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Point particle motion in double field theory and a singularity-free
cosmological solution
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We generalize the action for point particle motion to a double field theory background. After deriving the
general equations of motion for these particle geodesics, we specialize to the case of a cosmological
background with vanishing antisymmetric tensor field. We then show that the geodesics can be extended to
infinity in both time directions once we define the appropriate physical clock. Following this prescription,
we also show the existence of a singularity-free cosmological solution.
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I. INTRODUCTION
If the fundamental building blocks of matter are elementary superstrings instead of point particles, the evolution of
the very early Universe will likely be very different than in
standard big bang cosmology. “String gas cosmology” is a
scenario for the very early stringy Universe which was
proposed some time ago [1] (see, e.g., [2] for some more
recent reviews). String gas cosmology is based on making
use of the key new degrees of freedom and symmetries
which distinguish string theories from point particle theories. The existence of string oscillatory modes leads to a
maximal temperature for a gas of strings in thermal
equilibrium, the “Hagedorn temperature” T H [3].
Assuming that all spatial dimensions are toroidal with
radius R, the presence of string winding modes leads to a
duality,
R→

1
;
R

ð1Þ

(in string units) in the spectrum of string states. This
comes about since the energy of winding modes is
quantized in units of R, whereas the energy of momentum
modes is quantized in units of 1=R. The symmetry (1)
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is realized by interchanging momentum and winding
quantum numbers.1
As was argued in [1], in string gas cosmology the
temperature singularity of the big bang is automatically
resolved. If we imagine the radius RðtÞ decreasing from
some initially very large value (large compared to the string
length), and matter is taken to be a gas of superstrings, then
the temperature T will initially increase, since for large
values of R most of the energy of the system is in the light
modes, which are the momentum modes, and the energy of
these modes increases as R decreases. Before T reaches the
maximal temperature T H , the increase in T levels off since
the energy can now go into producing oscillatory modes.
For R < 1 (in string units) the energy will flow into the
winding modes, which are now the light modes. Hence,
 
1
TðRÞ ¼ T
:
ð2Þ
R
A sketch of the temperature evolution as a function of R is
shown in Fig. 1. As a function of ln R, the curve is
symmetric as a reflection of the symmetry (1). The region
of R when the temperature is close to T H and the curve in
Fig. 1 is approximately horizontal is called the “Hagedorn
phase.” Its extent is determined by the total entropy of the
system [1].
In [1] it was furthermore argued that at the quantum level
there must be two position operators for every topological
direction, one operator X dual to the momentum number
(this is the usual position operator for point particle
theories) and a dual operator X̃ which is dual to the
winding number. The physically measured length lðRÞ
1

See also [4] for an extended discussion of T-duality when
branes are added.
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FIG. 1. T versus log R for type II superstrings. Different curves
are obtained for different entropy values, which are fixed. The
larger the entropy, the larger the plateau, given by the Hagedorn
temperature. For R ¼ 1 we have the self-dual point.

will always be determined by the light modes of the system.
Hence, for large R it is determined by X, but for small R it is
determined by X̃. Thus,
lðRÞ ¼ R

for R ≫ 1;

1
R

for R ≪ 1:

