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Variable-speed-of-lightVSL) cosmologies are currently attracting interest as an alternative to inflation. We
investigate the fundamental geometrodynamic aspects of VSL cosmologies and provide several implementa-
tions which do not explicitly break Lorentz invariang® “hard” breaking. These “soft” implementations of
Lorentz symmetry breaking provide particularly clean answers to the question “VSL with respect to what?.”
The class of VSL cosmologiese consideiare compatible with both classical Einstein gravity and low-energy
particle physics. These models solve the “kinematic” puzzles of cosmology as well as inflation does, but
cannotby themselves solve the flathess problem, since in their purest form no violation of the strong energy
condition occurs. We also consider a heterotic modésL plus inflation which provides a number of
observational implications for the low-redshift universecitontributes to the “dark energy” either as CDM
or quintessence. These implications include modified gravitational lensing, birefringence, variation of funda-
mental constants and rotation of the plane of polarization of light from distant sources.

PACS numbe(s): 98.80.Hw

[. INTRODUCTION parently universal class of preferred rest frames defined by
the cosmic microwave backgrouri@MB) is very small and

High-energy Cosm0|ogy is f|0urishing into a Subject of non-ggneric. Inflation_alleviates this problem by making the
observational riches but theoretical poverty. Inflation standflat Friedmann-Lemaitre-Robertson-WalkéfLRW) model

as the only well-explored paradigm for solving the puzzles of2" attractor within the set of almost-FLRW models, at the

the early universe. This monopoly is reason enough to exSoSt Of violating the strong energy conditi®BEQ. Most of
. . the above quoted VSL cosmologies, by contrast, saciifice
plore alternative scenarios and new angles of attacka

: . . t the very least, grossly modjfy.orentz invariance at high
Variable-speed-of-light(VSL) cosmologies have recently onergies, again making the flat FLRW model an attractor. In

generated considerable interest as alternatives to cosmologipnirast, we will see that thésoft breaking” prescription
cal inflation which serve both to sharpen our ideas regardingye advocate cannot solve the flatness problem without addi-
falsifiability of the standard inflationary paradigm, and alsotional external sources of energy condition violation, despite
to provide a contrasting scenario that is hopefully amenableecent claims to the contrafgee Sec. V B for details
to observational test. In this paper we want to focus on some basic issues in
The major variants of VSL cosmology under consider-VSL. cosmology 'that are to our minds stiII. less than clear. In
ation are those of Moffaf1-3], Ellis, Mavromatos, and Particular, we wish to answer the question “Can we have
Nanopoulos[4], Clayton and Moffat[5,6], and Albrecht, VSL WIthOUt explicitly V|ol_at|ng Lorentz invariance?” As
Barrow, and Magueijd7—11], plus more recent contribu- W& Will see, our approach is to split the degeneracy between
tions by Avelino and Marting12], Drummond[13], Kiritsis the(effecnvq null cones of various species of particles. This
[14], and Alexander[15]. The last two are higher- means that imur implementation®f VSL cosmology the

dimensional, brane-inspired implementations. For com Ietel‘Orentz symmetry is broken in @ "soft” manner, rather than
’ P P ‘ PIELeH a “hard” manner. This “soft” breaking of Lorentz invari-

nNess V\r’? ?Sdo. mentlc:jn tr?e .e?lrlu_ar work by Levin an .Freesgnce, due to the nature of the ground state or initial condi-
[16] which discussed the inflationary-type cosmologies resjons is qualitatively similar to the notion of spontaneous

sulting from a dynamical Planck’s constant. symmetry breaking in particle physics, whereas “hard”
The covariance of general relativity means that the set ofreaking, implemented by brute force, is qualitatively similar
cosmological models consistent with the existence of the app the notion of explicit symmetry breaking in particie phys-

ics.
We will have little specific to say about “hard” breaking,

*Electronic mail: bruce.bassett@port.ac.uk in the style of Albrecht-Barrow-Magueijo, other than to point

Electronic mail: liberati@sissa.it out that “hard” breaking is a rather radical modification of

*Also at Centro de Astrobiolog) INTA, Carretera de Ajalvir Km.  standard physics. In comparison, “soft” breaking is rather
4, 28850 Torrejo, Madrid, Spain. Electronic mail: carmen@t6- benign and is easier to formulate in a geometrodynamic man-
serv.lanl.gov ner, as we discuss in Sec. Il

$Electronic mail: visser@kiwi.wustl.edu We specifically want to assess the geometric consistency
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of the VSL idea and ask to what extent it is compatible withtion presented ifi7]: “take all time derivatives at fixed and
Einstein gravity. This is not a trivial issue: Ordinary Einstein then replace—c(t) in the result.”

gravity has the constancy of the speed of light built into it at  Unfortunately, if one does so, the modified “Einstein ten-
a fundamental levek is the “conversion constant” that re- sor” so defined isnot covariantly conservedit does not
lates time to space. We need to useéo relate the zeroth satisfy the contracted Bianchi identitiesand this modified
coordinate to timedx’=cdt. Thus, simply replacing the “Einstein tensor” is not obtainable from the curvature tensor

constant d)y a position_dependemriatﬂe dt,)_()), and writ- of anyspacetime metric. |ndeed, if we define a timelike vec-

ing dx°=c(t,x)dt is a suspect proposition. Indeed, even the!®" V"= (9/91)*=(1,0,0,0) a brief computation yields

choicedx®=c(t,x)dt is a coordinate dependent statement. It wv : v

depends on t(he 3vay one slices up thepspacetime with space- V uCmodited” (V" ©

like hypersurfaces. Different slicings would lead to different thys violations of the Bianchi identities for this modified

metrics, and so one has destroyed the coordinate invarianeginstein tensor” are part and parcel of this particular way

of the theory right at step one. This is not a good start for theys trying to make the speed of light variable. Indeed, as we
VSL program, as one has performed an act of extreme vioyj|| see later, in that VSL implementation these violations

lence to the mathematical and logical structure of generayre the source of the solution of the flatness problem. Alter-
relativistic cosmology, moving well outside the confines of hatively one can definmodifiedBianchi identities by mov-

standard curved-spacetime Lorentzian geometry. ing the RHS above over to the LH30] and then speak of
Another way of viewing this is to start with the ordinary these modified Bianchi identities as being satisfied. Never-
FLRW metric theless thausual Bianchi identities are violated in their for-

malism. This may be interpreted as a statement that such an
implementation of VSL is not based on pseudo-Riemannian
) ) eometry(Lorentzian geometny but that instead one is deal-
and_ compute the_E|nste|n tensor. In the natural orthonormg; g with some more complicated structure whose geometric
basis one can write interpretation is far more complex than usual.

If one couples this modified “Einstein tensor” to the

d52=—Czdtz-f-a(t)zhijdxidxj, 1)

G 3 |a(t)? 2 stress-energy via the Einstein equation
tt_a(t)Z C2 ’ .
ar
) _ , = jewton_l_'uv , (7)
L o | amat) a(t) 3 c
= a(t)? o2 o2 )

then the stress-energy tensor divideddlycannot be covari-
antly conserved eithethere we do not need to specify just

et if we are talking about a variabteor a fixedc), and so

#v/c* cannot be variationally obtained fromny action.
[The factor ofc* is introduced to make sure all the compo-
nents of the stress-energy tensor have the dimensions of en-
ergy densityg (the same dimensions as pressyre, When
needed, mass density will be representedobly This non-
sion) all physical observablegvhich are coordinate invari- consgrvatlon Of. .stress—energy IS a tremendous amount of
ants will be unaffected physms to sacrifice and we dwt wish to pursue this par-

An alternative WhiCh does have observable conseJ—“CUI‘?lr avenue any further. : .
' Since this point can cause considerable confusion, let us

quences, is the poss_ibi_lity of replacirg-c(t) directly in be clear about what we are claiming: In VSL theories which
the Einstein tensorThis is the route chosen by Barrow and violate the usual Bianchi identiti€d,10], the stress-energy

