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We show that homogeneous @ spacetimes need not contain closed timelike curves in low-energy-
effective string theories. We find exact solutions for thed&ametric in string theory for the fulD(a') action
including both dilaton and axion fields. The results are valid for bosonic, heterotic and super-strings. To first
order in the inverse string tensiari, these solutions display a simple relation between the angular velocity of
the Galel universe(), and the inverse string tension of the form=1/Q? in the absence of the axion field.

The generalization of this relationship is also found when the axion field is préS&866-282(98)07920-X]

PACS numbes): 98.80.Hw, 04.50t+h, 11.25.Mj, 98.80.Cq

[. INTRODUCTION and in gravity theories derived from an action containing
terms quadratic in the Ricci curvature invariants by Accioly
The relationship between micro and macrophysics is mogt17]. We find that CTC’s need not occur in the @ uni-
commonly sought within a framework of unified descriptionsverses in heterotic and bosonic string theories containing the
of the fundamental forces of nature that is provided by sufull bosonic particle spectrum of axion, dilaton, and graviton.
perstring theories or somkl theory believed to underlie
them[1], [2—4]. The most frequently investigated theory is
the bosonic effective action leading to the pre-big-bang su- Il. LOW-ENERGY-EFFECTIVE O(a’) ACTION
perinflationary scenarif5], although some type IIB super- FOR STRINGS
string models[6] and M-theory solutions have also been ) ) ) )
found [7]. However, the cosmological solutions of low-  We write the ge_neral form of the string effective action to
energy string theory have been confined to solutions of the' order in the string frame a$4],
zero-order equationgg8], [9]. In this paper, we give some
new solutions of string theories, including terms up to first
order in the inverse string tensia®’ and both dilaton and
axion fields, for homogeneous spacetimes of the form first
investigated in general relativity by @el in 1949[10]. We
recall that Gdel's solutions attracted considerable interest
because they described rotating universes that possessed the
completely unexpected property of closed timelike curves
(CTC’s).! This discovery led to a reappraisal of thinking +iH HY HPONH ke
P . . . : 2N a T
about Mach’s “principle”[11], inspired the rigorous inves- 24 H °
tigation of the possibility of time travel in relativistic theories
of gravity [14], and stimulated the serious investigation of _ EH H PAHETaHY
the global structure of spacetimg$5]. However, we find g HeNY 7
that in string theory, unlike in general relativity, @&l uni-
verses need not contain CTC'’s. Previously, causatiebo
universes have been found in general relativity in the preswherex,=— 3 for heterotic strings;- 3 for bosonic strings
ence of massless scalar fields by Relzsuand Tiomn16], and 0 for superstrings) is the number of spacetime dimen-
sions, a’ is the inverse string tension parameter, and the
action is truncated at first order. Thus, in the case of super-
strings the leading corrections after the zero-order terms will
Matter[12], foresaw that Einstein’s theory might permit time travel enter at fouth order and will not be '“Ve_S“Q"?‘ted in this pa-
to occur, remarking thdin general relativity] it is not impossible per. These hlgher-_order terms Iead_to a S|g_n|f|cant Incréase in
for a world-line (in particular, that of my body), although it has a &lgebraic complexity. In Eq2.1) ¢ is the dilaton,g is the
timelike direction at every point, to return to the neighborhood of adeterminant of the metric\ is the cosmological constarR,
point which it has already passed thrdug ..[but] the very con- i the Ricci scalarR,,,, the Riemann tensor, and ,,,
siderable fluctuations of the [spacetime metric] would be necessary= dj,,B,,; is the axion withH?= H,.,H*"” whereB,, is the
to produce this effect do not occur in the region of the world in antisymmetric tensor potential. The field equations for
which we live[12], [13]. bosonic strings then take the following form:

1
S= f d”x\/—_ge‘f’[ R—2A+(d¢)°~ 5H?

1
RuvopRE7P = SREVIPH ,, H

!
—a'hg uvop 2 pvatlop

+0(a’2)], 2.1

Ut is interesting to note that Weyl, in his bo@&pace, Time and
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1 dsz=—dt2—2C(r)dtd¢+ G(r)d¢2+dr2+dzz,
R/J,,B_I_ F?/.L(yﬁ(ﬁ_ ZH:U«V)\HBV)\
where the radial functions have the form

