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Spacetime-varying couplings and Lorentz violation
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Spacetime-varying coupling constants can be associated with violations of local Lorentz invaria@&Tand
symmetry. An analytical supergravity cosmology with a time-varying fine-structure constant provides an ex-
plicit example. Estimates are made for some experimental constraints.
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Since Dirac’s large-number hypothedi$], spacetime- Our analysis is performed in the context &4 super-
varying couplings have remained the subject of various thegravity in four dimensions. This theory is a limit of thé
oretical and experimental studies. Such couplings are naturat 1 supergravity in 11 spacetime dimensions and hence also
in many unified theorief2], and current claims of observa- of M theory. It is sufficiently simple to permit analytical
tional evidence for a time-varying electromagnetic couplingcalculation involving the graviton, photon, dilaton, and axion
[3] have sparked a revival of this id¢d]. fields, while retaining generic features of a more realistic

In this work, we investigate the role of Lorentz symmetry fundamental theory. We show that smoothly varying cou-
in the subject, showing that spacetime-varying couplings caRlings can naturally be obtained from a simple cosmological
be associated with Lorentz a@PT violation [5]. This result ~ solution. In particular, in electrodynamics the fine structure
is intuitively reasonable because translation invariance i§onstanty=e?/4 and thed angle acquire related spacetime
broken in a theory with spacetime-varying couplings, whiledependences, driving the Lorentz violation.
translations and Lorentz transformations are intertwined in The spectrum of thél=4 supergravity in four spacetime
the Poincaregroup. The vacuum then behaves as adimensions consists of the graviton, represented by the met-
spacetime-varying medium so Lorentz isotropy can be lost ifiic g,,,, four gravitinos, six Abelian graviphotons) four
local inertial frames. fermions, and a complex scalArthat contains an axion and

As an illustration, consider a spacetime-varying couplinga dilaton. The latin indicegk,... denote vector indices in the
& associated with a term containing derivatives in a LagrangSO(4) internal symmetry, and the graviphotons lie in the ad-
ian £. A simple example involving a scalap is a term joint representation. The bosonic paitof the Lagrangian
LDEd,¢* "¢, which implies LD —33,E(p* 9#p+H.c)  can be writter(17]
upon integration by parts. If varies smoothlyd,§ has a
piece that behaves in a local inertial frame as a coeffi¢ignt B 1\/— 1\/— ik lmu
for Lorentz andCPT violation. More generally, nonscalar £——£ gR_Z IMijuimF
fields can play a role, and the effects can arise through sub-
sidiary copd|t|ons mvplvmg coefficients like, appearing in 1 ' 9 7947
the equations of motion. = \/aijmS“””"F’kyF'r?ﬁ Ny

All possible Lorentz-violating Lagrangian terms are given 8 e (1-22)2
by the Lorentz- andCPT-violating standard-model extension
[6], and many have been bounded experimentally in preciwhere Planck units are adopted. The generalized electromag-
sion experiments with hadrori§,8], protons and neutrons netic coupling constari¥l i, and theé-term couplingN;ym
[9], electrond 10,11], photong 12,13, and muong14]. The  are both real and determined by the complex scakaccord-
theory contains all observer Lorentz scalars formed by coming to
bining operators and coefficients having Lorentz indices.
Terms of this type arise, for example, from spontaneous Lor-
entz violation[15] and in realistic noncommutative field
theories[16]. The presence of translation violations induced
by spacetime-varying couplings complicates theoretical anéor present purposes, it is convenient to apply the Cayley
experimental analyses. Here, we focus on showing thamapW=—i(Z—1)/(Z+1) taking the unit disk into the up-
spacetime-varying couplings and apparent Lorentz violatioper half plane. Writinglv=A+iB, the scalar kinetic term
can arise naturally, even when the dynamics of the underlypbecomes.,= \/a(aMAa”AwL aMB&“B)MBZ, and M and N
ing theory is Lorentz invariant and involves only constantundergo corresponding transformations. TH&oan be iden-
couplings. tified with the string-theory dilaton.

()
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We consider the case in which only one graviphoton,The final equation determining the time evolution,

F,lfysFW, is excited. The bosonic Lagrangian then be-d(pa®)/dt=0, follows from conservation of energy.
comes It turns out these five equations can be integrated analyti-

cally. Suppose that at the present timethe Universe has

1 1 , 1 = matter densityp,, and scale siza,=a(t,). Energy conser-

'C:_E\/ER_Z\/EM FF* _Z\/ENF#VF” vation yields p(t)=c,/a3(t), wherecnzpnaﬁ. Integration
of one Einstein equation then gives

“ “ 2
+g(9,Ad"A+9,Bi"B)/4B?, 3 , o
~ == 2_
with E#7=e#"°F_J2 and Al =|ge(tr ) 6 ©
B(A%+B?+1) Here,c, is an integration constant describing the amount of

M= (1+AZ+B?)2—4A2’ energy in the scalar fields. Alsdg is another integration

constant, chosen here &s= \4c,/3c, to fix the time origin

A(A2+B2—1) t=0 at the moment of the initial singularity whex{t)=0.

