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Abstract Cosmological solutions are studied in the con-
text of the modified measure formulation of string theory ,
then the string tension is a dynamical variable and the string
the tension is an additional dynamical degree of freedom
and its value is dynamically generated. These tensions are
then not universal, rather each string generates its own ten-
sion which can have a different value for each of the string
world sheets and in an ensemble of strings. The values of
the tensions can have a certain dispersion in the ensemble.
We consider a new background field that can couple to these
strings, the “tension scalar” which is capable of changing
locally along the world sheet and then the value of the ten-
sion of the string changes accordingly. When many types of
strings probing the same region of space are considered this
tension scalar is constrained by the requirement of quantum
conformal invariance. For the case of two types of strings
probing the same region of space with different dynamically
generated tensions, there are two different metrics, associated
to the different strings. Each of these metrics have to satisfy
vacuum Einstein’s equations and the consistency of these
two Einstein’s equations determine the tension scalar. The
universal metric, common to both strings generically does
not satisfy Einstein’s equation . The two string dependent
metrics considered here are flat space in Minkowski space
and Minkowski space after a special conformal transforma-
tion. The limit where the two string tensions are the same is
studied, it leads to a well defined solution. If the string tension
difference between the two types of strings is very small but
finite, the approximately homogeneous and isotropic cosmo-
logical solution lasts for a long time, inversely proportional to
the string tension difference and then the homogeneity and
and isotropy of the cosmological disappears and the solu-
tion turns into an expanding braneworld where the strings

#e-mail: guendel @bgu.ac.il (corresponding author)

Published online: 01 October 2022

are confined between two expanding bubbles separated by
a very small distance at large times. The same principle is
applied to the static end of the universe wall solution that
lasts a time inversely proportional to the dispersion of string
tensions. This suggest a scenario where quantum fluctuations
of the cosmological or static solutions induce the evolution
towards braneworld scenarios and decoherence between the
different string tension states.

1 Introduction

String Theories have been considered by many physicists for
some time as the leading candidate for the theory everything,
including gravity, the explanation of all the known particles
that we know and all of their known interactions (and proba-
bly more) [1,2]. According to some, one unpleasant feature
of string theory as usually formulated is that it has a dimen-
sion full parameter, in fact, its fundamental parameter , which
is the tension of the string. This is when formulated the most
familiar way. The consideration of the string tension as a
dynamical variable, using the modified measures formalism,
which was previously used for a certain class of modified
gravity theories under the name of Two Measures Theories
or Non Riemannian Measures Theories, see for example [3—
10]. The modified measure approach has also been used to
construct braneworld scenarios [11,12].

When applying these principles to string theory, this leads
to the modified measure approach to string theory, where
rather than to put the string tension by hand it appears dynam-
ically.

This approach has been studied in various previous works
[13-21]. See also the treatment by Townsend and collabora-
tors for dynamical string tension [22,23].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-022-10837-5&domain=pdf
http://orcid.org/0000-0003-1044-8055
mailto:guendel@bgu.ac.il

857 Page 2 of 10

Eur. Phys. J. C (2022) 82:857

We have also introduced the “tension scalar” [24], which
is an additional background fields that can be introduced
into the theory for the bosonic case (and expected to be well
defined for all types of superstrings as well) that changes the
value of the tension of the extended object along its world
sheet, we call this the tension scalar for obvious reasons. This
formalism is then the basis to construct several cosmological
scenarios [21] modified string theory braneworlds scenarios
[25]

Before studying issues that are very special of this paper
we review some of the material contained in previous papers,
first present the string theory with a modified measure and
containing also gauge fields that like in the world sheet, the
integration of the equation of motion of these gauge fields
gives rise to a dynamically generated string tension, this
string tension may differ from one string to the other. Then
we consider the coupling of gauge fields in the string world
sheet to currents in this world sheet. As a consequence, this
coupling induces variations of the tension along the world
sheet of the string. Then we consider a bulk scalar and how
this scalar naturally can induce A world sheet current that
couples to the internal gauge fields. The integration of the
equation of motion of the internal gauge field lead to the
remarkably simple equation that the local value of the ten-
sion along the string is given by T = e¢ + T; , where e
is a coupling constant that defines the coupling of the bulk
scalar to the world sheet gauge fields and 7; is an integra-
tion constant which can be different for each string in the
universe.

Each string is considered as an independent system that
can be quantized. We take into account the string generation
by introducing the tension as a function of the scalar field as a
factor inside a Polyakov type action with such string tension,
then the metric and the factor g¢ + 7; enter together in this
effective action, so if there was just one type of string the
factor could be incorporated into the metric and the condition
of world sheet conformal invariance will not say very much
about the scalar ¢ , but if many strings are probing the same
regions of space time, then considering a background metric
guv » foreach string the “string dependent metric” (¢+1;) g v
appears

Considering the other background fields, like dilaton and
antisymmetric tensor fields as trivial implies then that the
vacuum Einstein’s equations apply for each of the metrics
(@ +T)guv-

We consider the simplest non trivial multy string case
where two types of strings with different tensions are con-
sidered . We call g,,,, the universal metric, which in fact does
not necessarily satisfy Einstein’s equations.

Here we will study a situation where we consider the
metrics (¢ + T;)guv, considering two types of strings ten-
sions . The two metrics will again satisfy Einstein’s equa-
tions and the two metrics will represent Minkowski space
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and Minkowski space after a special conformal transforma-
tion.

We will study first the non trivial solutions that persist in
the limit 7, — T3 — 0, which is possible when the transfor-
mation of the two conformally related string is infinitesimal
as well. The solutions in this limits are 1)Homogeneous and
isotropic cosmological solution, 2)The static “end of space”
wall .