lðRÞ ¼

ð3Þ

More recently, a study of cosmological fluctuations in
string gas cosmology [5] showed that thermal fluctuations
in the Hagedorn phase of an expanding stringy Universe
will evolve into a scale-invariant spectrum of cosmological
perturbations on large scales today (see [6] for a review). If
the string scale is comparable to the scale of particle
physics grand unification, the predicted amplitude of the
fluctuations matches the observations well (see [7] for
recent observational results). The scenario also predicts a
slight red tilt to the scalar power spectrum. Hence, string
gas cosmology provides an alternative to cosmological
inflation as a theory for the origin of structure in the
Universe. String gas cosmology predicts [8] a slight blue
tilt in the spectrum of gravitational waves, a prediction by
means of which the scenario can be distinguished from
standard inflation (meaning inflation in Einstein gravity
driven by a matter field obeying the usual energy conditions). A simple modeling of the transition between the
Hagedorn phase and the radiation phase leads to a running
of the spectrum which is parametrically larger than what is
obtained in simple inflationary models [9].
What is missing to date in string gas cosmology is an
action for the dynamics of space-time during the Hagedorn
phase. Einstein gravity is clearly inapplicable since it does
not have the key duality symmetry (1). In “pre-big-bang
cosmology” [10] it was suggested to use dilaton gravity as a
dynamical principle, since the T-duality symmetry yields a
scale factor duality symmetry. However, dilaton gravity
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does not take into account enough of the stringy nature of
the Hagedorn phase.
“Double field theory” [11–14] (see, e.g., [15] for a
review) has recently been introduced as a field theory
which is consistent with the T-duality symmetry of string
theory. Given a topological space, in double field theory
(DFT) there are two position variables associated with
every direction of the topological space, which is compact.
Since DFT is based on the same stringy symmetries as
string gas cosmology, it is reasonable to expect DFT to
yield a reasonable prescription for the dynamics of string
gas cosmology.
On the other hand, even DFT will not yield an ideal
dynamical principle for string gas cosmology, since DFT
only contains the massless modes of the bosonic string
theory: the metric, the dilaton, and the antisymmetric tensor
field. We can try to include the other stringy degrees of
freedom through a matter action in the same way as in [1].
Hence, ultimately we would like to study the cosmological
equations of motion of DFT in the presence of string gas
matter. As a first step towards this goal, we will in this paper
study point particle motion in DFT. Through this study we
can explore timelike and lightlike geodesics. We will argue
that (taking into account the appropriate definition of time)
these geodesics are complete. This yields further evidence
that string theory can lead to a nonsingular early Universe
cosmology. In particular, we also show that vacuum DFT
background equations of motion produce a singularity-free
cosmological solution when this new definition of time is
considered.
II. ESSENTIALS OF DOUBLE FIELD THEORY
DFT is a field theory which lives in a “doubled” space, in
which the number of all dimensions with stable string
windings is doubled. From the point of view of string
theory, this means having one spatial dimension dual to the
momentum and another one dual to the windings. We will
here consider a setup in which all spatial dimensions have
windings. Thus, our DFT will live in (2D − 1) dimensions,
where (D − 1) is the number of spatial dimensions of the
underlying manifold. Note that under toroidal compactifications, the corresponding T-duality group is Oðn; nÞ,
where n corresponds to the number of spatial compact
dimensions. In DFT, the theory is covariantly formulated in
the double space, so that the underlying symmetry group is
Oðn; nÞ [15]. Thus, any scalar object should be invariant
under these group transformations. This will be relevant for
when we build the point particle action in DFT below. We
will denote the usual spatial coordinates by xi and the dual
coordinates by x̃i.
We consider a cosmological space-time in standard
general relativity, given by

063530-2

ds2 ¼ −dt2 þ gij dxi dxj ;

ð4Þ
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where t is physical time and gij is the (D − 1)-dimensional
spatial metric. The coordinates i and j run over these
original spatial indices. In DFT the metric in doubled
space-time (all spatial dimensions doubled, but not time) is
written in terms of a generalized metric HMN , where M and
N run over all (2D − 1) space-time indices:

Finally, note that since all the fields now depend on double
coordinates, in principle we have doubled the number of
degrees of freedom we had started with. In order to
eliminate these extra degrees of freedom, one usually
considers the section condition [15], which eliminates
the dual-coordinate dependence of all the fields.

dS2 ¼ HMN dX M dXN :

III. POINT PARTICLE MOTION IN DOUBLE
FIELD THEORY

ð5Þ

The generalized metric depends both on the original metric
and on the antisymmetric tensor field bij . In the case of a
cosmological background, we will usually separate out the
time component and write the line element as
dS2 ¼ −dt2 þ HMN dXM dXN ;

ð6Þ

where now M and N run only over spatial indices. In DFT
all massless string states are considered. Hence, in addition
to the metric there is a dilaton ϕ and an antisymmetric
tensor field bij . The generalized metric is then given by