1
+ 50| RyuuopRe P =R, 7PH g0 0" 40 mr
2 wropth oo pralior C(r)=—2—sinr?<—>, (3.2
m 2
1 v pOAN a
+ §HMV)\H paH HO’,B 1 )
D(r)= ey sinh(mr), (3.3
3
- gHup)\va}\HﬂoaHv(ra:|:0! (22) 2

e[,
2

G(r):%fz sinhz( 1—%)2—) sinhz(%”, (3.9
R—2A+29,0*¢p—d,p0"¢— %ZHZ

with m and Q) constants. In order tavoid the existence of

1, vop_ L ouve a CTC's in these spacetimes we require
+ 79| R R 7P = SRA7PH, Hy, P q
L G(r)=D?(r)—C?(r)>0. (3.5
v (2N a
+ Z_H;wAH paHP7 H This is consistent with the “chronology protection conjec-
ture” of Hawking[18]. In a Gadel universe, the four velocity
l I a: @ 1 i a:
CZH, H AHEeaHr | 2.3 of matter isu“: 8o and.the. rotat|orl vector ¥ Qé"’
8 P while the vorticity scalar is given by =/v2. The original

_ _ _ Godel metric of general relativity,10], hasm?=20? and
These equations are completed by the axion equation of m@bviously contradicts Eq(3.5. There has been extensive

tion discussion of the generality and significance of the presence
ik ot hg EYA of CTC's in the Galel metric in general relativitj14], [15].
9,(656(d,B,)))=[e” *(H*"*+a'M*™)], =0, The only nonvanishing components of the Riemann ten-
2.4 sor in an orthonormal frame permitted by the spacetime ho-
mogeneity of the Gdel universe are constarif,7], with
where
c’ 2
v 3 Vo, 1 apv o ROlOl: R0202:_ (_> :sz
M# A=§R" PH, M+ ZH(," H”, HP 41D
3 3/C’ 2 D" , )
—ZHW“HP’”‘HPM. (2.5 Rinz=7 || —p =3¢ —m,

(3.6
To zeroth order ine’, Eq.(2.4) is just €~ ?H*™).,=0 (see, _ o _ _
e.g.,[9]) where the semicolon denotes a covariant derivativé?nd the prime means the derivative with respect .tdt is
with respect to the metric. The cosmological constant tarm Interesting to note that with E¢3.6) the Gauss-Bonnet term

. \ . . 52 _ 2 Gan: :
is related to the dimension of space and the inverse strinffes=RuvopR*"7— 4R, ,R*"+R" vanishes. This term ap-

tension by[3,5] pears in redefine®(«a') actions(2.1) (see, e.g.[19]). Be-
cause of the metric symmetry we assume that the dilaton
n—26 depends only on the coordinate along the axis of rotatipn,
A=—. (26 so
o
The relation(2.6) holds for bosonic strings; for superstrings $=(2)=Fz+ ¢y, 3.7

A is proportional ton—10. wheref and ¢, are constants. For the axion, a short analysis

similar to that given if9] shows that the only possibkn-
satzwhich is consistent with the forr(8.7) for the dilaton is

The Galel metric describes a homogeneous spacetime
[10]. Its line element in cylindrical coordinates,(,z,¢) is
usually given by either of the two fornj46]

Ill. EXACT STRINGY GO DEL UNIVERSES

Hoi= —HO%=E, (3.9

with E constant. This can also be expressed in terms of the
d?= —[dt+C(r)dy]2+D¥(r)dy2+dr2+dz pseudoscalar axion fieldh, [20,9], by