Each of these solutions becomes valid only for a finite
lifetime At proportional to 1/AT, where AT = T, — Tj,
which resembles a type of time — energy uncertainty princi-
ple. This resembles uncertainty principles proposed for the
uncertainty of the cosmological constant and the volume of
the universe (which contains as a factor the total time of
course) [26] in the context of the unimodular theory when
formulated in a generally covariant form [27]. As we have
pointed out in our review [28], the unimodular theory when
formulated in a generally covariant form is a very particular
case of amodified measure theory, in this case the cosmolog-
ical constant becomes a dynamical variable just like in the
case being discussed now the string tension is a dynamical
variable, the AT = T, — 77 may be an effective classical
way to describe a quantum fluctuation in the string tension.

For T, — T # 0 but small, the long lived homogeneous
and isotropic cosmological solution transforms itself into a
braneworld scenario, where there are two locations where
the strings acquire an infinite tension which are given by
two surfaces. This is when the vector that defines the spe-
cial conformal transformation is time like, which lead to the
cosmological solution in the case 7> — 77 — 0, if the vector
is space like the static end of universe solution holds in the
limit 7> — 71 — 0, If the vector is space like the two sur-
faces are spherical and expanding and the distance between
them approaches zero at large times (positive or negative) .
In both cases (the vector field being space like or time like)
this represents a genuine brane world scenario.

The basic idea of the brane worlds is that the universe is
restricted to a brane inside a higher-dimensional space, called
the “bulk” . In this model, at least some of the extra dimen-
sions are extensive (possibly infinite), and other branes may
be moving through this bulk. Some of the first braneworld
models were developed by Rubakov and Shaposhnikov [29],
Visser [30], Randall and Sundrum [31,32], Pavsic [33], Gog-
berashvili [34-37]. At least some of these models are moti-
vated by string theory. Braneworlds in string theory were
discussed in [38], see for a review for example [39], our
approach is very different to the present standard approaches
to braneworlds in the context of string theories however. In
our approach a dynamical string tension is required. Our sce-
nario could be enriched by incorporating aspects of the more
traditional braneworlds, but these aspects will be ignored here
to simplify the discussion.
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2 The modified measure theory string theory

The standard world sheet string sigma-model action using a
world sheet metric is [40-42]

1
Syigma—model = —T / oY X B X gy (D)

Here y“? is the intrinsic Riemannian metric on the 2-
dimensional string worldsheet and y = det(yap); guv
denotes the Riemannian metric on the embedding spacetime.
T is a string tension, a dimension full scale introduced into
the theory by hand.

Now instead of using the measure \/—y , on the 2-
dimensional world-sheet, in the framework of this theory
two additional worldsheet scalar fields ¢’ (i = 1, 2) are con-
sidered. A new measure density is introduced:

1 . .
D) = Eéijeahaa(pl W’ . 2)

There are no limitations on employing any other measure
of integration different than ./—y. The only restriction is
that it must be a density under arbitrary diffeomorphisms
(reparametrizations) on the underlying spacetime manifold.
The modified-measure theory is an example of such a theory.

Then the modified bosonic string action is (as formulated
first in [13] and latter discussed and generalized also in [14])

1 eab
S = —/d20©(¢) <2J/ab3axuabxvguv - Fab(A)) ,

2=y
3)

where Fy is the field-strength of an auxiliary Abelian gauge
field Ay Fap = 0,Ap — 0pAq.

Itis important to notice that the action (3) is invariant under
conformal transformations of the internal metric combined
with a diffeomorphism of the measure fields,

Yab — JVaba (4)
=o' =9'(¢") (5)
such that
d— 0 =Jb (6)

Here J is the jacobian of the diffeomorphim in the internal
measure fields which can be an arbitrary function of the world
sheet space time coordinates, so this can called indeed a local
conformal symmetry.

To check that the new action is consistent with the sigma-
model one, let us derive the equations of motion of the action

3).

The variation with respect to ¢’ leads to the following
equations of motion:

cd
Gababﬁolaa <)/CdacXMadnguv - 6_ch> =0. N

Vv

since det (e“b 817(,0" ) = @, assuming a non degenerate case
(® # 0), we obtain,

cd

N

y“dE)CX“BdX“g,w — F.; = M = const. ®)

The equations of motion with respect to 7 are

6ca’

V=Y

1
Tap = aaXMabXngw - zyab Feqg = 0. (9)

One can see that these equations are the same as in the
sigma-model formulation . Taking the trace of (9) we get
that M = 0. By solving %Fd from (8) (with M = 0) we
obtain the standard string eqgs.

The emergence of the string tension is obtained by varying
the action with respect to A,:

D ()
aby <—> =0. 10
€*’op = (10)

Then by integrating and comparing it with the standard
action it is seen that

() =T. (11)
vy

That is how the string tension 7 is derived as a world
sheet constant of integration opposite to the standard equation
(1) where the tension is put ad hoc. Let us stress that the
modified measure string theory action does not have any ad
hoc fundamental scale parameters. associated with it. This
can be generalized to incorporate super symmetry, see for
example [ 14—17]. For other mechanisms for dynamical string
tension generation from added string world sheet fields, see
for example [22,23]. However the fact that this string tension
generation is a world sheet effect and not a universal uniform
string tension generation effect for all strings has not been
sufficiently emphasized before.

Notice that Each String in its own world sheet determines
its own tension. Therefore the tension is not universal for all
strings.

@ Springer
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3 Introducing background fields including a new
background field, the tension field

Schwinger [43] had an important insight and understood that
all the information concerning a field theory can be studied
by understanding how it reacts to sources of different types.

This has been discussed in the text book by Polchinski
for example [44—46]. Then the target space metric and other
external fields acquire dynamics which is enforced by the
requirement of zero beta functions.