HMN ¼

gij

−gik bkj

bik gkj

gij − bik gkl blj


;

ð7Þ

where the indices are raised with the usual Riemannian
metric.
The DFT action is chosen to treat gij and bij in a unified
way and to reduce to the supergravity action if there is no
dependence on the dual coordinates. It is given by
Z
S ¼ dxdx̃e−2d R;
ð8Þ
where d contains both the dilaton ϕ and the determinant of
the metric,
e−2d ¼

pﬃﬃﬃﬃﬃﬃ −2ϕ
−ge ;

ð9Þ

and where [16]
1
1
R ¼ HMN ∂ M HKL ∂ N HKL − HMN ∂ M HKL ∂ K HNL
8
2
MN
þ 4H ∂ M ∂ N d − ∂ M ∂ N HMN − 4HMN ∂ M d∂ N d
þ 4∂ M HMN ∂ N d;



0

δi j

δi

0

j


;

where the line element ds is given by (4). The natural
generalization of it, which corresponds to the action of a
point particle with a world line in doubled space given by
XM ðtÞ in a DFT background, is written in the following
way:
Z
S ¼ −mc dS;
ð14Þ
where the generalized line element dS is given by (5). This
action has also been introduced in [17], although the
geodesic equations have not been worked out. Note that
this action is covariant under Oðn; nÞ transformations, as
expected. Moreover, if the section condition is imposed, it
recovers (13).
Before deriving the geodesic equations, a few comments
are in order. The generalized metric is a constrained object,
which satisfies
HηH ¼ η−1 :

Therefore its variation is constrained as well, as shown in
[18], and it is given by

ðcÞ
∂HMN 1
∂HQR
ðηMQ þ HMQ Þ
¼
ðη − HRN Þ
P
4
∂X
∂XP RN

∂HQR
þðηMQ − HMQ Þ
ðη þ HRN Þ ;
ð16Þ
∂XP RN

ð10Þ

ð11Þ

HMN

ð12Þ

Then, the equation of motion for the dual coordinates
(M ¼ 1) is

ðcÞ

and we are writing the doubled space coordinates as
XM ¼ ðx̃i ; xi Þ:

ð15Þ

where the index (c) specifies when we consider constrained
objects.
Varying the action with respect to the world sheet
coordinates XM ðtÞ yields the following equations of
motion:

with the matrix ηMN being given by
ηMN ¼

The action for the massive relativistic point particle with
world line coordinates xi ðtÞ is given by
Z
S ¼ −mc ds;
ð13Þ
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ðcÞ

d2 XN ∂HMN dXP dXN 1 ∂HPN dXP dXN
þ
−
¼ 0:
∂XP dS dS 2 ∂XM dS dS
dS2
ð17Þ

BRANDENBERGER, COSTA, FRANZMANN, and WELTMAN
gij

PHYS. REV. D 97, 063530 (2018)

d2 x̃j
d2 xj
dx̃ dx̃
dxm dx̃n ˜ m ik
dx̃ dxn
dxm dxn
− gik bkj 2 þ ð∂˜ m gin Þ n m þ ð∂ m gin Þ
þ ∂ ðg bkn Þ m
þ ∂ m ðgik bkn Þ
2
dS dS
dS dS
dS dS
dS dS
dS
dS


m
m
1 ˜ i mn dx̃m dx̃n ˜ i mk
dx̃m dxn ˜ i
dx
dx̃
dx
dxn
n
− ð∂ g Þ
− ∂ ðg bkn Þ
þ ∂ ðbmk gkn Þ
þ ∂˜ i ðgmn − bmk gkj bjn Þ
¼ 0;
2
dS dS
dS dS
dS dS
dS dS

