, was summarized in
section 6, where we further discussed their non-perturbative character. We argued that even
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if the complete asymptotic expansion of the theory is known, non-perturbative information
is necessary to determine if the theory admits non-perturbative dS solutions. Otherwise,
a subdominant function giving rise to such solutions can always be constructed.

We conclude with some open problems and interesting directions to continue this
research.

While we have shown that the space of duality invariant cosmologies contains theories
with non-perturbative dS vacua as well as other interesting solutions, arguably an impor-
tant issue is to determine whether the string landscape features this type of vacua. In this
sense, the amazing achievements of the double-copy constructions of all massless tree-level
amplitudes of bosonic and heterotic strings are encouraging, as they not only seem capable
of determining the full classical perturbative expansion, but also suggest a connection to
non-perturbative aspects of string theory [26-28] (see also [29-32]). Likewise, alternative
constructions based on duality symmetry, such as double field theory [33—-35] (see the re-
views [36-38]), have made substantial progress in the understanding of the structure of
the higher-derivative terms [39-44]. Establishing the precise connection between the string
o/-expansion and the functions F,,(H) in (3.7) or Fp(h1, -+ ,hg) in (4.20) is a relevant
problem to address in order to fill this gap.

Another important question in this direction is to establish if the no-go theorem of [2]
applies correctly in the o’-complete cosmology context. Under certain assumptions, the
theorem rules out worldsheet constructions of dS,, space-times with n > 4 in heterotic and
type II strings (without RR fluxes), and it captures all perturbative and non-perturbative
o’-corrections. If it applies, it would then follow that classical string theory is not one of
the points in the theory space of duality covariant theories that admit non-perturbative dS

6 i.e. the function F,(H) (or Fj,(h1,--- ,hg)) that describes the string low-energy

solutions,
effective Lagrangian would not admit a solution of the form (3.16) (or (5.3)). It would be
interesting to understand if the subtle continuation from Euclidean to Lorentzian signature
provides a way to evade the no-go theorem.

The construction of explicit phenomenological models is another subject that deserves
further examination. The higher-derivative corrections have been identified as impor-
tant elements in the generation of accelerated expansion. Merged with additional effects,
such as a scalar field in the Geometric Inflation scenario [45, 46] or spacetime filling KK
monopoles [47], the higher-curvature terms play a central role. From this perspective, the
possible consequences that may result from the solutions of the o’-complete cosmology for
model building, are worth exploring.

For instance, it would be interesting to find bouncing cosmologies [48], or new
anisotropic cosmologies that resolve the Big-Bang singularity, which may include the b-
field, thus extending [49, 50] to more realistic scenarios. Another natural follow-up to our
work would be to work out the generalized ansatz including matter, along the steps pro-
posed in [8]. This would allow to examine interactions between matter and the b-field, also
including more general diagonal metrics.

A possible mechanism for decompactification of n = 3 spatial dimensions was consid-
ered in [10], in the spirit of the String Gas Cosmology [13-15]. This was realized assuming

SWe thank S. Sethi and O. Hohm for a discussion on this point.
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one dynamical and one static scale factor together with the annihilation of winding modes
in n spatial dimensions (represented by matter that verifies a certain equation of state)
and their presence in the remaining d —n spatial dimensions. It was shown that this model
solves the size and horizon problems of Standard Big Bang cosmology if the initial value
of the dilaton is sufficiently small, and also that it is compatible with the Transplanckian
Censorship Conjecture [51], which exhibits its phenomenological relevance. A more de-
tailed understanding of the transitions among the different stages of the universe modelled
in [10] (in particular of the decompactification process itself) could be gained employing
the geometries with two dynamical scale factors obtained in the previous sections. The in-
teraction with the b-field might also play an interesting role. For example, it might supply
a tool to confine the expansion of the internal dimensions, since the scale factor could be
bounded when the b-field is turned on.

Proposing more general ansatze is another line of future research that might give rise
to qualitatively new phenomena with potential cosmological applications. The addition of
gauge fields could also be a source of further surprises.