However, in addition to the traditional background fields
usually considered in conventional string theory, one may
consider as well an additional scalar field that induces cur-
rents in the string world sheet and since the current couples
to the world sheet gauge fields, this produces a dynamical
tension controlled by the external scalar field as shown at the
classical level in [24]. In the next two subsections we will
study how this comes about in two steps, first we introduce
world sheet currents that couple to the internal gauge fields
in Strings and Branes and second we define a coupling to an
external scalar field by defining a world sheet currents that
couple to the internal gauge fields in Strings that is induced
by such external scalar field.

3.1 Introducing world sheet currents that couple to the
internal gauge fields

If to the action of the string we add a coupling to a world-sheet
current j¢,i.e. a term

Scurrent ZfdzoAaja» (12)

then the variation of the total action with respect to A, gives

ey (i> = jb. (13)
“\v=r

We thus see indeed that, in this case, the dynamical character
of the brane is crucial here.

3.2 How a world sheet current can naturally be induced by
a bulk scalar field, the tension field

Suppose that we have an external scalar field ¢ (x#) defined in
the bulk. From this field we can define the induced conserved
world-sheet current

dXH
b= eaﬂ¢8—ae“b = ed,pe, (14)
o

where e is some coupling constant. The interaction of this
current with the world sheet gauge field is also invariant under
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local gauge transformations in the world sheet of the gauge
fields A, —> Ay + 9,1
For this case, (13) can be integrated to obtain

T = =ep + T, (15)

o
NV
or equivalently

Q= —y(ep + 1), (16)

The constant of integration 7; may vary from one string
to the other. Notice that the interaction is metric independent
since the internal gauge field does not transform under the the
conformal transformations. This interaction does not there-
fore spoil the world sheet conformal transformation invari-
ance in the case the field ¢ does not transform under this
transformation. One may interpret (16 ) as the result of inte-
grating out classically (through integration of equations of
motion) or quantum mechanically (by functional integration
of the internal gauge field, respecting the boundary condition
that characterizes the constant of integration 7; for a given
string). Then replacing ® = /=y (e¢ + T;) back into the
remaining terms in the action gives a correct effective action
for each string. Each string is going to be quantized with each
one having a different 7;. The consequences of an indepen-
dent quantization of many strings with different 7; covering
the same region of space time will be studied in the next
section.

3.3 Consequences from world sheet quantum conformal
invariance on the tension field, when several strings
share the same region of space

3.3.1 The case of two different string tensions

If we have a scalar field coupled to a string or a brane in
the way described in the sub section above, i.e. through the
current induced by the scalar field in the extended object,
according to Eq. (16), so we have two sources for the vari-
ability of the tension when going from one string to the other:
one is the integration constant 7; which varies from string to
string and the other the local value of the scalar field, which
produces also variations of the tension even within the string
or brane world sheet.

As we discussed in the previous section, we can incor-
porate the result of the tension as a function of scalar field
¢, given as e¢ + T;, for a string with the constant of inte-
gration 7; by defining the action that produces the correct
equations of motion for such string, adding also other back-
ground fields, the anti symmetric two index field A, that
couples to €429, X", X" and the dilaton field ¢ that couples
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to the topological density \/—y R
1
5= [ @otep + T3 VT X9 X g0

—i—/dzaAwe”baaX“abX” +/d2m/—y¢R. (17)

Notice that if we had just one string, or if all strings will have
the same constant of integration 7; = Tp.

In any case, it is not our purpose here to do a full generic
analysis of all possible background metrics, antisymmetric
two index tensor field and dilaton fields, instead, we will
take cases where the dilaton field is a constant or zero, and
the antisymmetric two index tensor field is pure gauge or
zero, then the demand of conformal invariance for D = 26
becomes the demand that all the metrics

ghy = (e + THgu (18)

will satisfy simultaneously the vacuum Einstein’s equations.

The interesting case to consider is when there are many
strings with different 7;, let us consider the simplest case of
two strings, labeled 1 and 2 with 7} # T3 , then we will have
two Einstein’s equations, for g}w = (e¢ + T1)guv and for

g%, = (e + T2)guv-
Ry (8ap) =0 (19)
and , at the same time,
Ry (gap) =0 (20)

These two simultaneous conditions above impose a con-
straint on the tension field ¢, because the metrics g ; 8 and gi 8
are conformally related, but Einstein’s equations are not con-
formally invariant, so the condition that Einstein’s equations
hold for both goll 5 and géﬂ is highly non trivial.

Then for these situations, we have,

ep+ T = Q*(ep + ) @1
which leads to a solution for e¢

_ Qsz - T

ep =" (22)

which leads to the tensions of the different strings to be

QT — T)
and
(Tr — Tv)
ep + T, = T2 (24)

Both tensions can be taken as positive if 7, — T is positive
and Q7 is also positive and less than 1. It is important that
we were forced to consider a multi metric situation. One
must also realize that Q2 is physical, because both metrics
live in the same spacetime, so even if Q2 is a constant ,
we are not allowed to perform a coordinate transformation,
consisting for example of a rescaling of coordinates for one
of the metrics and not do the same transformation for the
other metric.

Other way to see that Q2 is physical consist of considering
the scalar consisting of the ratio of the two measures / —g!
and /—g2 where g! = det(géﬂ) and g% = det(géﬂ), and
we find that the scalar V=gl = QP showing that € is a

coordinate invariant.

3.3.2 Flat space in Minkowski coordinates and flat space
after a special conformal transformation

Let us study now a case where Q2 is not a constant. For this
we will consider two spaces related by a conformal transfor-
mation, which will be flat space in Minkowski coordonates
and flat space after a special conformal transformation.

The flat space in Minkowski coordinates is,

ds% = naﬁdx“dxﬁ (25)

where 14 is the standard Minkowski metric, with nop = 1,
noi = 0 and n;; = —§;;. This is of course a solution of the
vacuum Einstein’s equations.