(3.1 £

or h(z)=?exp(—fz— ¢o)+hg. (3.9
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The Ansdzeof Egs.(3.7) and(3.8) guarantee that the axion’s axion and dilaton field$20]. Using theAnsaze (3.7)—(3.9
equation of motion is satisfied to zeroth orderdh. Since we checked the validity of the formuld6.8), (6.9) of Ref.
the axion field's three-form strength is defined by an external16], to obtain

derivative of the antisymmetric tensor potentisl,,, one s o

can easily show that the only nonvanishing component of the 92:1 _ f_ — oA (3.13

potential is time dependent 4 4 ) :
Bi(t)=Et+t,. (3.10 We see also thdin analogy to the electromagnetic field that

is present thepe we cannot admit the axion and obtain a
causal mode(3.1) in the Einstein frame because there is no
Jway to fulfill the dilaton gequation of motion. This might be
an artifact of choosing Giel geometry as a model of the
universe and may disappear once one considers different
background geometridsee, e.g., Ref22]). Note thatA has

to be negative in both frames. FRp=0 in Eq. (2.1, these
conclusions also hold for superstrings.

This is expected from the discussion[&20] since this re-
striction occurs in every case where the spacetime posses
a distinguished direction. It should then poss€{sn—1,n
—1) symmetry(despite the fact the metric is not time de-
pendenk, which is an example of duality.

Note the generality of actioi2.1): it is given for any
spacetime dimension, and it contains the full spectrum of
graviton, axion, and dilaton. It also possesses a general ) ) ) _
O(n—1,n—1) symmetry[19]. Since this manifests itself in B. First order in ', non-zero dilaton and zero axion
complicated forms in individual solutions, we first discuss Now we add thea’ terms to the Eqs(2.2), (2.3), but
two special cases before giving the generad@asolution  neglect the axion. The resulting equations are reduced to
for this string theory. three polynomial constraints:

2 rO4_

A. Zeroth order in a' 20°=2a'017=0, (3.19

The field equation$2.2) and(2.3) (which are in the string  202—m?+ oa'(100%-60Q?m?+m*) =0, (3.19
frame to zeroth order in’, together with Eqs(3.6)—(3.8)
with n=4, possess a @el solution with metriq3.1)—(3.4  202-2m2—2A —f 2+ a'(110* - 602m2+m*) =0.
if the following relations hold between the constaftsm, (3.1
E, f, andA:

We have three equations and five constants and sqdayg
A andf ) can be chosen arbitrarily.

m* E* —2A—f?
T4 From Eg.(3.14 we immediately have the simple relation

2 -
Q 72 7 . (3.11

When A =0 the relation(3.11) has no meaning fom?>0, L (3.17)

but it can be applied fom?=— x?<0, in which case there “ "o
exists an infinite sequence of both causal and acausal regions . ) ) ) . ) )
(see[16]). We do not consider such solutions here. which gives the velocity qf rotat|orj of the.GeI universe in
From the relationg3.11) one can easily deduce that the tgrms of the inverse string tgnsmn. This relatlon. gives a
axion field must not vanish if a solution is to exist and act asSimple connection between micro- and macrophysics in this
a source of rotation. This is consistent with the known repul-SPacetime, with a balance between string tension and rota-
sive behavior of the axion acting as a torsion field, whichtion. Using Eq.(3.17), subtracting Eqs(3.19 and(3.16, we
leads to bouncing solutions within the string thedg/g., find
Ref. [21]). However, from Eq(3.11), there is another con-

straint m*+2A +f2= 072, (3.18
(2 From Eqgs.(3.15 and(3.17) we calculate the possible values
0 of Q) in terms ofm to be
A< > (3.12
02 =i (3.19
which shows that the cosmological term has to be negative. 3 '

Formally, the dilaton can vanish without disrupting the

causal structure of the solutiof8.1), but in that case the or

axion plays the role of a scalar field minimally coupled to

gravity—the case already studied in REE6]. 1,
These results are quite different from the situation in gen- '

eral relativity with both a scalar field and electromagnetic

field presen{16]. It is known[20] that the action(2.1) can  The casd3.19 allows CTC’s[G(r)<0 in Eq.(3.9)], just as

be transformed to the Einstein frame where the field equain general relativity. For the cas€.20), after using Eq.

tions resemble Einstein gravity with source terms given by(3.16), we obtain the relations

(3.20
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QZZi:
a!

m2_ —2A—f2

e 3 , (3.2)

and the condition(3.12 must still hold. This can also be
related to the number of dimensions-4, using Eq.(2.6) to
removeA from the relation(3.21), so

, 1

3
Y
35f’

m2

Q (3.22

a/

and the cosmological consta(®.6) must be negative, in
agreement with17].

