PHYSICAL REVIEW D, VOLUME 61, 084026

String theoretic axion coupling and the evolution of cosmic structures
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We examine the effects of the axion couplingR®& on the evolution of cosmic structures. It is shown that
the evolutions of the scalar- and vector-type perturbations are not affected by this axion coupling. However, the
axion coupling causes an asymmetric evolution of the two polarization states of the tensor-type perturbation,
which may lead to a sizable polarization asymmetry in the cosmological gravitational wave if inflation involves
a period in which the axion coupling is important. The polarization asymmetry produced during inflation is
conserved over the subsequent evolution as long as the scales remain in the large-scale limit, and thus this may
lead to an observable trace in the cosmic microwave background radiation.

PACS numbd(s): 04.30—w, 04.60—m, 98.80.Hw

String or M theory has received much attention as the best ,abcd=_ £ and/or toRR= %2°°R,,¢'R.q4e¢[11,12, where
candidate for the unified theory of all fundamental forgEls  ;,abcd js 5 (totally antisymmetrit Levi-Civita tensor density.
In view of the fact that its typical energy scale is too high tot js rather easy to see that for the spatially homogeneous and
be probed by laboratory experimenisosmology can be one isotropic background the axion coupling k&= affectsnei-

?g tgr% b.f.ssf _tmestcl)rr]% n(\]trgjuggzré?\rfos:r;n?eglrs![\'/lc Fgﬁgpé'nlnmég'glther the evolution of the backgroundor the evolution of
gard, 1t Is imp Istic | : perturbations in the linear approximatigtt3]. The axion

within the framework of string or M theory. The next step . ~ .
would be to find out whether this inflation model allows SOUPling toRR does not affect the evolution of background

successful structure formation. As is well known. due to m_also, however, it can affect the evolution of perturbations in

flation microscopic quantum fluctuations can be magnified t&he early univers¢14]. -

macroscopic classical structures which can evolve into the Compared to the Ricci scalar curvature teRiRis higher
large-scale structures we observe today, such as the galagjder in the dimensionful gravitational couplingc®
distribution and the temperature fluctuations in the cosmic=87Gy . Although suppressed by?, it may lead to sizable
microwave background radiatig®MBR). According to this ~ effects in some string inflation mode(pre-big-bang as an
paradigm, the amplitude and spectrum of the large angulg@Xxample which encounter a curvature singularity when the
scale fluctuations in the CMBR can work as a window to thecosmological evolution is governed by the lowest order ef-
early universe, and particularly to the inflation era. Suchfective action[3]. In such inflation models, it is expected
studies in the context of low-energy effective action of string[6.4] that higher dimensional terms of the curvature tensor
theories have been done bef¢8e4], some of which include regulate the curvature singularity to the period of a large but
the effects of higher-order corrections in the expansion irfinite curvature~1/«* which would smoothly evolve into
either the inverse string tension or the string couplifg the standard radiation-dominated flat universe. Clearly in the
We may mention, however, that the pre-big-bang scenari®igh curvature period, higher dimensional terms of curvature
[3], which is an inflation mechanism based on the low-tensor such as the axion coupling &R and/or the moduli
energy effective action of the string theory, in fact, has sevcoupling to the Gauss-Bonnet combinat{&j can be as im-
eral difficulties: difficulties in the smooth connection be- portant as the Ricci scalar terfi5—18.

tween the contracting and expanding phd$dsin getting a We may emphasize that the pre-big-bang scenario is not
large smooth universe from a small inhomogeneous[@hie  the only (or majoj framework in whichRR can be relevant

in the fine-tuning problen8], and in making the large-scale
structureq9]. Further studies concerning the role of higherprovide a significanP-violating environment to the gravity

derivative terms in string cosmology can be found 10]. 2
One of the few model-independent predictions of string orSeCtor only whenda/dt)/Ms is not so small. Such a large

. ) ] ) ~ axion velocity can be compatible with inflation only when
M theory is the existence of axions which coupleR&  he inflation takes place near the Planckian time. This is hard

to be realized in the conventional inflation model in which
the inflation takes place far after the Planckian time, and this
'Recently, it has been noted that some string theories allow thés the main reason why we mention the pre-big-bang sce-
Kaluza-Klein scale or the string scale to be far below the Planckiario as an example despite its many difficulties mentioned
scale, even as low as Te\2]. above.