ð18Þ

whereas the equation of motion for the regular coordinates (M ¼ 2) is
d2 xj
dxn dxl 1
dxm dxn
þ ∂ l ðgin − bik gkj bjn Þ
− ∂ i ðgmn − bmk gkj bjn Þ
2
dS dS 2
dS dS
dS
2
j
d x̃j
dx̃ dx̃
dx̃ dx
dx̃ dxn
þ bik gkj 2 þ ∂˜ l ðbik gkn Þ l n þ ∂ j ðbik gkn Þ n
þ ∂˜ l ðgin − bik gkj bjn Þ l
dS dS
dS dS
dS dS
dS


n
m
1
dx̃ dx̃
dx̃ dx
dx̃ dx
− ∂ i gmn m n − ∂ i ðgmk bkn Þ m
þ ∂ i ðbmk gkn Þ n
¼ 0:
2
dS dS
dS dS
dS dS

ðgij − bik gkl blj Þ

These are the most general equations for a point particle in
a DFT background with a metric and a two-form field.
From the first line of Eq. (19) it is easy to see that after
imposing the section condition and setting the two-form to
be zero, we are left with the geodesic equation of a
relativistic point particle.

Consider a trajectory at some initial time t0 with the
property that some xi and some x̃j are nonvanishing. Due to
Hubble friction, the velocity dxi =dt will decrease. On the
other hand, the dual velocity dx̃j =dt will approach the
speed of light. Hence, the proper distance ΔS in double
space between time t0 and some later time t2 will be
Z

IV. POINT PARTICLE MOTION IN A
COSMOLOGICAL BACKGROUND

ds2 ¼ −dt2 þ a2 ðtÞδij dxi dxj þ a−2 ðtÞδij dx̃i dx̃j ;

t0

ð20Þ

where aðtÞ is the scale factor. Setting the antisymmetric
tensor field to zero, the general equations of motion of the
previous section simplify to


d dx̃a 1
¼0
dS dS a2


d dxa 2
a ¼ 0:
dS dS

t2

ΔS ¼

Now we want to specialize the discussion to a homogeneous and isotropic cosmological background with
vanishing bij . We thus consider the cosmological metric:

ð21Þ

γðtÞ−1 ð1 þ T 2 Þ1=2 dt;

ð23Þ

where T 2 is the contribution from the dual which ceases to
increase at late times since the dual velocity goes at the
speed of light, and γðtÞ is the relativistic γ factor of the
motion in the xi direction (for simplicity we consider
motion only in one original direction and in one dual
direction). Hence, the geodesic can be extended to infinite
time in the future.
Now consider evolving this geodesic backwards in time
from t0 to some earlier time t1 . Then it is the motion of the
dual coordinates which comes to rest. The proper distance
in double space is now
Z
ΔS ¼

ð22Þ

These are the geodesic equations of point particle motion of
DFT in a cosmological background.
We will now argue that geodesics are complete in the
sense that they can be extended to arbitrarily large times
both in the future and in the past. This is true for all particle
geodesics except for the set of measure zero where either all
coordinates xi or all coordinates x̃i vanish. We will consider
a given monotonically increasing scale factor aðtÞ, like the
scale factor of standard big bang cosmology. Note that in
this parametrization, the coordinate t lies in the interval
between t ¼ 0 and t ¼ ∞.

ð19Þ

t1

t0

γ̃ðtÞð1 þ T 1 Þ1=2 dt;

ð24Þ

where γ̃ is the relativistic gamma factor for motion in the
dual space directions, and T 1 is the contribution to the
proper distance which comes from the regular spatial
dimensions and is negligible at very early times since
the velocity in the regular directions approaches the speed
of light.
The expansion of the scale factor in the dual spatial
directions as time decreases is analogous to the expansion
in the regular directions as time increases. In line with Tduality, we propose to view the dynamics of the dual spatial
dimensions as t decreases as expansion when the dual time,
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1
td ¼ ;
t

ð25Þ

increases. In fact, in analogy to the definition of physical
length lðRÞ in (3) [1], we can define a physical time tp ðtÞ as
tp ðtÞ ¼ t
tp ðtÞ ¼

1
t

dS2 ¼ −dt2 − dt̃2 þ a2 ðt; t̃Þ
þ a−2 ðt; t̃Þ

for t ≪ 1:

ð27Þ

which is a consequence of the T-duality symmetry. Based
on this symmetry it was argued [20] that these string theory
models correspond to bouncing cosmologies in which the
physical temperature is taken to be (always in string units)
for T ≪ 1;

1
T

for T ≫ 1:

T p ðTÞ ¼

D−1
X

dx̃j dx̃j ;

ð29Þ

Note that two time formalisms based on ideas from string
theory were also discussed in [21,22].