Magueijo [8-10], and by Albrecht and Magueij¢7,11]. tensor cannot be obtained by variational differentiation of

Agier:;mr)n;kr;g '\t/lﬁertl:nhsgzi ?r??hp; rieilrli?:hgﬁt?Egree;ttglgvg;ne?ny local Lagrangian density based on a pseudo-Riemannian
Se e,ndent rgdefinition%f units. Then ' J geometry. One can try to generalize the notion of pseudo-
P ' Riemannian geometry but this is an alien procedure from the

standpoint of standard relativity and cosmology.

with the spatial curvatureK=0,£1. If one replacesc
—c(t) in the metri¢ then the physics does not change sinc
this particular “variable speed of light” can be undone by a
coordinate transformatiorcdt,e,~=c(t)dt. While a coordi-
nate change of this type will affect tHeoordinat¢ compo-
nents of the metric and th@oordinate¢ components of the
Einstein tensor, the orthonormal components éndexten-

modified_ 3 ﬂ i 4) One of the earliest VSL formulations, and one which does
t a(t)? c(t)? ' satisfy the Bianchi identities, is that of Ellist al. [4]. In-
spired by non-critical string theory, the evolution ofwas
e 55 [ a( DAt a(t)? d_riven by non-tri_vial _renormalizat@on group dynamics_ asso-
m __ ) (5)  ciated with the Liouville mode which obeys a generalization
Y a(t)? c(t)? c(t)? of the Zamolodchikov C-theorem and therefore provides a

natural cosmic arrow of time. The advantage of this formu-
Note that the replacememt—c(t) directly in the Einstein lation is that no extréand arbitrary scalar fields are required
tensor is a specific implementation of the general prescripto generate the variations ig, the disadvantage, as they
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point out, is the possibility of making a coordinate transfor- To help set the background, we wish to emphasize that
mation to nullify the VSL effects. the basic idea of a quantum-induced effective metric, which
We feel therefore, that if one wants to uniquely specifyaffects only photons and differs from the gravitational met-
that it is the speed of light that is varying, then the mostric, is actually far from radical. This concept has gained a
“natural” thing to do is to seek a theory that contains two central role in the discussion of the propagation of photons in
natural speed parameters, call thegy,, and Caravity: and non-linear electrodynamics. In particular, we stress that
then ask that the ratio of these two speeds is a time“anomalous” (Cpnotor Cyraviny) PhOtON speeds have been cal-
dependent quantity. Naturally, once we go beyond idealizedulated in relation with the propagation of light in the Ca-
FLRW cosmologies, to include perturbations, we will let this simir vacuum[20—22, as well as in gravitational field23—
ratio depend on space as well as time. Thus we would focu26].
attention on the dimensionless ratio These articles have shown that special quantum vacuum
states(associated with “polarization” of the vacuuntan
lead to a widening of lightcone@lthough possibly only in
. (8) some directions and for special photon polarizatidn re-
Cyravity cent paper$27,2§ it has been stressed that such behavior
can be described in a geometrical way by the introduction of
An interesting alternative is to consider the ratiocgfoonat — an effective metric which is related to the spacetime metric
differentfrequenciesThis ratio is non-trivial in D-brane and and the renormalized stress-energy tensor by a relation such
guantum gravity-inspired scenarifs7] which alter the pho- as
ton dispersion relation at high energies.
With this idea in mind, we have found that it is simplest “1yuv— p quv v
to takeCyayiry to be fixed and position-independent and to set [Gem ”"=Ag""+B(Y[T*"|y), 9)
up the mathematical structure of differential geometry
needed in implementing Einstein gravityx® =Cgravindt, the ~ WhereA andB depend on the detailed form of the effective
Einstein-Hilbert action, the Einstein tensor, etc. One can retone-loop Lagrangian for the electromagnetic field.
ServeCpnoton for photons, and give an objective meaning to Warning We will always raise and lower indices using
the VSL concept. Observationally, as recently emphasizethe spacetime metrig. This has the side-effect that one can
by Carlip [18], direct experimental evidence tells us that inno longer use index placement to distinguish the matrix
the current epochiyayin™ Cpnotont® Within about one percent [Qem] from its matnx inverse [gon]. (Since [geml™”
tolerance. This limit is perhaps a little more relaxed than one=g#“g ”P[gem]gpa&[g #¥) Accordingly, whenever we
would have naively expected, but the looseness of this limitleal with the EM metric, we will always explicitly distin-
is a reflection of the fact that direct tests of general relativityguish[ g, from its matrix inversd g+ ].
are difficult due to the weakness of the gravitational coupling It is important to note that such effects can safely be de-
Gnewton- scribed without needing to take the gravitational back reac-
Although we will focus on models and systems of units intion into account. The spacetime metgés only minimally
which cgpotonvaries whilecgrayity is fixed, in the Appendix we  affected by the vacuum polarization, because the formula
consider the reverse. This is important for discussions ofietermining g®™| is governed by the fine structure constant,
varying fine-structure constant Sinceacc, hoton, the mod-  while backreaction on the geometry is regulated by New-
els we present in the following sectiods Iead to variation  ton’s constant. Although these deviations from standard
of the fine-structure constanthis issue will be important in  propagation are extremely tiny for the above quoted cases
model-building if the Webbet al. [19] results on time- (black holes and the Casimir vacuume can ask ourselves
varying a are confirmed. if a similar sort of physics could have been important in the
The above approach naturally leads us into the realm ogarly evolution of our universe.
two-metric theories, and the next section will be devoted to Drummond and Hathrel[23] have, for example, com-
discussing the origin of our proposal. In brief, we will advo- puted one-loop vacuum polarization corrections to QED in
cate using at leadtvo metrics: a spacetime metr,,; de-  the presence of a gravitational field. They show that at low
scribing gravity, and a second “effective metric[§*"],z momenta the effective Lagrangian is
describing the propagation of photons. Other particle species
could, depending on the specific details of the model we

_ Cphoton

H H H 13 H 1 " 1
gp\t/(;sggs, couple either to their own “effective metric,”’dp [=— ZFMVF wv_ ?(ﬁlR F F#"+ BoR, FHF",)
Specific early examples of a VSL model based on a two-
metric theory are those of Moffdil,2], with a more recent B3 o B
implementation being that of Drummonfil3]. Moffat - meaﬁF FAP. (10
e

chooses to keeypoionfixed and letcy,,,iyy vary, which leads

to some translation difficulties in comparing those papers

with the current one; but it is clear that there are substantidDrummond and Hathrell were able to compute the low mo-
areas of agreement. This paper can be viewed as an extementum coefficientsg;,i=1...3, buttheir results are
sion of those previous investigations. probably not applicable to the caBm.>1 of primary in-
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terest here. It is the qualitative structure of their results thations are important at high energies and may provide an ex-
should be compared with our prescriptions as developed iplanation for the existence of ultra-high energy cosmic rays
the next section. beyond the GZK cut-off40].