We now consider the conformally transformed metric

ds% = Q(x)zna,gdx“dxﬂ (26)

which we also demand that will satisfy the D dimensional
vacuum Einstein’s equations.

Let us use the known transformation law of the Ricci ten-
sor under a conformal transformation applied to g ; s = Nap

and ggﬂ = Q(x)%nqp, defining Q(x) = 6!, we obtain

R}5 =Rys + (D — 2)Va Vg (In6) + nagn’V,,V, (Inf)
+ (D — 2)Vu (In0) Vg (In6)
— (D = 2)1ap0"" V. (1n6) Y, (1n6)
27

Since g;ﬁ = Nup, We obtain that qus = 0, also the covari-
ant derivative above are covariant derivatives with respect to
the metric g(}lﬁ = 7)¢8, S0 they are just ordinary derivatives.

@ Springer
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Taking this into account, after a bit of algebra we get that,

940 9,0,0  9,00,0
Ry = (D — 2)“ﬁ +naﬁn“”(%— “02”>

9,69,0
2

—(D — 2)napn™” =0 (28)

by contracting (28) we obtain a relation between n*¥ b g“a

and 1/V9,09,6 /6*

9,,0,0 n"*v0,00,0
v 2 = p— k. 29
" 92 (29)
using (29) to eliminate the nonlinear term n*V £~ 6“96 % in n (28)
we obtain the remarkably simple linear relation,
1 v
04080 — 7 Bl 0,00 =0 (30)

So we now first find the most general solution of the linear
equation (30), which is,

0 =a1+a K, x" +a3xtx, 31)

and then impose the non linear constraint (29), which implies,

2
as K, K"
ap = > (32)
4as

we further demand that 6 (x* = 0) = 1, so that,

2
asK, K"
0 =l+a2Kux"+zTMx

Fxu (33)
This coincides with the results of Culetu [47] for D = 4 and
to identify this result with the result of a special conformal
transformation, see discussions in [48,49] , to connect to
standard notation we identify a» K, = 2a,, so that

0 =14 2a,x" +a*x? (34)
where a® = ata, and x> = x"x,,.

In this case, this conformal factor coincides with that
obtained from the special conformal transformation

(x* 4 a*x?)
(1 +2a,x’ + a%x?)

xt = (35)

As discussed by Zumino [49] the finite special conformal
transformation mixes up in a complicated way the topology
of space time, so it is not useful to interpret the finite special
conformal transformations as mapping of spacetimes.

@ Springer

In summary, we have two solutions for the Einstein’s equa-
tions, géﬂ = ngp and

giﬁ = an&’ﬂ = 0727]0[/3 = 2x2)2 17&’/3 (36)

I+ 2a,x* +a

We can then study the evolution of the tensions using Q° =
672 = We will consider the cases where

a? #0.

(142a,x1+a2x2)2"

4 The homogeneous and isotropic universe in
dynamical string tension theories

We now consider the case when a” is not light like and we
will find that for a® # 0, irrespective of sign, i.e. irrespective
of whether a* is space like or time like, we will have thick
braneworlds where strings can be constrained between two
concentric spherically symmetric bouncing higher dimen-
sional spheres and where the distance between these two con-
centric spherically symmetric bouncing higher dimensional
spheres approaches zero at large times. The string tensions
of the strings one and two are given by

(Tr — T)(1 + 2a,x* + a*x?)?
(14 2a,x* +a%x2)% — 1
(T, = T)(1 +2a,x" + a’x?)?
- Qayx* + a?x?)(2 + 2a,x* + a?x?)
(Tr — Th)
(1 +2a,x* + ax)? — 1
_ (b, -T)
© Qayxt +a?x?)(2 + 2a,x" + a’x?)

ep+ T =

(37

ep+ T =

(38)

Let us by consider the case where a* is time like, then without
loosing generality we can take a”* = (A, 0, 0, ..., 0). Now, in
order to get homogeneous and isotropic cosmological solu-
tions we must consider the limit A — O and (T, — T7) — O,
in such a way that (Tzl‘& = K, where K is a constant. In
that case the spatial dependence in the tensions (37) and (38)
drops out and we get,

K
ep+Ti=ep+Th= (39)

The embedding metric can now be solved.

1, 4
8w = oy S = g (40)

which is not a vacuum metric, as opposed to 1,,, because of
the conformal factor %
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4.1 Life of the homogeneous and isotropic universe and
emergence of a braneworld at large times

One should notice that the homogeneous and isotropic solu-
tion has been obtained only in the limit A — 0 and
(T, — T1) — 0, in such a way that (Tzl‘ﬁ = K, where
K is a constant. If A and 7> — T; are small but finite, then
for large times, of the order of 1/A. We can formulate this

as an uncertainty principle,
(T, — T1) At ~ constant 41)

where we have used that A is of the order of (75 — 771). So a
small uncertainty in the tension (7> — 77) leads to a long lived
homogeneous and isotropic phase, while a big uncertainty in
the tension (7> — T1) leads to short lived homogeneous and
isotropic phase.

In fact in these situations, for finite (75 — T7) and A, itis the
case that the string tensions can only whange sign by going
first to infinity and then come back from minus infinity. We
can now recognize at those large times the locations where
the string tensions go to infinity, which are determined by the
conditions

2a,x" + a’x* =0 (42)
or
2+ 2a,x" +a*x* =0 (43)

Let us start by considering the case where a* is time like, then
without loosing generality we can take a* = (A, 0, 0, ..., 0).
In this case the denominator in (37) , (38) is
Qayx" + a’x?) (2 + 2a,x" + a’x?)
= QA1 + A%(1* — x?)(2 + 2A1 + A%(1* — x?))  (44)

The condition (42), if A # 0 implies then that
X4l xy - t—}—l 2=—L (45)
1 2 3ee D—1 A A2
if A — 0, it is more convenient to write this in the form

AP+ 3422 +xh ) —A?—2=0 (46)

which for the limit A — 0 gives us the single singular point
t = 0, which is the origin of the homogeneous and isotropic
cosmological solution.