½4∂ t̃ ∂ t̃ d − 4ð∂ t̃ dÞ2 − ðD − 1ÞH̃ 2 
þ ½4∂ t ∂ t d − 4ð∂ t dÞ2 − ðD − 1ÞH2  ¼ 0

ð31Þ

½−ðD − 1ÞH2 þ 2∂ t ∂ t d − ½−ðD − 1ÞH̃2 þ 2∂ t̃ ∂ t̃ d ¼ 0
ð32Þ
ð33Þ

where H ¼ a−1 da=dt and H̃ ¼ a−1 da=dt̃.
The solutions to these equations are given by
 1=pﬃﬃﬃﬃﬃﬃﬃ
D−1
 t
a ðt̃; tÞ ¼  
;
t̃
a ðt̃; tÞ ¼ jtt̃j1=

pﬃﬃﬃﬃﬃﬃﬃ
D−1

;

1
dðt; t̃Þ ¼ − ln jtt̃j
2

ð34Þ

1
dðt; t̃Þ ¼ − ln jtt̃j:
2

ð35Þ

However, so far there was no clear interpretation of these
equations and solutions given the presence of the extra time
coordinate, t̃.
Within the prescription we have introduced in the last
section, we can interpret this extra time coordinate as the
geometrical clock associated to the winding modes.2 In
particular, we have provided arguments that this clock,
when seen from the momentum perspective, should correspond to
1
t̃ ¼ :
t

V. SINGULARITY-FREE COSMOLOGICAL
BACKGROUND
In this section, we study a geometrical approach to
formalize the idea of the physical clock introduced in the
last section and conclude that upon considering this
definition of time, the vacuum solutions of the DFT
background equations are singularity free. The DFT

ð30Þ

in the DFT equations of motion, resulting in [24]

_ − 2H̃∂ d þ ½H
_ − 2H∂ t d ¼ 0;
½H̃
t̃

At finite temperatures T, the string partition function
ZðTÞ is periodic in Euclidean time β ¼ 1=T, and—at least
for certain string theory setups—satisfies the temperature
duality:
 
1
ZðβÞ ¼ Z
;
ð28Þ
β

T p ðTÞ ¼ T

dxi dxi

j¼1

for t ≫ 1;

tp ðtÞ ¼ t̃ ¼ td

D−1
X
i¼1

ð26Þ

With this definition, the geodesics studied in this paper are
geodesically complete in the sense that they can be
extended in both directions to infinite time.
We can also justify the above argument by dualizing both
space and time, i.e., by also introducing a dual time t̃ which
is dual to “temporal winding modes” of the string [19]. This
concept can be made rigorous in Euclidean space-time
where time is taken to be compact. When the regular
Euclidean time domain shrinks in size, the dual time
domain increases. This is analogous to the dual space
domain increasing as 1=R when the regular space domain R
is decreasing. From this point of view, the definition (26) is
simply the time component of (3). We can also write (26) as
tp ðtÞ ¼ t

cosmological background equations of motion in the
presence of a hydrodynamical fluid will be discussed
in [23].
We start off considering the following ansatz:

for t ≫ 1;
for t ≪ 1:
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ð36Þ

Thus, the above ansatz can be seen as a way to implement
the ideas we have introduced at a geometrical level. By
doing so, the effective line element becomes

063530-5
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We will discuss this prescription further in [23].
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5

10
2

4

6

t

8

a(t p)/a0

5
-5

a–1(t p)/a0

- 10

FIG. 2. Physical clock as a function of the time coordinate. The
physical clock goes from −∞ to ∞ for t ∈ ð0; ∞Þ.