for the structure formation. The axid@a) coupling toRR can
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Recently, authors of14] considered the effect of the

~ _ .2
axion-coupledR Rterm on gravitational waves. They derived Rap— ERgab_ K
the gravitational wave equation in the Minkowsky back-

ground and showed that tiR coupling term leads to asym- _ = (m)
metric equations for the left- and right-handed polarization V(#)gant Tap* Tap }

states of graviational wavédn this paper, we wish to gen-

eralize the study of14] by discussing the effects of the Tav= 1" (R p)cav e:t— 2Ruycia.e) 2
axion coupling on the evolution of cosmological structures

of all types in the context of evolving cosmological back- whereX , and X., denote the normal and covariant deriva-
ground. It turns out that the evolutions of scalar- and vectortives of X, respectively X, = 3 (Xapt Xpa), andTgQ) is the
type structures are not affected by the axion coupling. Howadditional energy-momentum tensor arising fram which
ever, as noted if14] it causes an asymmetric evolution of would include the contribution from cosmic fluid.

the two polarization states of tensor-type perturbation. This As the spacetime metric, we consider a spatially flat, ho-
may lead to a sizable polarization asymmetry in tensor-typenogeneous, and an isotropic background including the most
perturbation if inflation involves a period during which the general form of space-time dependent perturbations:

axion coupling is important, such as the high curvature pe-

riod in the pre-big-bang model. Moreover, in the large-scale d8°= —a%(1+2a)dn’—a?(B ,+B,)dndx"

limit, the amplitudes of both polarization states are sepa- 2 @

rately conserved, as can be seen in 8@). Thus once the a7 0ap(1+2) 27,45+ 2C,, 5+ 2C,p)dx"dX,
polarization asymmetry in tensor-type perturbation was gen- (3)
erated during inflation, it will be preserved over the subse- . ) )

quent evolution stage as long as the scale remains in thi¥herea(t) is the cosmic scale factor wittit=ady. Here
large-scale limit. This then may lead to an observable trac& (%), B(X.t), ¢(x.t), andy(x,t) characterize the scalar-
in the large angular scale polarization asymmetry in thdYP€ perturbationsB,(x,t) and C,(xt) are the transverse
CMBR [14]. vector-type perturbation, and finaly, z(x,t) stands for the

Our starting point is an effective action including the ax- tracefree, transverse tensor-type perturbation. The spatial in-

ion coupling toRR, which may correspond to the low-energy g':grs a-rriobnii(tjuomn t;hnig?itggﬁhgvsxiilﬁoﬁgﬁcggpose the
effective action of string or M theor1]: 9y

1
o ¢)( ¢,a¢,b_ E ¢;C¢,cgab>

Ax, =T+ TAXD),  d(x1)=(t)+ 5¢(x,t>.( )
4

In the following, the overbar in the background configuration

will be omitted unless necessary. Since the three types of

, (1) perturbations decouple from each other due to the symmetry
of the background and also the assumed linearity of the
structures, we can handle them individually.

where k?=87Gy, is the reduced Newton constam,is the It is well known thatv( $) RR does not affect the equation

scalar curvaturey(¢), w(#), and v($) are some generic for background4]. After some calculation we can show that

functions of the axion fieldg, RR= 72°°R,,*'R.ger, and  for the scalar-type perturbation we haV¥e,=0, and as a

L is the Lagrangian including the fields other than the axiornvesult the axion coupling does not affect the evolution of the

field ¢. Here we are interested in how the evolution of thescalar-type perturbation as well. This can be explained by

axion background affects the evolution of cosmic structureghat we cannot form a scalaff§y) or a vector To,) or a

through the coupling t&®R, and thus other axion couplings, symmetric tensorTaﬁ) which containsz2°¢? with the de-
e.g., the axion coupling to moduli, are ignored for the sake ofjyatives of the scalar and,; only. Thus the evolution of

simplicity. Generically, string or M theory predicts many scalar-type perturbation is the same as that in the case with-
axions[11,12, and then¢ may be identified as the axion gt the axion coupling which has been studied i8].

combination which couples t®RR The gravitational field We have nontrivial contributions from the axion coupling
equation is given by v(¢#)RR only in the equations for vector- and tensor-type
perturbations(For explicit calculations, the Appendices of
[20,21] will be useful) For the vector-type perturbation, Eq.