In the main body of this paper we sketch out a number of Finally, we should again remind the reader that VSL
scenarios based on two-metric interpretations of the VSlimplementations based on two-metric theories are certainly
idea. We present different models that are consisteet, ~ Closer in spirit to the approaches of Moffat and Clayton
mathematically and logically consistgnand which satisfy [1—3.5.6 and Drummond 13], than to the early Albrecht-
zeroth-order compatibility with observatiofise., at least re-  Barrow-Magueijo[7,10,1] and Avelino-Martins[12] pre-
duce to ordinary special relativity in the here and howe scriptions. We have so far been unable to develop any really
also indicate how the various puzzles of the standard cosmd€an geometrodynamic framework that more closely paral-

logical model can be formulated in this language, and start erEaTr? ?Eggorr]nvevgorl]%g'gﬁoaggrggghtgfrgirﬁ’igﬂfﬁi éilsps-ue in
preliminary analysis of these issues. P ’ 9 P

Since doing anything to damage and violate Lorentz sym:[he future. . . . .
In Table | we give a list of variables and symbols used in

metry is at first glance a rather radical step, we also wish tOhi : . - .
. ) is paper together with a brief description and appropriate
add a few words regarding the various approaches to th bap g P pprop
breaking of Lorentz invariance that are well-established in
the literature. Perhaps the most important observation is that

quantum field theories that are not Lorentz invariant can nev- Il. TWO-METRIC VSL COSMOLOGIES

ertheless exhibit an approximate Lorentz invariance in the pgased on the preceding discussion, we think that the first

low energy limit. See, for instance, the work of Niels#ral.  step towards making a “geometric” VSL cosmology is to
[29-31], where they demonstrate that Lorentz invariance isyrite a two-metric theory in the form

often a stable infrared fixed point of the renormalization
group flow of a quantum field theory. An alternative model
for the breakdown of Lorentz invariance has also been dis- S,=f d4x\/—_g{R(g)+£mane,(g)}
cussed by Everefi32,33.
Additionally, there are physical syster(ia no sense rela- 1a -
tivistic, and based on the flowing fluid analogy for Lorent- +f d4XV_gem{[9errﬂ 'BFﬁy[gerﬁ]y&Féa}- 11
zian spacetimgsthat demonstrate that Lorentz invariance

can arise as a low energy propef84—39. In the flowing  \We have made the first of mamjoiceshere by choosing the
fluid analogy for Lorentzian spacetimes the fluid obeys the,olume element for the electromagnetic Lagrangian to be
non-relativistic Euler and continuity equations, while sound,/—g_ . rather than, say/—g. This has been done to do
waves propagating in the fluid behave as though they “feel”’minimal damage to the electromagnetic sector of the theory.
a Lorentzian metricwith appropriate symmetrigghat is  As long as we confine ourselves to makimgjy electromag-
built algebraically out of the dynamical variables describingnetic measurements this theory is completely equivalent to
the fluid flow. ordinary curved space electromagnetism in the spacetime de-
Furthermore, as yet another example of “soft” Lorentz scriped by the metrige,,. As long as weonly look at the
symmetry breaking we mention the well-studied Scharnhorstmatter” fields it is only the “gravity metric’ g that is
effect[20—22, wherein quantum vacuum effects lead to anrelevant.
anomalous speed of light for photons propagating perpen- Since the photons couple to a second, separate metric,
dicular to a pair of conducting metal plates. The relevanigjstinct from the spacetime metric that describes the gravita-
one-loop quantum physics is neatly summarized by thejonal field, we can now give a precise physical meaning to
Euler-Heisenberg effective Lagrangian, which explicitly ex-ysL. If the two null-cones(defined byg and g.,,, respec-
hibits a symmetry under the full (81)-dimensional Lorentz  tjvely) do not coincide one has a VSL cosmology. Gravitons
group. However the ground statéield theoretic vacuum and all matter except for photons, couple go Photons
State exhibits arEducedsymmetry, bEing invariant Only un- Coup|e to the e|ectr0magnetic metrgém_ A more subtle

der boosts that are parallel to the plates. In this situation thenodel is provided by coupling all the gauge bosonsdg,
boundary conditions have “softly” broken the symmetry pyt everything else tg.

from (3+1)-dimensional Lorentz invariance down to (2

+1)-dimensional Lorentz invariance, even though the fun-

damental physics encoded in the bulk Lagrangian is still S”:f d*x = g{R(9) + Lermiond 9, )}
manifestly symmetric under the larger group.

efining equation.

These comments bolster the view that we should not be
too worried by a gentle breaking of Lorentzian symmetry. In +J’ A%\ = GemTH{[ Do “PF 5T 9o | 7PF 5295
this vein, Coleman and Glashow, building on the formalism
developed by Colladay and Kostelecky, have recently inves- (12

tigated the possibility of small, renormalizable perturbations
to the standard model which break Lorentz invariance whild=or yet a third possibility: couplell the matter fields t@en,
preserving the anomaly cancellati¢pd0]. These perturba- keeping gravity as the only field coupled go That is
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TABLE I. Symbols used in the paper with a brief description and an equation where it is first used, if

applicable.
Symbol Brief description Eq.
Jem The electromagnetic metric (14
€ Energy density (27
p Mass density (36)
p Pressure (27)
Cyravity Velocity of gravitons (8
Cphoton Velocity of photons (21
Ce- Maximum velocity of electrons
Bi23 Coefficients of 1-loop QED corrections (10
14 The ratio of photon to graviton velocity (8)
me The electron mass (10
X The VSL-inducing field (14
Y A generic spinor field (12
M The scale fory (14
non-renormalization effects
A The coupling constant for (14)
the interaction betweeg andF ,,
K The tri-curvature constanK=0,+1 3
GNewton Newton’s gravitational constant (7)
PA The energy density irk (56)
A The cosmological constant (56)
Nem The effective refractive index (57
of spacetime
y A generic photon
V(x) The y potential (11
I0) Photon frequency
T Time scale for they-field phase transition
betweeng and g.,, Which in the interest of simplicity we
S Zj d4x\/—gR(g)+f d*x /= Geml Lrermiond Gem: )} take to be algebraic. A particularly simple electromagnetic
(EM) metric we have found useful to considet is
+ | d*%V=gem [ Gem1“*F 53T dem] " F a3 ~a
em em By em da I [gem]aﬁzgaﬁ_(AM )VaXVBX! (14)

(13

Note that we have usedx’=cdt, with the ¢ in question  with the inverse metric
being Cyravity- It is this Cyayiry that should be considered fun-

damental, as it appears in the local Lorentz transformations Veyvhy

that are the symmetry group of all the non-electromagnetic [gom]®F=g%P+(AM %) > - (19
interactions. It is just thatyyiy is No longer the speed of 1+(AM ) (V)

“light.”

Most of the following discussion will focus on the first Here we have introduced a dimensionless coupkngnd
modelS, , but it is important to realize that VSL cosmologies taken# =cCye,i,=1, in order to give the scalar fielg its
can be implemented in many different ways, of which thecanonical dimensions of mass-enefg¥he normalization
models [, I, and Il are the cleanest exemplars. We will see
later that there are good reasons to suspect that model Ill is™
more plausible than models | or Il, but we concentrate on irhe form of this metric is similar to the Kerr-Schild-Trautmann
model | for its pedagogical clarity. If one wants a model with ansatz for generating exact solutiogs; = 7.,— 2Vkaky , wherek,
even more complexity, one could givediferenteffective s null in both the flat and non-flat metrick, is geodesic if and
metric to each particle species. A model of this type wouldonly if T, k2k’=0. This generates a family of vacuum and
be so unwieldy as to be almost useless. Einstein-Maxwell solution$41].

If there is no relationship connecting the EM metric to the 2Remember that indices are always raised and/or lowered by using
gravity metric, then the theory has too much freedom to behe gravity metricg. Similarly, contractions always use the gravity
useful, and the equations of motion are under-determined. Twetric g. If we ever need to use the EM metric to contract indices
have a useful theory we need to postulate some relationshige will exhibit it explicitly.