Finally, the analysis of section 3 can be easily extended to the isotropic Anti-dS solu-
tions obtained in [52], in which the fields only depend on one spatial coordinate z instead
of the time coordinate. More precisely, new stable and unstable non-perturbative Anti-dS
solutions can be obtained with 0,® = —¢ # 0, F(Hp) = ¢, F'(Hp) = 0 (see [52] for
definitions), and those that verify ¢ = dHj have constant dilaton, thus being AdS in both
the string and Einstein frames. These solutions might also provide useful applications.
Moreover, the ansatz of section 3 with static directions, or the general ansatz of section 4,
could be worked out in this case, including anisotropic metrics or non-vanishing b-field,
and further lead to new non-perturbative AdS solutions.
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A Equations of motion in the generalized ansatz

In this appendix we work out the details of the procedure to obtain the equations of motion
in the generalized ansatz of matrices g, Dg, Db that commute among each other. In this
case, g1, D(g7!) also commute with them, and the matrix (DS)? takes the form

_ (A A]
(DS)? = (0 P ) : (A1)

with A = —¢g~2(Dg)? + g~2(Db)?. It is not hard to show by induction on m € N that:

(A.2)

0o Am

(D) (Am 2 Am])
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In particular, tr[(DS)?™] = 2 tr(A™), and hence

F(DS) = —2citr(A) = > o/ Ft 3 ol p T tr(A™) = Fu(4).  (A3)
k=2 Pe Part(k,2) meP

In addition, from (2.19) we can write
Fa(A) [b, Fo(A)]
"(DS) =DS - @ e A4
F/(DS) ( ). (A1)
and then, it is easy to see that tr(DS F'(DS)) = 2tr(AF,(A)). Thus, the simplest equa-
tions of motion (2.24a) and (2.24b) turn out to be:
E, = (D®)? — F,(A) + 2tr(AF,(A)) =0, (A.5a)
Ey + E, = 2D?® + 2tr(AF,(A)) =0. (A.5b)

In order to compute the equation of motion for S variations, or equivalently the con-
servation of Q, we take the product

gD(g7Y) +bg~ 1 (Db)g~! —Db—bD(g 1 )g — gD (g )b — bgl(Db)glb> (A.6)

5Ps= ( g~ (Db)g! g~1D(g) — g~ (Db)g~b

This expression is absolutely general. Now, imposing the generalized ansatz and tak-
ing g to be diagonal and b(tp) = 0 without loss of generality, so that b commutes with
9,9 1, D(g7 1), Dg (it may not commute with Db), this expression reduces to

_ 1 -2 _ -1 — g2
S DS - ( g Dg 2+ g 2b(Db) —Db +721(g Dg)zl2 g b(Db)b) (A7)
g~ ~(Db) 9~ D(g) —g = (Db)b
Therefore, in this generalized ansatz the conservation of the Noether charge takes the
form:

Q g Q3 —Qy Q4
—==¢e "SF(DS) = , A8
2 (D3) ( A Q3+ Q2> (4.8)

or equivalently, computing each block of SF'(DS) using (A.4) and (A.7):
Qs —Q=e?(—g 'Dg+b g *(Db)Fi(A), ( )

Qy =" ((=Db+bg'Dg)Fi(A) — (—g~'Dg + by 2(Db))F(A)b) ,  (A.9b)

Q1 =e? g 2(Db)FL(A), (A.9c)

Qs+ Qs =" (g7 D(9)F4(A) — g 2(Db)F4(A)D) . (A.94)

The condition Q € so(d,d) means that Qj, Q3, Q4 must be antisymmetric and Qo
symmetric.

The first and second equations can be used to rewrite the previous system of equations
as

Qi=c* ADHFA).  Qu=e® g D()FLA) - L (b1}, (A.10a)

2Q3=1[b,Q1], Qy=—g* Q1+b <Q2+;{b, Q1}> —(Q3—Q2)b  (A.10D)
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The first equation implies that Q; commutes with g, g~', Dg, Db for all times. Then, the
third equation is trivially verified for Q3 = 0, since b(tp) = 0, and thus