The other boundary of infinite string tensions is, (43) is
given by,

1 2
S S O (z + Z) _ 7)

This has no limit for A — 0, all these points disappear from
the physical space (they go to infinity).

For A # 0 we see that (47) represents an exterior boundary
which has an bouncing motion with a minimum radius % at
t = —% , The denominator (44) is positive between these
two bubbles. So for T, — T positive the tensions are positive
and diverge at the boundaries defined above.

The internal boundary (45) exists only for times ¢ smaller
than —% and bigger than 0, so in the time interval (—%, 0)
there is no inner surface of infinite tension strings. This inner
surface collapses to zeroradius at r = —% and emerges again
from zero radius at ¢ = 0.

For large positive or negative times, the difference between
the upper radius and the lower radius goes to zero as t — 00

! + t+1 2 ! + t+1 2 ! 0
— - - - -] > — =
A2 A A2 A tA?

(43)

of course the same holds + — —o0. This means that for very
large early or late times the segment where the strings would
be confined (since they will avoid having infinite tension)
will be very narrow and the resulting scenario will be that of
a brane world for late or early times, while in the bouncing
region the inner surface does not exist. We can ignore the
part of the solution where ¢ < —% and instead take t = 0 as
the origin of the Universe and only consider positive values
of cosmic time because the part of the solution with ¢ < —%
is disconnected, at least at the classical level from the part of
the solution with positive cosmic time.

We see then that for the exact limitof AT — Oand A — 0
we get a perfect homogeneous and isotropic cosmology, but
as AT and A are deformed to be small but finite, the scenario
is modified at large times into a braneworld scenario.

5 The static end of space wall

Let us start by considering the case where a* is space
like, then without loosing generality we can take a” =
0, A,0,...,0). Now, in order to get a static, only depen-
dent on x solution again we must consider the limit A — 0
and (T, — T1) — 0, in such a way that @ = K, where
K is a constant. In that case the temporal dependence in the
tensions (37) and (38) drops out now and we get,

K
ep+Th=ep+Tr =———

4x! “49)

if we conventionally take K < 0, then the strings cannot
cross the point x! = 0 from positive values, since as they
approach that point the strings acquire a very large string

@ Springer
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tension, so that is why we can call x! = 0 the end of space
wall.

5.1 Lifetime of the static end of space wall and its
evolution towards an emergent braneworld scenario

In this case we look at the denominator in the case when a* is
space like, now for finite A, then without loosing generality
we take a* = (0, A, 0, ..., 0) , then for finite values of A in
(37), (38), we get
Qayx" + a’x®)(2 + 2a,x" + a’x?)
= (2Ax' — A2 = X))(2 = 24x" — A% = 7?))
(50)
where X = (xl, x2, .., xP _1) represents the spacial part of
xt,and X2 = (x1)24+(x%)2+- - -+ (xP~1)2. We then consider
the first boundary where the string tensions approach infinity
according to (42),

1\? 1
1 2 2 2 2
—(x _Z) — X5 —X3..—Xp_ +1 =—ﬁ («28)
which can be written as .
2l —A(=x} —xF = x5 —x3 12 =0 (52)

which in the limit A — 0 implies x! = 0, so that then the
only singularity is at the wall x! = 0
The case (43) gives

1) 2 2 2 2 1
_(xl—z> —X) —X3..—Xp_q+1t Zﬁ (53)

(53) is an internal boundary which exists only for times ¢
smaller than —% and bigger than %. Between —% and %
there is no inner surface of infinite tension strings. For A = 0
this solution does not exist at all, since the forbidden interval
for the inner solution (—%, %) includes all the real line as
A — 0.

For finite A this inner surface collapses to zero radius at
t = —% and emerges again from zero radius at t = %. So the
situation is very similar to that of the case where the vector
at* is time like, just that the roles of the cases Q = 1 and
Q = —1 get exchanged. Between these two boundaries the
two factors in the denominator (50) are positive, while at the
boundaries one or the other approach zero and the tensions
diverge, so again for 7> — T positive the tensions are positive
and diverge at the boundaries.

Once again for large positive or negative times, the dif-
ference between the upper radius and the lower radius goes
to zero. Implying that the strings will be confined to a very
small segment at large early or late times, so then again we
get an emergent brane world scenario.

@ Springer

The strings and therefore all matter and gravity will be
consequently confined to the very small segment of size #,
very small for large 7. At the moment of the bounce there is no
brane world, there is only one exterior bubble which repre-
sents infinite tension location, the brane is generated dynam-
ically after a period of time by the appearance of the inner
bubble which completes the trapping of the strings between
two surfaces.

The static end of space wall as initial state that then evolves
into the cosmological scenario resembles the scenario called
The Emergent Universe where the start of the Universe is
assumed to be a static Einstein Universe, which then evolves
into a cosmological inflationary Universe [50-59].

6 Restoration of the equivalence principle in the limit
AT - 0

As we have seen, in the case AT # 0, we have different
string metrics (18) for each type of string characterized by
a different constant of integration 7; as the dispersion of the
tensions vanishes, thatis AT — 0, all these string dependent
metric converge into a single one.

7 Discussion: motivations, AT from quantum
fluctuations, braneworld creation and decoherence

The approach we want to promote in this paper is to formulate
first of all the dynamical tension theories where each string
can have its own tension. The string interactions are usu-
ally formulated for strings of the same tension, in dynamical
string tension this may not be an obstacle if the string ten-
sions are close enough, so that quantum fluctuations of the
string tension will make possible interactions. This is then
a good motivation to consider the dispersion of the tension
parametrized by AT in the string ensemble to be very small,
in fact we consider solutions where this dispersion goes to
zero, AT — 0.