103518-5



BASSETT, LIBERATI, MOLINA-PAR,IS, AND VISSER PHYSICAL REVIEW D62 103518

energy scaleM, is defined in terms ofi, Guewion: and It is only via observational cosmology, with the possibil-
Cgravity- The EM light cones can be much wider than theity of observing the region wherge,#g that we would
standard(gravity) ones without inducing a large back reac- expect VSL effects to manifest themselves. We will assume
tion on the spacetime geometry from the scalar figlgpro-  the variation of the speed of light to be confined to very early
vided M satisfiesM giectrowea< M <M p;. The presence of this times, of order of the GUT scale, and hence none of the
dimensionfull coupling constant implies that when viewed adow-redshift physics can be directly affected by this transi-
a quantum field theoryyVSL cosmologies will be non- tion. We will see in Sec. VII how indirect tests for the pres-
renormalizable. In this sense the energy sbéis the energy  ence of they field are indeed possible.
at which the non-renormalizability of thg field becomes Note that in the metastable minimux{xy)=0, thus the
important.[This is analogous to the Fermi scale in the Fermiscalar fieldy can mimic a cosmological constant, as long as
model for weak interactions, although in our cdéeould be  the kinetic terms of the VSL action are negligible when com-
as high as the grand unified theofGUT) scale] Thus, pared to the potential contribution. If the lifetime of the
xVSL models should be viewed as “effective field theories” metastable state is too long, a de Sitter phase of exponential
valid for subM energies. In this regargVSL models are expansion will ensue. Thus, the VSL scalar has the possibil-
certainly no worse behaved than many of the models of costy of driving an inflationary phase in its own right, over and
mological inflation and/or particle physics currently extant. above anything it does to the causal structure of the space-
In comparison, note that Moffd5] introduces a some- time (by modifying the speed of light While this direct
what similar vector-based model for an effective metricconnection between VSL and inflation is certainly interesting

which in our notation would be written as in its own right, we prefer to stress the more interesting
. possibility that, by coupling an independent inflaton fieid
[Jemlap=0ap— (AM™ )V, Vg, (1) to gem, xVSL models can be used to improve the inflation-

ary framework by enhancing its ability to solve the cosmo-

with the inverse metric logical puzzles. We will discuss this issue in detail in Sec.

VC

a\/B .

[9ori]*P=g*#+(AM~?) v YZ —. (17 During the transition(adopting FLRW coordinates on the

1+ (AM™ %) (VY) spacetimg we see

However there are many technical differences between that 4 )

paper and this one, as will shortly become clear. In the more [Gemlte=—1—(AM™")(dx)*<—1. (20)

recent papef6] a scalar-based scenario more similar to our

own Is d|scu§sed. . _ This means that the speed of light for photons will be larger
The evolution of the scalgr fielg will be assumed to be than the “speed of light” for everything else—the photon

governed by some VSL action null cone will be wider than the null cone for all other forms

of matter® Actually one has
SVSLZJ d*x\'—gLys(x)- (18

2 2 - 2
X . Cphoton: Cgravity[1+ (AM 4)((7tX)2]>Cgravity- (21)
We can then write the complete action for model | as

The fact that the photon null cone is wider implies that
S|=j d4x\/__g{R(g)+£matte|}’+J d*X\/ = genl x) “causal contact” occurs over a larger region than one
thought it did—and this is what helps smear out inhomoge-
x{[gg,%]aﬁ(x)FBy[ge’n%]V‘s(X)Fm} neities and solve the horizon problem.
The most useful feature of this model is that it gives a
4, [— a, [— precise geometricalmeaning to VSL cosmologies: some-
+f d XmﬁVSL(X)+f A5/~ gLyR(X ), thing that is difficult to discern in the extant literature.
(19) Note that this model is by no means uniq®: the VSL

potential is freely specifiabl€?2) one could try to do similar

where Lyr(x,¥) denotes the non-renormalizable interac-things to the Fermi fields and/or the non-Abelian gauge
tions of y with the standard model. fields—use one metric for gravity ang,, for the other

Let us suppose the potential in this VSL action has dields. We wish to emphasize some features and pitfalls of
global minimum, but they field is displaced from this mini- two-metric VSL cosmologies:
mum in the early universe: either trapped in a metastable
state by high-temperature effects or displaced due to chaotic™
|n|t|a_l cond|t|qns. The transition to the glob_al mINIMUM May  3eqy other massless fields the situation depends on whether we use
be either of first or second order and duringVitx#0, SO model I, II, or Iil. In model | it is only the photon that sees the
that gem#g. Once the true global minimum is achieved, anomalous light cones, and neutrinos for example are unaffected. In
dem=g again. Since one can arrangeoday to have settled model I all gauge bosonghotonsW*, Z°, and gluons see the
to the true global minimum, current laboratory experimentsanomalous light cones. Finally, in model Ill everythiexcepigrav-
would automatically giveye,,=g. ity sees the anomalous light cones.
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F In analogy to photon Cherenkov emissiet8], longitudi-
nal graviton modes may be excited due to the non-vacuum
background44].

Ill. STRESS-ENERGY TENSOR, EQUATION OF STATE,
AND EQUATIONS OF MOTION

A. The two stress-energy tensors

The definition of the stress-energy tensor in a VSL cos-
mology is somewhat subtle since there are two distinct ways
in which one could think of constructing it. If one takes

- gravity as being the primary interaction, it is natural to define
THY = 2 %S (22
v—0 5g,u.1/'

FIG. 1. A schematic illustration of the two future null cones
Cogravity aNA C poron- Initially they coincide, followed by a transition

after WhCh o Carauty and then by another transition in which where the metric variation has been defined with respect to

the gravity metric. This stress-energy tensor is the one that

most naturally shows up in the Einstein equation. One could
The causal structure of spacetime is now “divorced” also think of defining a different stress-energy tensor for the

from the null geodesics of the metnic Signals(in the form  photon field(or in fact any form of matter that couples to the

of photong can travel at a speethy,oto Cyravity - photon metri¢ by varying with respect to the photon metric,
We must be extremely careful whenever we need to asthat is

sign a specific meaning to the symbol We are working

with a variable Cyngon Which has a larger value than the

Cphoton Cgravity .

standard one, and eonstant g, which describes the N 2 5S

speed of propagation of all the other massless patrticles. In T = . (23

considering the cosmological puzzles and other features of V=~ Gem 59?;3

our theory(including the “standard” physigswe will al-

ways have to specify if the quantities we are dealing with o o .

depend OrTppoton OF Cyravity (S€€ Fig. 1 This definition is most natural when one is interested in non-
Stable causality: If the gravity metrigis causally stable, ~gravitational features of the physics.

if the couplingA=0, and if 9, is a timelike vector with In the formalism we have set up, by using the chain rule

respect to the gravity metric, then the photon metric is als@nd the relationship that we have assumed betvgggrand
causally stable. This eliminates the risk of nasty causal probd, it is easy to see that
lems like closed timelike loops. This observation is impor-

tant since with two metricéand two sets of null congsone

must be careful to not introduce causality violations—and if v /ge”ﬁ‘-w_ — T

the two sets of null cones are completely free to tip over with Tem= ? em— VI=(AM™ (V) ITem- (24
respect to each other it is very easy to generate causality

paradoxes in the theory.

If x is displaced from its global minimum we expect it 10 Thys, these two stress-energy tensors are very closely re-
oscillate around this minimum, causingpon to have peri-  |ated. When considering the way the photons couple to grav-
odic oscillations. This would lead to dynamics very similar ity, the use ofT%* is strongly recommended. Note tHEff” is

to that of preheating in inflationary scenarigk]. . . =0
During the phase in Whichypee> Coravy ONE Would ex- covariantly conserved with respect ¥,, whereasTy, is

pect photons to emit gravitons in an analogue of the Chererfonserved with respect §,_ . It should be noted thaltg, is
kov radiation. We will call this effecGravitational Cheren- most useful when discussing the non-gravitational behavior
kov Radiation This will cause the frequency of photons to of matter that couple t@., rather thang. (Thus in type |
decrease and will give rise to an additional stochastic backmodels this means we should only use it for photoRer
ground of gravitons. matter that couples tg (rather than tog.,), we have not
Other particles moving faster tham,iy, (i.e., models Il found it to be indispensable, or even useful, and wish to
and I1l) would slow down and become subluminal relative todiscourage its use on the grounds that it is dangerously con-
Cgravity ON @ characteristic time-scale associated to the emigusing.
sion rate of gravitons. There will therefore be a natural An explicit calculation, assuming for definiteness a type |
mechanism for slowing down massive particles to belowmodel and restricting attention to the electromagnetic field,
Cgravity- yields
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Té‘n’%= \/1—(AM_4)[(V0‘)()2] p= Cphotonp—)