Note that fort>t, we find a(t)~t?3, as expected for &
=0 matter-dominated Universe.
The equation of motion foA can be integrated once to

N=17AZ+B?)7—4A2" “

Consider a cosmology in this theory involving a fl&t (

—0) Friedmann-Robertson-WalkéFRW) model. The line 91V€ ':A‘_:CZBZ/aa’, wherec, is an integration constant. The
element for the associated spacetime is remaining equations can be solved to yield a functional form

for A andB in terms of a parameter time This leaves two
d?=dt?—a(t)(dx2+ dy?+d ), (5)  equations, related through the Bianchi identities. After some
algebra, we find

wheret is the comoving time and(t) is the cosmological 1
scale factor. The usual assumptions of homogeneity and isot- A — +) tanl‘(— +cy
ropy imply thatA andB are also functions only df Solving T
the Einstein equations with just the scalar field as a source of (10)

nergy and momentum yieldgt) ~t%/%, which is an expan- . .
energy a ome yielagt) ' N &vhere N=7TF4c,/V3c,ty, andcg, A are integration con-

sion rate far slower than seen in our Universe. A standar tants. Th mological tintés given in terms of th o
approach to obtain a more realistic theory adds an energf-a s. ' he cosmological times give erms ot he para

momentum tenso¥ ,, = pu,,u, describing galaxies and other TgtrgnST?ngrggs:s t%ﬁgi‘fé fggs_e%s]’ Irfovxfr;a (t) fg\ilr:)?/\?; .
matter, wherau# is a unit timelike vector orthogonal to spa- _ ;. L o S
tial surfaces ang(t) is the energy density of the matter. In suffices to adopt' the simplifying chcrccr@,:O. At late times
our supergravity model, an energy momentum tensor of thif>to. e then find7~v3t/4ty, A~=x4hto/V3t+A,, and

,\_, _ 2 2 H _
form arises from the fermionic sector because the fermiorp ~M(1~8t/3t). This means botth and B tend to con
kinetic terms are uncoupled from the scalar figtland so s:car;]t values art1late tldmles on ﬁ t'”}e scaledseﬂbb)ﬁ'he value

. of the string-theory dilaton therefore tends to a constant in
T, is independent ofV. 9 y

Ignoring the graviphoton for the moment, the Einstein this supergravity cosmology, despite the absence of a dilaton

equations for the supergravity cosmology in the presence dfotential. _ o _ o
the fermion matter are We next consider excitations &f,, in the axion-dilaton

background(10). For the moment, we restrict attention to
1 localized excitations in spacetime regions that are small on a
G=T,+ EZ(%A%A‘F 7,Bd,B) cosmological scale. This corresponds to most experimental
situations, and it is therefore appropriate to work in a local
1 inertial frame.
—@gw(ﬁxAﬁxAﬁL 9\B*B). (6) With a 6 angle, the conventional electrodynamics La-
grangian in a local inertial frame can be written

1
+Ay, B=A secré;+c3),

For thek=0 FRW model, this expression contains only two

. . 1
independent equations: Lom=— 7= F ., F*

1 F e (11)

1672
a 1 1 .. . a a1 . . . .
—3—=-p+:=5(A%+B?), —4+2—>5=2=p, (7 The graviphoton in the axion-dilaton background can be re-

a 2" 2B a a2 garded as a model for the photon in cosmologically varying

scalar fields, so we tale#=1/M, #=4m°N. SinceM, N are
functions of the background fields, B, it follows thate, 0
acquire spacetime dependence in an arbitrary local inertial
frame.

The equations of motion in the presence of charged matter
described by a 4-current are

where a dot indicates a time derivative. The system is als
governed by the equations of motion farand B:

da3A_0 d [ a3
dt\ B2/ ' dt

a’B
BZ

a® . .
+§§(A2+BZ)=O. (8
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1 2
FUFH = S (BOF 5 (3,0F =" (12 (Temymr= A= L,

42 a(d, a(a,AN)

In a trivial background, the last two terms on the left-hand

side of this equation would vanish and the usual Maxwell

equations would emerge. Here, however, the extra two terms

lead to apparent Lorentz-violating effects despite being coExplicitly, we find

ordinate invariant. On small cosmological scalegM and 1 1

d,,N are approximately constant, and they therefore select ar em),w:_,:u,:mr o pMUFPOF + N

preferred direction in the local inertial frame. This means 4e?

that particle Lorentz symmetry, as defined in the first paper (15

of Ref.[6], is broken. Negative- tributi . W f the last
Note that the expansion in a textbook FRW cosmology, egatlve-energy contributions can arise only from the 1as

without scalar couplings lacks this violation because a Ioca}erm' Similarly, we obtain