D ([b(t), Q1)) = [Db(t), Q1] =0 = 2Q3 = [b(t), 1] = [b(t0), Q1] = 0.
Hence, the equations are also equivalent to:
Q1 =e? g (Db)Fo(A), Q=e"" g 'D(g)F(A)~bQ1, Q= —g* Qi+{b Q}+*Q
In particular, we may evaluate the third equation in ¢y considering b(tp) = 0 and obtain
Qs = —g*(to) Q1. (A.11)
Notice that the third equation is equivalent to
0="DQy = —2gDg Q1 + {Db, Qa} + {Db,bQ1} = —29Dg Q1 + 2gDg O

where we used the fact that Db commutes with ¢g—1, Dg, A. Therefore, it is automatically
verified from the first two, with an integration constant Q4. Hence, the equation of motion
for S variations reduces to

Q1 = e ® g72(Db)F.(A) (A.12a)
Q= g7 D(g9)Fo(A) —bQ1 = e (¢7'D(g) — g *bDb)F,(A) (A.12D)

Q; and Qy are block diagonal with the same blocks as Db, since A, Db, b, g~2, Dg are block
diagonal matrices, and hence they commute with ¢, ¢g~!,Dg. They can also be expressed
without the integration constants Qi, Qs, as:
0="D (e g72(Db)F,(A)) (A.13a)
0 =D (™ g7'D(g)F(A)) — e g (D) F,(A) (A.13b)
=Db O,

In summary, the equations of motion are:

Q1 =¢"% ¢g72(Db)F.(A) = constant <= 0="D (e_{) g_Q(Db)]:(’Z(A)) (A.14a)
Qy=e"? g7'D(g) F(A)—bQ; = constant <= 0="D (e~ ? gilD(g)]-"C'L(A)) —Db 9,

(A.14Db)

En,=(D®)?—F,(A)+2tr(AF.(A) =0 (A.14c)

Eg+E, =2D*®+2tr(AF,(A)) =0 (A.14d)

A.1 Diagonalized equations of motion

Since Db and Q; are real antisymmetric matrices (hence anti-hermitian) that commute,
they can be simultaneously diagonalized with a complex unitary matrix U(t):

Db(t) = UR)GD,)U (), Qi =U@)EDYU\(#), (A.15)
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with Dy and D real diagonal matrices. Likewise, since Db and Q; are block diagonal, the
unitary matrices U(t), U~1(t) are block diagonal with blocks of equal scale factor, hence
they commute with ¢, g~!, Dg. In principle, they depend on time.

Moreover, this implies that A is expressed in this basis as:

A= U(t)(—g~2(Dg)? — g2 DU\ () = U(t)(~4D*U " (¢) (A.16)
where we defined the diagonal matrix D? with non-negative real elements, recalling that
9,9~ 1, Dg are diagonal matrices. Notice that F/(A) = U(t) F,(—4D?) U~L(t).

The equations (A.14a) and (A.14b) then take the form:

—iQ =U(t)D1U L (t) = U(t) e=® g7%(Dy) F,(—4D?) U™(t) = constant (A.17a)
0="D(U(t) e g7'D(g)F,(~4D?) U~(t)) + U(t) Dy D1 U™ (1) (A.17b)

From (A.17a) we see that:

Dy =e"® g7%(Dy)FL(—4D?) = constant (A.18)
since the elements of D are the eigenvalues of —iQ;, which are constant if Q; is constant.
We still need to impose that —iQ; = U(t)D;U () is constant:

=0
, S -1 1 1
0=—iDQ, =U(t)(DD1+[U "DU,D1))U" " (t) < [U "DU,D1]=0 (A.19)
This is a condition for U(t), and then (A.17a) is equivalent to both (A.18) and (A.19).
Equation (A.17b) may be written equivalently as
0 =Dy Di+UN#) D (U(t) e=® g7'D(g)F(—4D?) U™ (1)) U(2)

(A.20)
= D, D1+ D (e g7'D(g)F(~4D?)) + [U'DU, e~ g7 D(g) F,(~4D?)]

Notice that the first two terms of the last line are diagonal matrices, while the last term
is not. Moreover, the latter is of the form [U~'DU, D] where D% is a generic diagonal
matrix, hence it has matrix elements of the form [U~1DU, D];; = (U_IDU)U(DJG — D),
with null diagonal elements. Therefore, we may project the diagonal and non-diagonal

elements of (A.17b) as
0=Dy, D, +D(e® g 'D(g)F.(-4D?
p D1+ D (™ g7'D(g) F}(~4D?) A1)
0="D(g) [U'DU, Fy(—4D?)]

where we used that U(t), U~!(t) are block diagonal matrices and e~®¢g~! is invertible.