= . (33
Cgravity
><[[gerﬁ]wap[ge,%]ﬂ*m[gen%]W _
(Note that the prefactors areciprocalsof each othej.From
1 a gravitational point of view any matter that couples to the
— Z[ge_r#]“”(Fz)], (25) photon metric has its energy density depressed and its pres-
sure enhanced by a factor ofayiry/Cpnoton relative to the
energy density and pressure determined by “electromagnetic
means.” This “leverage” will subsequently be seen to have
(F2)=[ga18F [ 05T 7F .. 26) gzh;&;lt;zir(l;for strong energy conditiofBEQ violations
- In order to investigate the equation of state for the photon
(In particular, note that botfiy; and T, are traceless with  field, our starting point will be the standard result that the
respect togey, not with respect ta. This observation will  stress-energy tensor of photons is traceless. By making use
prove to be very usefyl. of the tracelessness and symmetry arguments one(inan
one-metric theoriesdeduce the relationship between the en-

B. Energy density and pressure: The photon equation of state  €rgy density and the pressuee=3p. However, in two-

In an FLRW universe the high degree of symmetry im_metrlc theoriegof the type presented hgrie photon stress-

. ; . .energy tensor is traceless with respectgq,, but not with
plies that the stress-energy tensor is completgly defmed 'Féspect tog. Thus in this bi-metric theory we have
terms of energy density and pressure. We will defihe

physical energy density and pressure as the appropriate com-

with

ponents of the stress-energy tensor when referred to an or- e=3p. (34)
thonormal basi®f the metric that enters the Einstein equa- ] N .
tion (from here on denoted by single-hatted indices When translated inte andp, (quantities that will enter the
3 Friedmann equations governing the expansion and evolution
e=TU=TW|g" =gy T, (27 of the universg this implies
1 ?j 1 i 1 CShoton
ngﬁ?ﬂ- :§gijT . (28 pphotonszgsphotonsz—- (35
Cgravity

Itis thise and thisp that will enter the Friedmann equations  As a final remark it is interesting to consider the speed of

governing the expansion and evolution of the universe.  sound encoded in the photon equation of state. If we use the
On the other hand, if one defines the stress-energy tens%bﬂonShippphotons: Sphotonslcéravityr we can write

in terms of a variational derivative with respect to the elec-
tromagnetic metric, then when viewed from an orthonormal

frame adapted to thelectromagneticmetric (denoted by p hmons:ms_ (36)
double hats one will naturally definglifferentquantities for P CShoton

the energy density and pressur@. We can then write
And therefore

5 =TH=T1 g ) =|gfT, (29
/9Pphotons  Cphot
1 a2 1 (Csoun()photons: apphotonsz %, (37)
D T ij otons
p=3z T =§gﬁ-”‘T”. (30) p

That is, oscillations in the density of the photon fluid propa-
From our previous discussidiEq. (24)] we know that the gate at a relativistic speed of sound which i§3times the
two definitions of stress-energy are related, and using thepeed of “light” as seen by the photans

symmetry of the FLRW geometry we can write More generally, for highly relativistic particles we expect
Cphoto 2
Ty =P ur, (31 _ap, Coraviy
Cyravity £;=3p; 2 (39)
I
If we combine this equation with the previous definitions, we
have an
Coravi c
gravity~ i
e=——¢, 32 c =—. (39
Cphoton ( ) ( sount) I \/§
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Note that we c.ould define th(? mass densiy meaiured by € a3+(ci2/C§ravily)~C0nst_ 47
electromagnetic  meaps in  terms  of  pppoions

=& photond Chnoton TS definition yields the following iden- This is the generalization of the usual equatios;al
tity: ~const) for relativistic particles in a constant-speed-of-light
model. This implies that energy densities will fall much

_ Cphoton~ (40) more rapidly than naively expected in this bi-metric VSL
Prhotons™ ¢ iy PnS formalism, provided;> Cyayiy-
If the speed of sound is now calculated in termspgfoons IV. COSMOLOGICAL PUZZLES AND PRIMORDIAL
and pphotonsWe get the same result as above. SEEDS

In the following we will discuss the main cosmological
puzzles showing how they are mitigatéfl not completely

The general equations of motion based on model | can beolved by the yVSL models. Given its complexity, the pe-
written as culiar case of the flathess problem will be treated in a sepa-
rate section.

C. Equations of motion

_ 87 Gnewton

1224 4
Cgravity

vsL tt
G (T + T+ T, (42)

A. The isotropy and horizon problems

) . One of the major puzzles of the standard cosmological
All of these stress-energy tensors have been defined with the e is that the isotropy of the CMB seems in conflict with
gravity prescription the best estimates of the size of causal contact at last scatter-
ing. The formula for the(coordinate size of the particle

v 2 55 (42) horizon at the time of last scattering is
! .
V=0 99,
R t)= Ly Cgravit)f:it 48
In a FLRW spacetime the Friedmann equati¢gsmming particle-horizof L+ ) = o a(t) (48)
over all particles presenfor a yVSL cosmology read as
follows: For photons this should now be modified to
a 87G KCgravit i Cpnotord
(_ .2 2 i~ %’1 (43) Rphoton-horizongt*):f e (49
al 3Cqaity | a o at)
é. 477G 2 = Rp.’:\rticle—horizov(t* ) . (50)
2 3a 2 (eit3p), (44) | _ _
gravity The quantityRpynoton-horizonSets the distance scale over which

photons can transport energy and thermalize the primordial

where, as usuaK“: 0x1. " S fireball. On the other hand, the coordinate distance to the
The constant “geometric” speed of light implies that we surface of last scattering is

get from the Friedmann equation separate conservation equa-
tions valid for each species individualfgrovided, as is usu-

tHhC t
ally assumed for at least certain portions of the universe’'s Riast-scatteringlx 1to) = f @ (51
history, that there is no significant energy exchange between . a
specieg

(Here ty denotes the present epociithe observed large-
. a scale homogeneity of the CMB impliés order to have the
si+35(si+ pi)=0. (45  CMB coming from opposite points on the 9ky

In the relativistic limit we have already seen, from E85), Rehoton- horizohtx ) = 2 Riast.scatterinlx »to) (52

=Llg(c%c2. . izi i - ) . ) )
;chat Pi= . &i(C] t/ C?ravny)' [we ?re general|z.|tng slightly to ill Jwhich can be achieved by havimghoor> Cgrauiy €arly in the
ow ?ac particie -Species 10 possess IS own “speed-o expansion(In order not to change late-time cosmology too
light.” ] So we can conclude that

much it is reasonable to eXpetkqrorr™ Cyraviy DEIWEEN last

2 0\ - scattering and the present epdchmstead of viewing our
e+l 34— e =0 (46) observable universe as an inflated small portion of the early
' céra\,ity ' universe(standard inflationary cosmologywe can say that

in a VSL framework the region of early causal contact is
Providedc; is slowly changing with respect to the expansionunderestimated by a factor that is roughly approximated by
of the universe(and it is not at all clear whether such an the ratio of the maximum photon speed to the speed with
epoch ever exisjswe can write for each relativistic species which gravitational perturbations propagate.
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We can rephrase the horizon problem as a constraint on If we suppose a good thermal coupling between the pho-
the ratio between the photon horizon at last scattering antbns and the Higgs field to justify using the photon horizon
the photon horizon at the present day. Indeed if we addcale in the Kibble freeze-out argument then we can argue as
2Rgnoton-horizoklx) 10 both sides of the previous equation, follows: Inflation solves the relics puzzle by diluting the den-
then sity of defects to an acceptable degrg®,SL models deal