D−1
X
1
dS ¼ − 1 þ 4 dt2 þ a2 ðtÞ
dxi dxi
t
i¼1

-5

5

10

tP

FIG. 3. The scale factor goes to zero only at tp → −∞.
Similarly its inverse goes to zero when tp → ∞.

2

þ a−2 ðtÞ

D−1
X

VI. CONCLUSIONS AND DISCUSSION
ð37Þ

dx̃j dx̃j :

j¼1

The solutions of the DFT equations of motion become
pﬃﬃﬃﬃﬃﬃﬃ
dðtÞ ¼ const:
ð38Þ
a ðtÞ ¼ jtj2 D−1 ;
a ðtÞ ¼ const:;

dðtÞ ¼ const:

ð39Þ

Now, using instead the physical clock, we can rewrite the
line element by considering the following:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
dtp ¼ 1 þ 4 dt;
ð40Þ
t
so that we recover a Friedman-Robertson-Walker (FRW)-like
metric in the standard form, meaning g00 ¼ −1. It is clear that
the physical clock reduces to the momentum one for large t.
In fact, its functional form in terms of t is very complicated,
but its plot, given in Fig. 2, is easy to understand.
The nontrivial solution for the scale factor (39) in terms
of the physical clock is plotted in Fig. 3 (we consider D ¼ 4
for simplicity).
Finally, the metric looks like
ds2 ¼ −dt2p þ a2 ðtp Þ

D−1
X
i¼1

dxi dxi þ a−2 ðtp Þ

D−1
X

dx̃j dx̃j ;

j¼1

ð41Þ
as expected. It is important to realize that this effective
(2D − 1)-dimensional geometry reduces effectively to a Ddimensional one for large tp , the momentum sector, and
analogously for large negative tp , the winding sector. We
also observe that there should be a D-dimensional slice that
has its volume bounded from below for all tp . This slice is
the physical geometry where we live and which is accessible by physical rulers and clocks (which are always given
by the corresponding light modes).

We have studied the geodesics corresponding to point
particle motion in double field theory. We derived the
general equations of motion, and then we considered the
special case of a cosmological background with a vanishing
antisymmetric tensor field. We argued that in this context
the geodesics of point particle motion are complete,
provided we measure the motion in terms of a physical
time which reflects the T-duality symmetry of the setup.
Our result provides further support for the expectation that
cosmological singularities are resolved in superstring
cosmology. Then, we also considered a geometrization
of this prescription within the framework of DFT, resulting
in a cosmological solution which is singularity free.
ACKNOWLEDGMENTS
We thank Subodh Patil for suggesting to us to consider
point particle geodesics in a double field theory background, and for many consultations along the way. The
research at McGill is supported in part by funds from
NSERC and from the Canada Research Chair program.
Two of us (R. B. and G. F.) wish to thank the Banff
International Research Station for hosting a very stimulating workshop “String and M-theory geometries: Double
Field Theory, Exceptional Field Theory and their
Applications,” during which some of the ideas presented
here were developed. G. F. acknowledges financial support
from CNPq (Science Without Borders). R. C. thanks
financial support by the SARChI NRF grantholder.
A. W. and R. C. are supported by the South African
Research Chairs Initiative of the Department of Science
and Technology and the National Research Foundation of
South Africa. Any opinion, finding and conclusion or
recommendation expressed in this material is that of the
authors and the NRF does not accept any liability in this
regard. All the authors also thank financial support from
IRC—South Africa—Canada Research Chair Mobility
Initiative, Grant No. 109684.