2The analogous effect for photons due to the optical activity of a(2) leads to

spacetime varying Nambu-Goldstone axion field watkF cou- K2
pling, i.e., rotation of the polarization plane of the light as it propa- ——(a¥,— K2ve YOy 5= K25-|-(m)0' (5)
gates through an axion domain wall, was studie@1i@. 2 “ «“ony “«

1 1
s- | d“x\/—_g[z—KzR—gw((ﬁW;C(b,c—V(rﬁ)

1 ~
+§V(¢)RR+Lm

SHere we use the effective action written in the Einstein frame. 19
The axion dependence of the iar metricw and the potentialV/ 2: s _ 2s1(M)

) X . ; ——la(a¥Y ,— vV 5,7 =k“oT ), 6

can arise from nonperturbative effects in string theory. a &t[ @V 70€a”").p)] ap ©
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where we have introduced L g

a3 K

a3(1+2)\|K Vk/a) ﬁt[a (l+2)\|K Vk/a hlk]+ a2h|k 0.
(14)

with the overdot denoting the derivative with respectt.to If we sety=2,hy, with z=a\'1+ 2x,k2vkla, we can eas-
When expressed in terms of the following notation based Oy show k= 2k = !

the vector-type harmonic functiony!”) with Y%)=

e“ﬁy—a‘lnoaﬁy v ,=B,+aC, (7)

— 1y (v) " "
K™Y (ap) [21] P+ (K2 =212) =0, (15
ST =(u+p)v, Y, sTH=a@YL). (8  where the prime denotes the derivative with respect to the
conformal timex.
Equations(5) and(6) lead to In many prototype inflation models;/z,=n,/7»? with

=constant provides a good approximati@®], and then
the solution of Eq(15) is given by

Vinl
whereuv, is related to the rotational velocity of vector-type hi(t) = ~
fluid perturbations andr(*) is the anisotropic stress of the avl+2ik“rvkia
fluid which can work as the sink or source of the rotation
[21]. If we ignore the anisotropic stress, the angular momen-

tum of thefluid whose energy momentum tensor is given by
TUY is conserved as

i—[a“( +p)Xv ]——Lw(’ 9)
a* at K @ 2a

[Cu(HD(K] 7))

+Ca(KHP (k| 7D)], (16)

where H{!) and H? are Hankel functions of the first and

second kinds withv,=/n,+ 1/4. Even for the generic form
a*(u+p)Xv,(Xt)~L(X). (10 of z;, we can deriveasymptoticsolutions of Eq(15). In the
small-scale limit wheré? term dominates, we have a gen-
Therefore, the presence of the axion coupling duastsaffect  eral solution given by
the rotational-type perturbation of the fluid component which
is described again by the angular momentum conservation, 1 _ )
although the evolution of the associated metric components hjk(t)= ——[cy(k)e*7+cy(k)e 7],
v, is affected by the axion coupling as is apparent in Eq. avl+2n«“vkia a7
(5). 1
In fact, it is the tensor-type perturbation that may receive
an observable impact from the axion coupling. Equati®n wherecq andc, are integration constants of the left and

gives the following equation for the evolution of the tensor-ght traveling waves. In the opposite limit of negligibké
type perturbation: term, which we call the large-scale limit, we have a general

solution of the form

2k? . .. .
Da’ﬁ_ ?E(ayﬁ[(V—HV)CB),y"' VDB))/],(s_ 5ng), h t :C k dt 18)
K()=Ci(K)=Dy(k) | — (
(11 0a3(1+ 2\ k2 vkia)
where whereC, and D, are the coefficients of relatively growing

and decaying modes, respectively. Ignoring the transient so-
. . 1 lution, the above solution manifestly shows that the ampli-

D,s=C,pt3HC z— ?Acaﬁ- (120 tudes of both polarization states of the tensor-type perturba-
tion are conserved in the large scale limit. Notice that the
asymptotic solutions in Eq$17) and (18) are valid for ge-
neric forms of time varyind/(¢), w(¢), andv(g¢).