with it by varying c in such a way as to make sure that the
3Rphoton-horizohtx )= 2Rphoton-horizohto) - (53 photon horizon scale is large when the defects form. Thus,
) _ ) we need the transition in the speed of light to happéer
In terms of thephysical distanceto the photon horizon he spontaneous symmetry breakit§SB that leads to
[I(t)=a(t)R(r)], this implies monopole production.
2 at,) Alterrgjatir\l/el)l/_i'we C19u||é|j arranlgedg mc:del wherle bothhpho—
. =__*/ . tons and the Higgs field couple directly tp,,, along the
photon-orzoht) 3 a(to)lphown'hor'zomO)' (9 lines of S;;, above; this obviates the need for postulating
) . o N good thermal coupling since the Higgs field, and its dynam-
This formulation of the observed “horizon constraint” is as jcg is now directly controlled by the variable speed of light.
model-independent as we can make it—this constraint is a gq far the discussion assumes thermal equilibrium, but
purely kinematical statement of the observational data and i§ne should develop a formalism which takes into account the
not yet a “problem;” even in standard cosmology it will not o _equilibrium effects and the characteristic time scales
become a problem until one useégnamicsio deduce a spe- g ench and critical slowing down scaless a first remark
cific model fora(t). In the present VSL context we Will e can note that the larger the Higgs correlation lerigth
need to choose or deduce dynamics for baft) andc(t) s the lower the density of defectwith respect to the stan-
before this constraint can be used to discriminate betweegy g estimateswill be. This correlation length characterizes
acceptable and unacceptable cosmologies. More on this poigie periocbeforethe variation of the speed of light, when we
below. suppose that the creation of topological defects has taken
place. Remember that in the Zurek mechanjg@ecs £4"
B. Monopoles and relics with n=1,2, and 3, for domain walls, strings, and mono-

The Kibble mechanism predicts topological defect densi{oles, respectivelj48].
ties that are inversely proportional to powers of the correla- We could also consider the possibility that the change in
tion length of the Higgs fields. These are generally boundeds driven by a symmetry breakingdiggs-like) mechanism,

above by the particle horizon at the time of defect formation@nd try to relate changes mto symmetry breaking at the
To simplify the analysis it is useful to use the related GUT or electro-weak scale. Unfortunately such consider-

concept of Hubble distance ations require a much more specific model than the one con-
sidered here, and we want to keep the discussion as general
c as possible.
photon p
Reupble= — - (59

) ) C. A and the Planck problem
The above quantityoften known as the Hubble radius or,

speaking loosely, “the horizon"is often mistakenlydenti- In this xVSL approach we are not affecting the cosmo-
fiedwith the particle horizo45]. The two concepts, though '0gical constant\, except indirectly vialys . The vacuum
related, are distinct. In particular the Hubble scale evolves iffn€rgy density is given by
the same way as the particle horizon in simple FLRW mod- Ac2
; i c
els and hence measures the domain of future influence of an PA= .
event in these modelgt6]. If fields interact only through 87 Gpewton
gravity, then the Hubble scais useful as a measure of the
minimum spatial wavelength of those modes that are effecBut which is thec appearing here? The speed of light,on?
tively “frozen in” by the expansion of the universe. A mode Or the speed of gravitorgy,,ir? In our two-metric approach
is said to be “frozen in” if its frequency is smaller than the it is clear that for any fundamental cosmological constant
Hubble parameter, since then there is not enough time for ibne should useg,,ir,. On the other hand, for any contribu-
to oscillate before the universe changes substantially, thgon to the total cosmological constant from quantum zero-
evolution of that mode is governed by the expansion of thepoint fluctuationgZPF) the situation is more complex. If the
universe. Therefore, for modes travelling at the speedjuantum field in question couples to the metgg,, one
Cphotons If the “freeze out” occurs atv<<H, this implies that ~ would expect,q,nin the previous equation, not least in the
A>Cpnoton/H, @s claimed above. Note that this discussionrelationship betweep,,; and p,p;.
crucially assumes that only gravity is operating. As soon as While we do nothing to mitigate the cosmological con-
interactions between fields are allowed, such as occurs istant problem we also do not encounter the “Planck prob-
inflationary reheating, the Hubble scale is irrelevant for dedem” considered by Coul¢49]. He stressed the fact that in
termining the evolution of modes and modes wiflaH<1 earlier VSL formulationd3,7,10 a varying speed of light
can evolve extremely rapidly without violating causality, asalso affects the definition of the Planck scale. In fact, in the
indeed typically occurs in preheatifng7]. standard VSL one gets two different Planck scaléster-

(56)
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mined by the values af before and after the transitinnThe A second, and perhaps more fundamental, point is that a
number of Planck times separating the two Planck scalescale-invariant spectrum of metric fluctuations on large
turns out to be larger than the number of Planck times sepascales is by no means guaranteed. The spectrum may have a
rating us from the standard Planck era. So, in principle, theearly thermal distribution over those modes for which the
standard fine-tuning problems are even worse in these moddiabatic limit holds tw>1, wherer is the typical time
els. scale of the transition in the refractive indeps3]. If we

In contrast, in our two-metric formulation one has to de-assume that is approximately constant in time during the
cide from the start whicle is referred to in the definition of phase transition, then it is reasonable to expect an approxi-
the Planck length. The definition of the Planck epoch is themately Harrison-Zel'dovich spectrum over the frequencies
scale at which the gravitational action becomes of the ordefor which the adiabatic approximation holds. Extremely
of #. This process involves gravity and does not refer toshort values ofr, or very rapid changes of during the
photons. Therefore, the appearing there is the speed of transition, would be hard to make compatible with the
propagation of gravitons, which is unaffected in our model.present observations. Since a detailed discussion of the final
Hence we have a VSL cosmology without a “Planck prob-spectrum of perturbations ipVSL cosmologies would force
lem,” simply because we have not made any alterations tas to take into account the precise form of theotential
the gravity part of the theory. V(x), (being very model dependgntwe will not discuss
these issues further here.

As final remarks we want to mention a couple of generic
features of the creation of primordial fluctuations ivSL

The inflationary scenario owes its popularity not just to itscosmologies. Since we require inflation to solve the flatness
ability to solve the main problems of the background cos-problem, theyVSL spectrum must be folded into the infla-
mology. It is also important because it provides a plausibletionary spectrum as occurs in standard inflation with phase
causal, micro-physics explanation for the origin of the pri-transitions(see, e.g.[55]). In addition to this also a preheat-
mordial perturbations which may have seeded large-scaliyg phase is conceivable igVSL models if y oscillates
structure. The phase of quasi—de Sitter expansion excites th@herently. This would lead to production of primordial
quantum vacuum and leads to particle creation in squeezeaglagnetic fields due to the breaking of the conformal invari-
states. As the expansion is almost exactly exponential, thesghce of the Maxwell equations.
particles have arfalmost exactly scale-invariant spectrum

with amplitude given by the Hawking “temperaturd/2
[50]. V. FLATNESS

_ In the case ofyVSL the creation of primordial fluctua-  7he fiamess problem is related to the fact that in FLRW
tions is again generic. The basic mechanism can be “nde{:'osmologies th€) =1 solution appears as an unstable point

stood _by ‘r‘nodell_ing the change in the speed of Iight”as n the evolution of the universe. Nevertheless observations
changing “effective refractive index of the EM vacuum.” In geem 19 be in favor of such a value. In this section we will

an FLRW background show that any two-metric implementation of the kind given
in Eq. (14) does not by itself solve the flatness problem, let
= Coravity _ 1 . (57) alone the quasi-flatness probld]. We will also explain
Cphoton V[ 1+ (AM %) (d,x)?] how this statement is only apparently in contradiction with
the claims made by Clayton and Moffat in their implemen-
tations of two-metric VSL theories. Finally we will show
that yVSL can nevertheless enhance any mild SEC violation
originated by an inflaton field coupled ).