Finally, the equations of motion take the form

D, = ~2(Dy) FL(—4D ) = constant (A.22a)
0=D, Di+D (g Fi(-4D?)) (A.22b)
E, = (D®)? — F,(— 4D2)+2tr(( 4D%) F.(—4D?*) =0 (A.22¢)

Eg + E, = 2D?® + 2tr((—4D?) F.(-4D?) =0 (A.22d)
0= [U'DU,Dy| = D(g) [U'DU, F,(—4D?)] (A.22¢)

— 35 —



B Constant h; and @ =0

In this appendix we show that h; = constant implies @ = 0. This is the reason why a
vanishing Noether charge is quite a rich sector to find non-perturbative dS solutions.
The equations that determine the dynamics of h;(t) = h{) (t) are:

OF,
“®h _ 4= constant < VF), =e® § (B.1)
Oh;
for each 1 < i < d. Defining ¢ = ||¢]| and the dimensionless vector W = © of norm ||| =1,
q

only in the case
§#0 < §#0 < Irasuchthat Q) £00r Q' £0 < Q#0, (B.2)
one can perform a change of variables of the form
h=(hi,hy, - hg) = X = (X1, X9, -+, Xq) = Wh (B.3)

where W is a constant real orthogonal matrix (hence h=W1X =w'X ) such that its
first row is equal to the unitary and dimensionless vector @ (i.e. w; = Wy; = (W1);1), and
obviously the rest of the rows are orthogonal to w. Then the partial derivatives become:

X, 0X, 0h;

OF), —Zd: Oh; OF),
0X, £ 0X, 0hi

d
aw;=q e® Zwiwi:q e? Hu_J'HQ:q e?£0
i=1

=
—_

OF, < 0h; OF, ®
= =qe )
=1
(B.4)
q

d
(W)
d
€<I> Z(Wt)

[
ixWi=4(g €

(W)yiw; =0 for 2<x<d.

IR

.—
o
Il

1

~

Since some of the h; may have equal modulus (e.g. if ﬁ((;) = 0, there is another ﬁg:) =

—B{, hence ]hg,)| = |hg )\; or if B = 0 for various values of « and the same r), and some

h; may be equal to 0, various linear combinations of the h; may be trivial (e.g. hg,) ihg) =0

I I
and certain X, = 0, then trivially th =0, or th = 0 for X, = h; = 0). However, if
X X

there are at most m values of h; with distinct non-zero modulus, there will be in principle
m non-trivial linear combinations X; and d — m trivial linear combinations X, = 0, for

F
which SX’; —0.

If every h; = hg;l) = constant, or equivalently every X; = constant, then from (4.23c),
DP = —c =constant € R follows, which in turn implies from (4.23d) that

d d d d d d d
0Fh 8Xk 6Fh th

0= hiz =33 > WHyXjmarr=> > > (Wi X;jWiige
LM, T A Ohy OX), e o X,
1= i=1j=1k=1 i=1j5=1k=1 (B 5)
- .

OF), , OF), OF),
=S X W, = X e =

~ = Jan( ki =" ox, Lox,

OF,
where we used (WW?);; = éj; because W is orthogonal, and 87h =0 for y > 2.
X
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OF;
Since the solution X; = 0 is contained in GTh = 0, this equation is equivalent to:
1
oOFy
2 =0 <= q¢g=0 < Q0=0. B.6
X, q Q (B.6)

Hence, we see that imposing h; =constant for all 1 < ¢ < d, necessarily implies that Q = 0.

Conversely, the simplest way of constructing Q = 0 solutions, which verify VF}, = 0,
is to impose that every h; is constant. Otherwise, if there were some time-dependent h;(t),
the equation VFj, = 0 would hold in a certain open neighborhood of h;(tg), and then
the function Fj would not depend on h; (which may be a non-trivial condition for the
asymptotic expansion (4.20) of F},).

C Caveats on generalized non-perturbative dS solutions

In this appendix we extend the discussion on non-perturbative dS solutions presented in
section 6 to the case of the generalized ansatz of commuting matrices.