Remarkably, the conservation properties in EG$) and
(18) are valid for generic forms of the axion potenti&|¢),
the axion Kaler metricw(¢), and also the axion coupling

v($) to RR The large-scale conservation property of tensor-
Cap(X,t)= \/Wf —32 ell(k)hy(He**, (13  type perturbation is particularly relevant in the inflationary
scenario. During the transition period from inflation to ordi-
nary radiation era, the observationally relevant scales stay in
wheree()), is the circular polarization tensot€L,R) with  the superhorizon size for which the large-scale condition
the propertyik e,”’efi=knell (A\(=—1 andAg=+1)  may apply. As long as the scale remains in the large-scale
where k=K|. Then ignoring the anisotropic stress of thelimit, the conservation property of the tensor-type perturba-
additional fluid, Eq.(11) becomes tion is valid independently of how the axion fie{fdnd also

(HereA denotes the spatial Laplaciad similar equation of
the gravitational wave in the presence of axion coupling was
derived in[14], but only for the Minkowski background. Let
us expand the tensor perturbati@®?] as
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other scalar fields which may have nonminimal coupling towhere according to the normalization condition in E2()
gravity) is settled down to its vacuum expectation value dur-the coefficients ¢;1(k) and c¢;(k) follow |c5(k)|?
ing the transition period. —|ci1(K)|?=1. The power spectrum of the Hilbert space
The inflation stage in the early universe can generate thgravitational wave operator based on the vacuum expectation
stochastic gravitational wave by rapidly stretching the quanvalue is introduced as
tum vacuum fluctuations of the perturbed metric to the su- 3
perhorizon scale. Although we need a specific inflation . _ e ~a —ik-ra3
model to derive the generated power spectrum of the gravi- Pe, k0= Zarzf (Capx+rOCP(xD)) a0 T,
tational wave, in the following we will describe the process (23
of deriving the power spectrum. In order to handle the . . .
guantum-mechanical generation of the gravitational Wave\ivhere(>vacz<vad|vac> Is a vacuum expectation value with
instead of the classical metric perturbatiep, we consider ~ ai/vag=0 for all k. We can show

the Hilbert space operat@aﬁ and its mode function expan- K3
sion defined in Eqs(21),(23) of [22]: Pe ﬁ(k,t)=22 Pﬁl(k,t)IZE ﬁ|h,k(t)|2, (29
“ | |
3
F‘l(X,t)E}f Léaﬁ(xlt;k)e(l)aﬁ(k) which is the desired power spectruummed over each
2) (2m)%? polarization stateexpressed in a generic form. Applications

to several known inflation models were madd 22].
_ d3k o ~ Since it distinguishes the states with different polarization
f (2w)3’2[e hiWa+H.cl. (A9 55in Eq.(14), the axion coupling generically leads to polar-
ization asymmetry in tensor-type perturbations. In particular,
where the creation and annihilation operators of each polaif inflation involves a period in whichvk/a~ 1/k2, the re-
ization state foIIow[é“(,ér,k,]=5||,b\°’(k—k’), and zero su_lting polarization asymr_netry can _be sizab_le. Of course,
otherwise. The gravitational wave part of the action in Eq.this would not take place if the cosmic evolution during the
(1) expanded to second orderﬁm can be derived as whole inflation period is determined by the dynamics at en-
ergy scales significantly below the Planck scilg= \INDS
. 1., . However, this can be a possibility in the string cosmology
528g:f a2 F|<h|2— ;h|7h|,y)dtd3><, scenario which encounters a curvature singularity during in-
! flation at the lowest order approximation. In such inflation
K models, higher dimensional terms are expected to regulate
1+ 2)\|K2a;,>_ (20 the curvature singularity to a value comparable te?1and

then the axion coupling t&RR CT;;% give a non-negligible
. - A A effect although it is suppressed ly. The evolution of the
The conjugate momenta agm, (x,t) =d.L/dhy = ZaBF'hL’ tensor-type perturbation after inflation is mainly described by
and from the equal time commutation relation betwégn the large-scale solutior{18) with conserved amplitudes.
and 57}h we have Thus once the polarization asymmetry was generated during
! inflation, it will be preserved over the subsequent evolution
~ . _ . i as long as the scale remains in the large-scale limit. This then
hy (0N = hi (D hy () = 2%, (2)  may lead to an observable trace in the large angular scale
! polarization asymmetry in the CMBR4]. For a more quan-
When we derive Eq(]_G) we mentioned that many conven- t|tatlve Study of thlS prOblem, we will need a SDECiTiC infla-
tional inflation models satisfy, = const. In such a case the tion model for which our results can be easily applied.
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