D. Primordial fluctuations

Particle creation from a time-varying refractive index is a
well-known effect{51-54* and shares many of the features
calculated for its inflationary counterpae.g., the particles
are also produced as squeezed coypl point out at this
stage that these mechanisms are not identical. In particular, A. Flatness in “pure” yVSL cosmologies
in xVSL cosmologies it is only the fields coupled to the EM
medric that will pr_|mar|Iy be excited. O.f course, Itis CONCeIV- e \when we address the flatness problem. From the Fried-
able, and even likely, that perturbations in these fields will . ;
. ) mann equation we can write

spread to the others whenever some coupling exists. Gravi-
tational perturbations could be efficiently excited if tlye Ke2 K2

field is non-minimally coupled to gravity. e=0-1 =—, (58
H2a2 a2

The question “Whictc are we dealing with?” arises once

4It is important to stress that in the quoted papers the change ovhereK=0,+1. We already know that one cannot simply
refractive index happens in a flat static spacetime. It is conceivabléeplace c— Cyporon in the above equation. The Friedmann
and natural that in an FLRW spacetime the expansion rate couléquation is obtained by varying the Einstein-Hilbert action.
play an important additional role. The results [6f1-54 should ~ Therefore, thec appearing here must be the fixeg iy,
then be considered as precise in the limit of a rapithg&a/a) otherwise the Bianchi identities are violated and Einstein
transition in the speed of light. gravity loses its geometrical interpretation. Thus, we have

103518-11



BASSETT, LIBERATI, MOLINA-PAR,IS, AND VISSER PHYSICAL REVIEW D62 103518

Ke2 . SEC violation$, an assertion we believe to be premature.
,g—rzav“y _ (590  The key observation is that from their E@), and retaining
a (as much as possibl¢heir notation for now, it is easy to see

that
If we differentiate the above equation, we see that purely on

kinematicgrounds

€=

pyp Pmatter Emzw_(z) 62)
- - eff - o2 D X
e=—2KCgra\,ity< %) ——2¢ 3). (60) NI+ R ¢
a a
. 1,
From the way we have implemented VSL cosmoldtyo- Pef= \/1+,8¢ozf)mane,+§m2—2, (63
metric model, it is easy to see that this equation is indepen- c
dent of the photon sector; it is unaffected @ynoton
# Cgravity- 1n€ only way that VSL effects could enter this Pratter ~
discussion is indirectly. Wher o7 Cgraviy the photon (p+3p)e= —2+3pmaner\/1+/3¢p07
contribution top andp is altered. V1+ By
In particular, if we want to solve the flatness problem by 2
makinge=0 a stable fixed point of the evolutidat least for + 2m2£§. (64)

some portion in the history of the univejs¢hen we must c
havea>0, and the expansion of the universe must be accel-
erating(for the same portion in the history of the univexse [Compare also with Eq968) and (72) below] Note that
It is well known that the conditiom>0 leads to viola- because the presentation[BJ is set up in a language where
tions of the SEC/56]. Namely, violations of the SEC are CpnotoniS kept fixed ancty,,iy is allowed to vary, there are
directly linked to solving the flatness problefit is for this  potential translation pitfalls in comparing that presentation to
reason that a positive cosmological constant, which violategut own approach. HefTemaner andf’matter are the matter en-
the SEC, is so useful in mitigating the flatness probJeBy.  ergy density and pressure as measured in an orthonormal
making use of the Friedmann equatio@sS) and (44), this  frame adapted to the electromagnetic metric; they are simply
can be rephrased as calledp andp in the Clayton—Moffat papet.
The key observation is now that the contribution to the
. . SEC arising from the VSL vector field is positive, and if the
. 47TGN6W“’“Z (e+3p)) ordinary matter has positive pressure and energy density,
€=2¢ 3HC2 : (61)  then there is no possibility of violating the SEC. This is
gravity perhaps a little easier to see(ds is usual in the rest of the
current paperwe go to an orthonormal frame adapted to the
gravity metric, in that case

In our bi-metric formalism the photon energy densityand
photon pressure are both positive, and from E@35) it is
then clear that alse+ 3p will be positive. This is enough to
guarantee no violations of the SEC. This means that bi- 1 zlﬂg

metric VSL theories are no better at solving the flatness Peff= Pmatter™ 5 M 2’ (69)
problem than standard cosmologicahon-inflationary

FLRW models. To “solve” the flathess problem by making

e=0 a stable fixed point will require some SEC violations - 1 21//(2)
and cosmological inflation from other non-photon sectors of Pef= Pmatiert 5 M 2 (66)
the theory.
B. Flatness in the Clayton-Moffat i ¥
. Flatness In the Clayton-iviottat scenarios
y (P+3p)eﬁ:(Pmatter+3pmatt89+2m2§- (67)

In relation to the preceding discussion, we now wish to
take some time to distinguish our approach from that of Mof-
fat[1-3] and Clayton-Moffaf5,6]. The two clearest descrip- The contribution to the SEC arising from the VSL vector
tions (of two separate VSL implementations, a vector-basedield is manifestly positive, and because of the form of the
approach and a scalar-based approagpear in the recent stress-energy tensor, it is clear that the VSL vector field does
paperg5,6]. not mimic a cosmological constant. Again, if the ordinary

matter has positive pressure and energy density, then there is
1. The vector scenario no possibility of violating the SEC.

Let us first consider Clayton and Moffat&ctorscenario
as discussed ifb]. In this paper Clayton and Moffat claim to
be able to solve the flatness problem directly from their VSL Swe wish to thank M. A. Clayton and J. W. Moffat for helpful
implementationequivalent to asserting that they can inducecomments on these translation issues.
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2. The scalar scenario That is

In Clayton and Moffat'sscalarscenarid 6] the discussion 2
of the relationship between SEC violations is more nuanced, (e+3p), _ 1_3Cphoton e (71)
and we find ourselves largely in agreement with the point of Plinftaton 2 inflaton-
view presented in that paper. Indeed, subtract(&@). of that
paper from Eq(31) and divide by two to obtairffollowing  Thus, any “normal” inflation will be amplified during a
the notation of that papgr VSL epoch. It is in this sense that VSL cosmologies heteroti-
cally improve standard inflationary models.
) 1, 1., oM We can generalize this argument. Suppose the “normal”
C°A+ 3¢ V() - g¢’ - W+3PM\/|_ : matter, when viewed from an orthonormal frame adapted to
(68  the electromagneticmetric, has energy density and pres-
surep. From our previous discussidiEgs. (31)—(33)] we
The quantityl is defined in Eq(15) of that paper and satis- deduce
fies 1>1, so that the square root is well defined,
(VI > Cphotor/ Cgravity WheN mapped to our notatignlf the
“ordinary” matter (py, py) is indeed “ordinary” (py
>0, py>0), the only possible source of SEC violations
(and inflation) is from the explicit cosmological constant or [Compare with Eqs(64) and (68) above] In particular, ifp
from letting the VSL field ¢ in their notation, which be- s slightly negative, VSL effects can magnify this to the point
comesy in ours act as an inflaton field. Alternatively, ffy  of violating the SEC(defined with respect to the gravity
is slightly negative and is large, the effect of this negative metrig). It is in this sense that two-metric VSL cosmologies
pressure is greatly enhanced, possibly leading to SEC violgrovide a natural enhancing effect for negative pressures
tions. (possibly leading to SEC violationseven if they do not
We conclude from the previous discussion that two-provide the seed for a negative pressure.
metric VSL cosmologies do not automatically solve the flat-  \We point out that this same effect makes it easy to violate

ness problem—to solve the fla_tness p'roblem one needs 19 ihe energy conditions. Ifi,p) satisfy all the energy con-
make the universe expand rapidly, which means that thergitions with respect to the photon metric, and provigets

are SEC violationgwith respect to thgravity metric). . . )
Though we disagree witrlclJ Claytongnd Myoffat on the tech—Only slightly negative, then VSL effects make it easy for
(e,p) to violate all the energy conditions with respect to the

nical issue of whether two-metric VSL cosmologies can au- 4 . o . .
avity metric—and it is the energy conditions with respect

tomatically solve the flathess problem, we do wish to emphagr X . : .
sise that we are largely in agreement with those papers oQ the gravity metric that are relevant to the singularity theo-

other issues—in particular, we strongly support the two-T€mS, positive mass theorem, and topological censorship
metric approach to VSL cosmologies. Furthermore, as Wéheorem.