063530-6

POINT PARTICLE MOTION IN DOUBLE FIELD THEORY …
[1] R. H. Brandenberger and C. Vafa, Superstrings In The Early
Universe, Nucl. Phys. B316, 391 (1989).
[2] R. H. Brandenberger, String gas cosmology: Progress and
problems, Classical Quantum Gravity 28, 204005 (2011);
R. H. Brandenberger, in String Gas Cosmology, String
Cosmology, edited by J. Erdmenger (Wiley, New York,
2009), pp. 193–230; T. Battefeld and S. Watson, String gas
cosmology, Rev. Mod. Phys. 78, 435 (2006).
[3] R. Hagedorn, Statistical Thermodynamics Of Strong Interactions At High-Energies, Nuovo Cimento Suppl. 3, 147
(1965).
[4] T. Boehm and R. Brandenberger, On T duality in brane gas
cosmology, J. Cosmol. Astropart. Phys. 06 (2003) 008.
[5] A. Nayeri, R. H. Brandenberger, and C. Vafa, Producing a
Scale-Invariant Spectrum of Perturbations in a Hagedorn
Phase of String Cosmology, Phys. Rev. Lett. 97, 021302
(2006).
[6] R. H. Brandenberger, A. Nayeri, S. P. Patil, and C. Vafa,
String gas cosmology and structure formation, Int. J. Mod.
Phys. A 22, 3621 (2007).
[7] P. A. R. Ade et al. (Planck Collaboration), Planck 2015
results. XX. Constraints on inflation, Astron. Astrophys.
594, A20 (2016).
[8] R. H. Brandenberger, A. Nayeri, S. P. Patil, and C. Vafa,
Tensor Modes from a Primordial Hagedorn Phase of String
Cosmology, Phys. Rev. Lett. 98, 231302 (2007); R. H.
Brandenberger, A. Nayeri, and S. P. Patil, Closed string
thermodynamics and a blue tensor spectrum, Phys. Rev. D
90, 067301 (2014).
[9] R. Brandenberger, G. Franzmann, and Q. Liang, Running of
the spectrum of cosmological perturbations in string gas
cosmology, arXiv:1708.06793.
[10] M. Gasperini and G. Veneziano, Pre-big bang in string
cosmology, Astropart. Phys. 1, 317 (1993); M. Gasperini
and G. Veneziano, The pre-big bang scenario in string
cosmology, Phys. Rep. 373, 1 (2003).

PHYS. REV. D 97, 063530 (2018)

[11] W. Siegel, Two vierbein formalism for string inspired
axionic gravity, Phys. Rev. D 47, 5453 (1993).
[12] W. Siegel, Superspace duality in low-energy superstrings,
Phys. Rev. D 48, 2826 (1993).
[13] W. Siegel, Manifest duality in low-energy superstrings,
arXiv:hep-th/9308133.
[14] C. Hull and B. Zwiebach, Double field theory, J. High
Energy Phys. 09 (2009) 099.
[15] G. Aldazabal, D. Marques, and C. Nunez, Double field
theory: A pedagogical review, Classical Quantum Gravity
30, 163001 (2013).
[16] O. Hohm, C. Hull, and B. Zwiebach, Background independent action for double field theory, J. High Energy Phys. 07
(2010) 016.
[17] S. M. Ko, J. H. Park, and M. Suh, The rotation curve of a
point particle in stringy gravity, J. Cosmol. Astropart. Phys.
06 (2017) 002.
[18] O. Hohm, C. Hull, and B. Zwiebach, Generalized metric
formulation of double field theory, J. High Energy Phys. 08
(2010) 008.
[19] C. M. Hull, Timelike T duality, de Sitter space, large N
gauge theories and topological field theory, J. High Energy
Phys. 07 (1998) 021.
[20] C. Angelantonj, C. Kounnas, H. Partouche, and N. Toumbas,
Resolution of Hagedorn singularity in superstrings with
gravito-magnetic fluxes, Nucl. Phys. B809, 291 (2009);
R. H. Brandenberger, C. Kounnas, H. Partouche, S. P. Patil,
and N. Toumbas, Cosmological perturbations across an
S-brane, J. Cosmol. Astropart. Phys. 03 (2014) 015.
[21] C. M. Hull, Duality and the signature of space-time, J. High
Energy Phys. 11 (1998) 017.
[22] I. Bars, Survey of two time physics, Classical Quantum
Gravity 18, 3113 (2001).
[23] R. Brandenberger, R. Costa, G. Franzmann, and A. Weltman
(to be published).
[24] H. Wu and H. Yang, Double field theory inspired cosmology,
J. Cosmol. Astropart. Phys. 07 (2014) 024.

063530-7