This lead us to consider the life time (1) the homogeneous
and isotropic cosmological solution, (2) the static “end of
space” wall . If AT — 0, these solutions remain forever
undisturbed, if however AT ## 0, these solutions have a
certain lifetime, after which (1) and (2) become braneworld
scenarios.

It would be most appealing to have the originofa AT # 0
as a quantum fluctuation scenario. The subsequent evolu-
tion to braneworld scenarios in (1) and (2) should then lead
to decoherence of these quantum fluctuations decohere and
become classical, in a very similar way as the primordial
quantum fluctuation in inflationary scenarios [60—65].

As we have pointed out the inverse relation between AT
and Ar resembles the inverse relation between the uncer-
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tainty of the cosmological constant and the total volume of
the universe, which is also proportional to the age of the uni-
verse [26]. The difference is that here At refers to the age
of a certain phase of the universe, like the homogeneous and
isotropic phase, and not the total age of the universe. Here,
after this period At, still there is a universe, but there is a
braneworld universe.

This braneworld is very different to the standard approaches
to braneworlds in the context of string theories however.
In our approach a dynamical string tension has been used.
Our scenario could be enriched by incorporating aspects of
the more traditional braneworlds, like introducing D-branes
between the surfaces where the string tensions go to infin-
ity, so open strings could end before their tensions approach
an infinite value, or the surfaces where the tensions diverge
could be themselves be defined as D branes for open strings.
These possibilities have been ignored here to simplify the
discussion.

In any case, given that for times larger than At the ten-
sion of the strings diverge at the two boundaries we have
defined, all strings are confined between those, the closed
strings also, so unlike more traditional braneworlds, gravity
does not escape to the bulk, in fact in the framework pro-
posed here a braneworld scenario using just closed strings
is perfectly possible. The question of the backreaction of
these divergent string tensions, if we were to populate these
regions near the boundaries keeping a flat or almost flat space
in dynamical tension string theories in a braneworld scenario
was discussed in [66,67].

Finally one may consider in the future generalizations with
n types of different types of string configurations instead of
just two. This does not seem possible under the simplified
assumptions used here where all the other background fields
(dilaton, two index antisymmetic potential) are considered to
be trivial. The reason that we may need more of these back-
ground fields is that each string type implies a new condi-
tion through the quantum conformal invariance, so for many
strings we may need more background fields to be active to
provide solutions, this is to be studied in details in future
publications.

Acknowledgements I thank Oleg Andreev, David Andriot, Stefano
Ansoldi, David Benisty , Carlos Castro, Zeeya Merali, Thomas Cur-
tright, Euro Spallucci, Emil Nissimov, Svetlana Pacheva, Jacob Portnoy,
Tatiana Vulfs, Hitoshi Nishino, Subhash Rajpoot, Luciano Rezzolla,
Horst Stocker, Jurgen Struckmeier , David Vasak, Johannes Kirsch, Dirk
Kehm , Luca Mezincescu and Matthias Hanauske for usefull discus-
sions. I also want to thank the Foundational Questions Institute (FQXi),
the COST action Quantum Gravity Phenomenology in the multi mes-
senger approach, CA18108 and to the Frankfurt Institute for Advanced
Study for finantial support.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: There are no
deposited data because this paper is purelly theoretical, does not involve

observational data or numerical or computational information, since all
calculations are analytical and appear in the paper itself with full details.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3. SCOAP? supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References

1. Superstrings, J.H. Schwarz, vols. 1 and 2, (World Scientific, 1985)
2. M.B. Green, J.H. Schwarz, E. Witten, Superstring Theory (Cam-
bridge University Press, Cambridge, 1987)
3. E.I Guendelman, A.B. Kaganovich, Phys. Rev. D 55, 5970-5980
(1997)
4. E.I Guendelman, Mod. Phys. Lett. A 14, 1043—-1052 (1999)
5. E.I Guendelman, O. Katz, Class. Quantum Gravity 20, 1715-1728
(2003). arXiv:gr-qc/0211095
6. F. Gronwald, U. Muench, A. Macias, F.W. Hehl, Phys. Rev. D 58,
084021 (1998). arXiv:gr-qc/9712063
7. E. Guendelman, R. Herrera, P. Labrana, E. Nissimov, S. Pacheva,
Gen. Relativ. Gravit. 47(2), 10 (2015). arXiv:1408.5344 [gr-qc]
8. E. Guendelman, D. Singleton, N. Yongram, JCAP 11, 044 (2012).
arXiv:1205.1056 [gr-qc]
9. R. Cordero, O.G. Miranda, M. Serrano-Crivelli, JCAP 07, 027
(2019). arXiv:1905.07352 [gr-qc]
10. E. Guendelman, E. Nissimov, S. Pacheva, Eur. Phys. J. C 75(10),
472 (2015). arXiv:1508.02008 [gr-qc]
11. E.I. Guendelman, E. Spallucci, Conformally invariant gauge theory
of three-branes in 6-D and the cosmological constant. Phys. Rev.
D 70, 026003 (2004). arXiv:hep-th/0311102
12. E.I. Guendelman, Conformally invariant brane world and the
cosmological constant. Phys. Lett. B 580, 87-92 (2004).
arXiv:gr-qc/0303048
13. E.L Guendelman, Class. Quantum Gravity 17, 3673-3680 (2000)
14. E.I. Guendelman, A.B. Kaganovich, E. Nissimov, S. Pacheva, Phys.
Rev. D 66, 046003 (2002)
15. EI Guendelman, Phys.
arXiv:hep-th/0006079
16. H. Nishino, S. Rajpoot, Phys. Lett. B 736, 350-355 (2014).
arXiv:1411.3805 [hep-th]
17. T.O. Vulfs, E.I. Guendelman, Ann. Phys. 398, 138-145 (2018).
arXiv:1709.01326 [hep-th]
18. T.O. Vulfs, E.I. Guendelman, Int. J. Mod. Phys. A 34(31), 1950204
(2019). arXiv:1802.06431 [hep-th]
19. T.O. Vulfs, Ben Gurion University Ph.D Thesis
arXiv:2103.08979
20. C.Perelman, On maximal acceleration, strings with dynamical ten-
sion, and Rindler worldsheets. Castro. Phys. Lett. B 829, 137102
(2022)
21. E.I. Guendelman, Implications of the spectrum of dynamically
generated string tension theories. Int. J. Mod. Phys. D 30(14),
2142028 (2021). arXiv:2110.09199 [hep-th], which summarizes