C. First order in a@’, non-zero axion and dilaton

In the case of the bosonic string {= —1/4), using Egs.
(2.5, (2.6), the field equation§2.2), (2.3) for the Galel met-
ric reduce to the three polynomials,

1 1 5
2. T2 = 1l 404 2E2, T4l
20%-5E*+ Sa’| —40 +4QE+4E} 0,
(3.23
1 1
202—m2+ §E2+ Ea’ 20(14—12(12m2
5
+2m4—2E2(m2—2QZ)—ZE4}=0, (3.249
1
292—2m2—2A—f2+§E2
1
+ge 4404 —240%m?+ 4m*
5
—2E2(m2—92)—ZE4}:0. (3.25

The axion equation of motio2.4) is also fulfilled in this

PHYSICAL REVIEW D58 103502

erate a solution of this type to this order @i because the
quadratic correction term vanishes in the act@rl) and the
dominating term in the action is quartic in the Riemann cur-
vature tensof23].

IV. DISCUSSION

We have found a class of @el universes without closed
timelike curves within the framework of low-energy-
effective string theories. First, to zeroth order in the inverse
string tensiona’, we investigated the situation in both the
Einstein frame(as studied already in general relativity in
[16]) and in the string frame. We found that the axion cannot
be introduced in the Einstein frame but plays a crucial role in
the string frame, where it cannot be neglected. Then we ex-
tended the analysis to include the f@i(a’) action with
both dilaton and axion taken into account. By including
terms of the first order i’ in the field equations, we found
that Galel universes without closed timelike curves are also
possible in the general case. Our solutions display a simple
relation between the inverse string tension parameteand
the velocity of rotation of the universeqg. (3.17)] which
provides a direct link between micro and macrophysics. This
is the first class of exact solutions that has been found for a
string theory where terms of first order & are admitted in
the field equationga method for generating exact solutions
in Bianchi type | universes was given by Mueller in Ref.
[4]). All the Godel universes we have found require negative
cosmological constant which, in general, can be related to
the number of spacetime dimensions if multidimensional
cases are also investigated. Our results, obtained for bosonic
strings, are also valid for heterotic and superstrings, as is
evident from the form of the action, although the numerical
values of the constants will change with the value of the
parameteiy. The simplicity of the final forms of the solu-
tions we have found for Giel universes suggests that the

general case. We now have three equations and six C°n5t3”§§/*rnmetries of string theory have the power to exclude un-

leaving threg(say, A, f andE) arbitrary.
From Egs.(3.23 and(3.24) we obtain

(3.2

This confirms that it is possible to obtain a @ solution
with no CTC'’s which fulfills Eq.(3.5) in the general case.
The value ofa’ can now be expressed in terms of the ve-
locity of rotation of the universe(), and the strength of
axion field,E, from Eq.(3.23, which gives,

- 4022
¢ T (BOZFED[O%E— (5/4)EF]"

(3.27

The relation between other constants can be obtained from

Eqg. (3.295. Similar calculations can also be performed for
heterotic stringgwith \o=—3 in Eq. (2.1)] which demon-

strate the existence of @el solutions without CTC’s within
that theory also. The superstring cazg£0) does not gen-

wanted peculiarities in the causal structure of spacetime that
are permitted by general relativity. They also suggest a path
towards finding further exact solutions at higher order in the
string tension parameter. Although the d&b universe does
not describe our universe, it does isolate a general feature
that rotation can introduce into relativistic spacetimes. In this
sense it is physically relevant. Historically, the d&b uni-
verse revealed the possibility of time travel in general rela-
tivity. Our analysis does not prove that there cannot be time
travel in string theory. However, its absence fromd&b
metrics at the order we have examined should act as a stimu-
lus to further investigations at higher order.
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