The procedure to find non-perturbative dS solutions immediately extends to the gener-
alized ansatz, considering that in this case one has to calculate the roots ﬁo = (ho,1,- -, ho.a)

# 0 of VF}, in the step 1. Given a root H(], one can always construct 2¢ — 1 different new
OFy
Oh;
expanding cosmology (in the string frame) in certain spatial directions, one should choose

roots hly = (£ho1,- -+ ,%ho,q) since they also verify = 0 for all <. Hence, to have an

only the roots with positive Hubble parameter in such spatial directions. Moreover, an
expanding or contracting cosmology in the remaining spatial directions can be chosen if
they are not static. The subsequent steps are trivially generalized.

The construction of a subdominant function can also be done in the generalized ansatz.
We first define the dimensionless function FJ,(Z) = o/ Fj(h) of the dimensionless variables
Z; = v/a' h;. In order to ensure that the multi-variable subdominant function A(Z) is time-
reversal and duality invariant (considering that the symmetries hold non-perturbatively),

d
we take it to depend only on the combinations S = Z 28 oc o/ Ftr(DS?F). More precisely:
i=1
~ ~ _ X1 _ X1 ~
h(fl:‘) = hs(Sl, 52, cee ) = X0 (6 251 — ¢ Sl) + h571(51, 52, cee ) . (Cl)

Consider x1 = 2 In(2) S1 > 0, hence the first derivatives of the term proportional to yg are
zero. Thus we can always choose xo € R such that h(Zg) = & — F} (&) for some &, which we
may take such that the dilaton is constant. This yg-term does not influence the condition
of the first derivatives, consequently we only need to work it out with iL&l(Sl, Say ).
Consider there are at most 1 < m < d elements o in the chosen vector fo with
distinct non-zero modulus (i.e. |Zo | # 0 and I # I' = |Zo 1| # |Zor| for 1,1’ tak-
ing m possible values). In addition, the remaining d — m elements Zp; must either verify
|Zo 4| = |Zo,r| for some I, or Zg; = 0. Then, for any duality and time-reversal invariant
O(Fy + h)
0%

function Fj, 4+ h, we only need the m partial derivatives (Zo) to compute its
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gradient, because the remaining d — m partial derivatives with respect to ¥; either verify

F F
a(g:i_h)(fo) = j:a(g—i_h)(:zo) for an index I (with + = sign(Zo ;) sign(Zo,r)), or triv-
X; B xrr
Frn+h) - Frn+h
ially verify 8((;:%)(@0) = 01if Z9; = 0. In particular, to impose 8((;—'—)( 0) =0 for
T T
S O(Fr+h
every index 1 <1i <d (i.e. V(F}, + h) = 0) is equivalent to impose ((9H(xg) = 0 only
Ty

for the m indexes I. For simplicity, we order the indexes in such a way that 1 < I < m
and the remaining m + 1 <1 < d.

We may choose iLSJ(Sl, So,-v) = Z XJ e~ /57 Therefore we would like to choose

Jl

o
XJERsuchthat—xo ZXJ

Ey -
e 1/Ss| —8~h (Zg) for each 1 < T < m.
- 8%[

Zo

We may write this as a matrix equation of the form M-y = Vth(fo), where V,,
only includes the first m partial derivatives, and M is a m X m matrix with elements

97 7 ~2J 1
My = —T e /8 Using that 2o 1 # 0 and hence S’J\§O #£ 0, it is easy to check
7 |z
that the determinant of M is non-zero if and only if the determinant of the Vandermonde
matrix V(Z§ 1,259, - &5 ) (With elements Viy = :U?)(}] 1)) is non-zero. Since the latter
is equal to H (j(%,K - xOJ), and J # K = ZL‘O’K # :Z‘%J, the determinant of V'
1<J<K<m

is non-zero, and hence the determinant of M is also non-zero (i.e. it is invertible). This
implies that the linear system can always be solved and the coefficients ¥ = M ~1-V,,, F; h(fo)
be obtained.

Therefore, a duality and time-reversal invariant subdominant function h(Z) can always
be constructed, such that the first m partial derivatives of F}, + h are zero, and hence all
the d partial derivatives of F}, + h are also zero, always evaluated in Zo. In addition, as
we previously explained, one can also impose F(Zg) + h(Zg) = & for some & (which may
be taken such that the dilaton is constant), by choosing xo € R accordingly, extending the
results of section 6.
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