Rev. D 63, 046006 (2001).

(2021).

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/gr-qc/0211095
http://arxiv.org/abs/gr-qc/9712063
http://arxiv.org/abs/1408.5344
http://arxiv.org/abs/1205.1056
http://arxiv.org/abs/1905.07352
http://arxiv.org/abs/1508.02008
http://arxiv.org/abs/hep-th/0311102
http://arxiv.org/abs/gr-qc/0303048
http://arxiv.org/abs/hep-th/0006079
http://arxiv.org/abs/1411.3805
http://arxiv.org/abs/1709.01326
http://arxiv.org/abs/1802.06431
http://arxiv.org/abs/2103.08979
http://arxiv.org/abs/2110.09199

857 Page 10 of 10

Eur. Phys. J. C (2022) 82:857

22.
23.

24.

25.

26.

27.

28.

29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
4.
43.
44.
45.

46.
47.

the results of E.I. Guendelman, Cosmology and Warped Space
Times in Dynamical String Tension Theories, e-Print: 2104.08875
and of E.I. Guendelman, Escaping the Hagedorn Temperature in
Cosmology and Warped Spaces with Dynamical Tension Strings,
e-Print: 2105.02279 [hep-th]

P.K. Townsend, Phys. Lett. B 277, 285-288 (1992)

E. Bergshoeff, L.A.J. London, P.K. Townsend, Class. Quantum
Gravity 9, 2545-2556 (1992). arXiv:hep-th/9206026

S. Ansoldi, E.I. Guendelman, E. Spallucci, Mod. Phys. Lett. A 21,
2055-2065 (2006). arXiv:hep-th/0510200

E.I. Guendelman, Light like segment compactification and
braneworlds with dynamical string tension. Eur. Phys. J. C 81,
886 (2021). https://doi.org/10.1140/epjc/s10052-021-09646-z.
arXiv:2107.08005 [hep-th]

Y.J. Ng, H. van Dam, A Small but nonzero cosmological constant,
Int. J. Mod. Phys. D 10, 49-56 (2001) (Contribution to: NU-ews
from the Universe arXiv:hep-th/9911102)

M. Henneaux, C. Teitelboim, The Cosmological Constant and Gen-
eral Covariance. Phys. Lett. B 222, 195-199 (1989)

D. Bensity, E.I. Guendelman, A. Kaganovich, E. Nissimov, S.
Pacheva, Non-canonical volume-form formulation of modified
gravity theories and cosmology. Eur. Phys. J. Plus 136(1), 46
(2021). arXiv:2006.04063 [gr-qc]

V.A. Rubakov, M.E. Shaposhnikov, Do we live inside a domain
wall? Phys. Lett. B 125(2-3), 136-138 (1983)

M. Visser, An exotic class of Kaluza-Klein models. Lett. B (1985)
L. Randall, R. Sundrum, Large mass hierarchy from a small
extra dimension. Phys. Rev. Lett. 83(17), 3370-3373 (1999).
arXiv:hep-ph/9905221

L. Randall, R. Sundrum, An alternative to compactification. Phys.
Rev. Lett. 83(23), 4690-4693 (1999). arXiv:hep-th/9906064

M. Pavsic, A Brane world model with intersecting branes. Phys.
Lett. A 283, 8 (2001). arXiv:hep-th/0006184

M. Gogberashvili, Hierarchy problem in the shell universe model.
Int. J. Mod. Phys. D 11(10), 1635-1638. arXiv:hep-ph/9812296
R. Sundrum, Phys. Rev. D 59, 085009 (1999)

A. Dobado, A.L. Maroto, Nucl. Phys. B 5§92, 203 (2001)

M. Bando et al., Phys. Rev. Lett. 83, 3601 (1999)

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys.
Lett. B 436, 257 (1998). arXiv:hep-ph/9804398

Intersecting Brane Worlds-A Path to the Standard Model? by Dieter
Lust. arXiv:hep-th/0401156, 31 pages

S. Deser, Zumino. Phys. Lett. B 65, 369 (1976)

L. Brink, P. Di Vechia, S. Howe, Phys. Lett. B 65, 471 (1976)
A.M. Polyakov, Phys. Lett. B 103, 207 (1980)

J. Schwinger, Particles and sources. Phys. Rev. 152, 1219-1226
(1966). https://doi.org/10.1103/PhysRev.152.1219

J. Polchinski, String Theory, vol. 1 (Cambridge University Press,
Cambridge, 1998)

some papers on strings with background fields are C.G. Callan, D.
Friedan, E.J. Martinec, M.J. Perry, Nucl. Phys. B 262, 593 (1985)
T. Banks, D. Nemeschansky, A. Sen, Nucl. Phys. B 277, 67 (1986)
H. Culetu, The special conformal transformation and Einstein’s
equations. Il Nuovo Cimento B 621-628 (1989)