TH#"= L gar—E g, (14

Lorentz-symmetric inertial frame always exists, whereas in FAIA

the present case the variation lf and N implies particle (T Y= BT 2((3)\A07}\A+ 3,BJ*B)
Lorentz violation in any local inertial frame. Indeed, the

above cosmology-induced Lorentz violation is independent J'Bd'B 1 _

of the details of the\=4 supergravity model. Any similarly t—gz W(ﬁvﬂ)AxF)‘”. (16)

implemented smooth spacetime variation of the electromag-

net|C COUp|IngS on Cosm0|Oglca| Sca|eS |eadS to SUCh eﬁectsvhere aga|n On'y the |ast term can |ead to negat|ve energy
This suggests particle Lorentz violation could be a commorontributions. Combining the two equations shows that the
feature of models with spacetime-dependent couplings.  total conserved energy is positive definite, even when a non-
In the local inertial frame, we can write zero (Kag),, is generated. The apparent paradox arises only
L L because the two piece3{")** and (I'F)’” each with posi-
Ll=— FFWFWJr W(& O)A,FEH". (13) gllétry]/tszrflf]rpultres are separately conserved whef® is con
Another interesting issue concerns the limits from exist-
A nonzero constant contribution froa),# demonstrates ex- ing experiments on the induced Lorentz-violating and time-
plicitly the violations of particle Lorentz invariance a@PT  varying couplings. Consider again the thedét) in the su-
symmetry. To facilitate contact with the conventional nota-pergravity background10) with the choicecz=0. The
tion in the Lorentz-violating standard-model extension, wephenomenological constraine?(t—w«)=4/137 implies
can identify Kag) ,=€%d,6/87°. In our supergravity model, |Ao/=1 and A=2/137. Within this parameter space,
(Kag) . is timelike. choose\ =27/137 andA,= \1—\?, which further simpli-
The special case of constaatand constantKg), has fies the analysis because it leads to a vanishingt late
been discussed extensively in the literatli2,6,1§. Under times,#(t—=)=0. In fact, the estimates below remain valid
these conditions, the Lagrangiai3) is invariant under or improve for other choices in more than 98% of the al-
spacetime translations, but the associated conserved energyved parameter space.
fails to be positive definite and so leads to instabilities. It is The comoving timé and the time coordinate in comoving
natural to ask how this difficulty is circumvented in the local inertial frames agree to first order. Assuming late times
present model, which arises from a positive-definite supert>t,, we find e>~2\+8\%,/v3t and hence &/a~
gravity theory[19]. + 4\t /v3t2. Current observational bounds ar« at late
A key difference is that, instead of being nondynamicaltimes, i.e., at relatively small redshifts, are obtained from the
and constant, Kxr),, depends in the present model on the Oklo fossil reactor aga/a|=10"®yr~! [22]. Taking t,
dynamical degrees of freedom B. Excitations withF , =10'" yr for the present age of the Universe then yields the
#0 therefore cause perturbatiod®, 6B away from the estimatet,<10° yr, consistent with the late-times assump-
cosmological solutiong10), so thatA—A+ A andB—B tion.
+6B. It follows that 6— 60+ 56 and that the energy- The coefficient kag) , for Lorentz andCPT violation is
momentum tensorT)#” of the background receives an ad- also constrained by the Oklo data, and indeed constraints on
ditional contribution, T?)#*— (TR)#=(TP?)~#"+ §(TP)#*.  axion-photon couplings of the fornil3) have previously
This contribution can compensate for negative-energy onegeen studied in the context of axion and quintessence models
from the Kaf), term. [23] and CPT baryogenesi§24]. In the present supergravity
The compensatlon mechanism can be illustrated explicithitosmology, we havé~ T 2t,/v3\t? at late times, giving
at the classical level in the Lagrangial= L+ Ly [20].  |(kag)o|=10" % GeV. Although model dependent, this esti-
The relevant feature for present purposes is Ahand B mate compares favorably with the direct observational limit
dependence of, so for simplicitye can be taken as constant. (kxg)o=<10"*? GeV in Ref.[12]. Inverting the reasoning, the
We begin by splitting the total conserved energy-momentuniatter can be used to bound the variation @f We find
tensor into two piecesTk)“"= (TeM~"+ (T2)**, where |ala|<10"12yr~1, consistent with the Oklo daf{22].
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FIG. 1. Sample relative variation of the fine-structure constan

with fractional look-back time *t/t,,.

In the supergravity cosmology, the dependencexain
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1-t/t, to the big bang. The parametexs A, have been
changed fractionally by parts in 40elative to the choices
27/137,y/1—\2. This provides an approximate match to the
recently reported data far, also plotted in Fig. 1, obtained
from measurements of high-redshift spectra over periods of
approximately 0.§, to 0.&, assumingH,=65 km/s/Mpc,
(Qm,Q,)=(0.3,0.7)[3]. The parameter choices lie within
the constraints onk{y¢)°, but have no overlap with the Oklo
data set and yield a nonasymptotic present-day value of the
fine-structure constant. The solid line reflects both nonlinear
features and a sign change foer

In summary, we have established that local Lorentz and
CPTVviolation can be associated with spacetime-varying cou-
plings. The effect is generic in theories with derivative cou-

tplings to cosmological fields. Despite the simplicity of the

underlying mechanism, the resulting time variation can be
complicated and offers an interesting avenue for phenomeno-
logical exploration.

time can be relatively complicated. As an example, the solid This work was supported in part by DOE grant DE-FGO02-

line in Fig. 1 displays the relative variation effor the case

91ER40661, by NASA grant NAG8-1770, and by NATO
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