@ Springer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

H.A. Kastrup, On the advancements of conformal transforma-
tions and their associated symmetries in geometry and theoret-
ical physics. Ann. Phys. 17, 631-690 (2008). arXiv:0808.2730
[physics.hist-ph]

B. Zumino, Effective Lagrangians and broken symmetries, in Lec-
tures on Elementary Particles and Quantum Field Theory v.2 (Bran-
deis University, Cambridge, 1970), p. 437-500

G.ER. Ellis, R. Maartens, Class. Quantum Gravity 21, 223 (2004)
G.ER. Ellis, J. Murugan, C.G. Tsagas, Class. Quantum Gravity 21,
233 (2004). arXiv:grqc/0307112

D.J. Mulryne, R. Tavakol, J.E. Lidsey, G.F.R. Ellis, Phys. Rev. D
71, 123512 (2005). arXiv:astro-ph/0502589

A. Banerjee, T. Bandyopadhyay, S. Chaakraborty, Gravit. Cosmol.
13, 290-292 (2007). arXiv:0705.3933 [gr-qc]

J.E. Lidsey, D.J. Mulryne, Phys. Rev. D 73, 083508 (2006).
arXiv:hep-th/0601203

S.  Mukherjee, B.C. Paul,
arXiv:qr-qc/0505103

S. Mukherjee, B.C. Paul, N.K. Dadhich, S.D. Maharaj,
A. Beesham, Class. Quantum Gravity 23, 6927 (2006).
arXiv:gr-qc/0605134

E. Guendelman, R. Herrera, P. Labrana, E. Nissimov, S. Pacheva,
Emergent cosmology, inflation and dark energy. Gen. Relativ.
Gravit. 47(2), 10 (2015). arXiv:1408.5344 [gr-qc]

S. del Campo, E.I. Guendelman, A.B. Kaganovich, R. Herrera,
P. Labrana, Emergent universe from scale invariant two measures
theory. Phys. Lett. B 699,211-216 (2011). arXiv:1105.0651 [astro-
ph.CO]

S. del Campo, E.I. Guendelman, R. Herrera, P. Labrana, Emerg-
ing universe from scale invariance. JCAP 06, 026 (2010).
arXiv:1006.5734 [astro-ph.CO]

E.W. Kolb, M.S. Turner, The Early Universe (Addison Wesley,
Boston, 1990)

A. Linde, Particle Physics and Inflationary Cosmology (Harwood,
Chur, 1990)

A. Guth, The Inflationary Universe (Vintage, Random House,
1998)

S. Dodelson, Modern Cosmology (Academic Press, Cambridge,
2003)

S. Weinberg, Cosmology (Oxford University Press, Oxford, 2008)
V. Mukhanov, Physical Foundations of Cosmology (Cambridge
University Press, Cambridge, 2005)

E.I. Guendelman, J. Portnoy, Brane world creation from flat or
almost flat space in dynamical tension string theories. Eur. Phys. J.
C 82(4), 336 (2022). arXiv:2202.10457 [hep-th]

E.I. Guendelman, Z. Merali, Relieving string tension by making
baby universes in a dynamical string tension braneworld model.
arXiv:2205.05261 [hep-th], essay awarded honorable mention by
the On the 2022 Gravity Research Foundation competition, Inter-
national Journal of Modern Physics D 2022-08-19 | Journal article.
https://doi.org/10.1142/S0218271822420147

S.D. Maharaj, A. Beesham,


http://arxiv.org/abs/hep-th/9206026
http://arxiv.org/abs/hep-th/0510200
https://doi.org/10.1140/epjc/s10052-021-09646-z
http://arxiv.org/abs/2107.08005
http://arxiv.org/abs/hep-th/9911102
http://arxiv.org/abs/2006.04063
http://arxiv.org/abs/hep-ph/9905221
http://arxiv.org/abs/hep-th/9906064
http://arxiv.org/abs/hep-th/0006184
http://arxiv.org/abs/hep-ph/9812296
http://arxiv.org/abs/hep-ph/9804398
http://arxiv.org/abs/hep-th/0401156
https://doi.org/10.1103/PhysRev.152.1219
http://arxiv.org/abs/0808.2730
http://arxiv.org/abs/grqc/0307112
http://arxiv.org/abs/astro-ph/0502589
http://arxiv.org/abs/0705.3933
http://arxiv.org/abs/hep-th/0601203
http://arxiv.org/abs/qr-qc/0505103
http://arxiv.org/abs/gr-qc/0605134
http://arxiv.org/abs/1408.5344
http://arxiv.org/abs/1105.0651
http://arxiv.org/abs/1006.5734
http://arxiv.org/abs/2202.10457
http://arxiv.org/abs/2205.05261
https://doi.org/10.1142/S0218271822420147

	Life of the homogeneous and isotropic universe in dynamical string tension theories
	Abstract 
	1 Introduction
	2 The modified measure theory string theory
	3 Introducing background fields including a new background field, the tension field
	3.1 Introducing world sheet currents that couple to the internal gauge fields
	3.2 How a world sheet current can naturally be induced by a bulk scalar field, the tension field
	3.3 Consequences from world sheet quantum conformal invariance on the tension field, when several strings share the same region of space
	3.3.1 The case of two different string tensions
	3.3.2 Flat space in Minkowski coordinates and flat space after a special conformal transformation 


	4 The homogeneous and isotropic universe in dynamical string tension theories
	4.1 Life of the homogeneous and isotropic universe and emergence of a braneworld at large times

	5 The static end of space wall
	5.1  Lifetime of the static end of space wall and its evolution towards an emergent braneworld scenario

	6 Restoration of the equivalence principle in the limit ΔT rightarrow0 
	7 Discussion: motivations, ΔT from quantum fluctuations, braneworld creation and decoherence
	Acknowledgements
	References