will now discuss, we agree that two-metric VSL cosmologies

naturally lead to an amplification of any inflationary tenden- VI. THE ENTROPY PROBLEM

cies that might be present in those fields that couple to the It is interesting to note thatat least in the usual frame-

photon metric. work) the two major cosmological puzzles described above
(isotropy/horizon and flatnessan be reduced to a single
C. Flatness in heterotic(inflaton+xVSL) models problem related to the huge total amount of entropy that our
To conclude this section we will show how two-metric Universe appears to have todgg7-59,16. If we defines

VSL cosmologiesnhanceany inflationary tendencies in the <T° the entropy density associated with relativistic particles

matter sector. Let us suppose that we have an inflaton fieland S=a(t)s the total entropy per comoving volume, then

coupled to theslectromagnetienetric. We know that during it is easy to see from the Friedmann equatid8) that

the inflationary phase we can approximately write

Cgravity

w| =

5
R

Cyravit Cphoton-
e+3p= g 4 3%, (72)
Cphoton Cgravity

v v Z_M 73
Tinflaton™ Jem - (€9 - H2(Q-1) 9
We have repeatedly emphasized that it is important to defing
; . nd so
the physical energy density and pressusef) as the appro-
priate components of the stress-energy tensor when referred Ke2 13
to an orthonormal basisf the metric that enters the Einstein — | _oravity (74)
equation The condition T/ o< 9am, When expressed in H%(Q—-1)

terms of an orthonormal basis of the metgi@asserts
The value of the total entropy can be evaluated at the present

Czh . time and comes out to b8>10°". One can then see that
Pinflaton= — g—oon Einflaton- (70)  explaining whyQ~1 (the flatness problejis equivalent to
Cyravity explaining why the entropy of our universe is so huge.
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In a similar way one can argu@t least in the usual However, they correction toge,, corresponds to a dimen-
framework that the horizon problem can be related to thesion twelve operator, which is highly non-renormalizable.
entropy probleni57-59. In order to see how large the caus- The vector model of Moffaf5] is a dimension eight opera-
ally connected region of the universe was at the time otfor. Nevertheless, for energies beldit is difficult to argue
decoupling with respect to our present horizon, we can comwhy either of these operators will not be negligibly small
pare the particle horizon at timefor a signal emitted at relative to dimension five operators, which would cause
=0, I(t), with the radius at same timg(t), of the region single body decays of thg field. While it is possible that
which now corresponds to our observed universe of radiuthese dimension five operators are absent through a global
Loresent The fact that(assuming insignificant entropy pro- symmetry[60], or the lifetime of they bosons is extremely
duction between decoupling and the present epochlong, we will see later that such non-renormalizable interac-
(Ih/L)3|tdecoup"ng<1 is argued to be equivalent to the horizon tions with the standard model give rise to serious constraints.

problem. Once again, a mechanism able to greatly incr8asefor the time being we neglect single-body decays, and we

via a non-adiabatic evolution would also automatically leadcan imagine two natural dark-matter candidates, with the

to the resolution of the puzzle. added advantage that they are distinguishable and detectable,
xVSL cosmologies evade this connection between the hoat I€ast in principle. o _ _

rizon and flatness puzzles: We have just seen that although () If V(x) has a quadratic minimum, the field will

the horizon problem is straightforwardly solved, it is impos-0scillate about this minimum and its average equation of

sible to solve the flathess d||emmat least in pureyVSL State W|” be that of dust. This ImpIIeS that tl}efleld will

mode|3' To understand how this may happen is indeed Ver)behave like axions or cold dark matter. S|m|lar|y if the po-

instructive. tential is quartic, the average equation of state will be that of
First of all, we can try to understand what happens to théadiation. _ _ o
entropy per comoving volum8=a3(t)s. In the case of in- (i) If V(x) has quintessence form, with no local mini-

mum but a global minimum g¢—-ce. A typical candidate is
a potential which decays to zero at largéless rapidly than
an exponentialwith V(y)>Ae X for A>0.

These two potentials lead to interesting observational im-
plications for the low-redshift universe which we now pro-
ceed to analyze and constrain.

flation we saw that the non-adiabatic evoluti®# 0 was due
to the fact that although the entropy densities do not signifi
cantly changesSyeiore™ Satter thanks to reheating, nevertheless
the enormous change in scale fact(te) = eXd H(taster
—tpeford |- @(tpeford drives an enormous increase in total en-
tropy per comoving volume(Here “before” and “after”
are intended with respect to the inflationary phpase. ) o )

In our case(bimetric VSL modelsthe scale factor is un- A. Clustering and gravitational lensing
affected by the transition in the speed of light if thdield is It is interesting to note that the effective refractive index
not the dominant energy component of the universe. Insteagle introduced in Eq(57) may depend, not just on time, but
what changes is the entropy densityAs we have seen, a also on space and have an anisotropic structure. In particular
sudden phase transition affecting the speed of light inducege dispersion relation of photons in an anisotropic medium
particle creation and raises both the number and the averageads
temperature of relativistic particles. Therefore one should ex- -
pect thats grows astpnotor— Cgravity- w?=[n"?]"kik;, (75)

From Eq.(54) it is clear that the increased speed of light o
is enough to ensure a resolution of the horizon problem@nd from the above expression it is easy to see that the gen-
regardless of what happens to the entropy. At the same tim@g@lization of Eq(57) then takes the form
one can instead see that the flatness problem is not solved at S0 ] gl att

. oo . 3 13 [n ]]_gerr”gem' (76)

all. Equation (74) tells us that it is theratio SH*/s~a
which determines the possibility of stretching the universe. Scalar fields do not support small scale density inhomo-
Unfortunately this is not a growing quantity in the standardgeneities(largely irrespective of the potentjalThis implies
model as well as ipure bi-metric VSL theory. Once again that the transfer function tends to unity on small scales and
only violations of the SECZ>0) can lead to a resolution of the scalar field is locally identical to a cosmological constant.
the flatness problem. However, on scales larger than 100 Mpc, the scalar field
can cluste61]. During such evolution botty#0 andd, x
#0 will hold. This would lead to deviations from E7),
as the ratio between the two speeds of light will not be only

At this point, it is important to note that due to the naturea function of time.
of the interaction(11), the y field appears unable to decay  For instance, let us suppose we are in a regime where time
completely. Decay of thg field proceeds via —2y and  derivatives ofy can be neglected with respect to spatial de-
hence, once the density of bosons drops considerably, rivatives. Under these conditions the EM metric reduces to
“freeze-out” will occur and they field will stop decaying.

VII. OBSERVATIONAL TESTS
AND THE LOW-REDSHIFT xVSL UNIVERSE

This implies that they field maybe dynamically important at gt = 9u=—ul, (77)
low-redshift if its potential is such that its energy density em 4
drops less rapidly than that of radiation. gij =9ij— (AM™%)d;xd;x. (78)
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From Eq.(76) this is equivalent to a tensor refractive today cynotor~ Ce- <10 *° [40]. The reverse possibility—
index n;;, with which is impossible in our model | iR>0 in Eq. (2)—is
_a less constrained, but the absence of vacuum Cherenkov ra-
g”-—(AI|\/I |)‘9iX‘91X (79 ~ diation with electrons up to 500 GeV implies that-
Ot

— Cphotor< 5X 1073 Similar constraints exist which place
This tensor refractive index may lead to additional lensing b

upper limits on the differences in speeds between other
"9 BYcharged leptons and hadrof#0,68. These will generally

large-scale structure, over and above the usual contributiogy o, one to constrain models I—Ill, but we will not consider

from gravitational lensing62)]. such constraints further.

[n?];;=

B. Quintessence and long-range forces 4. Non-renormalizable interactions with the standard model

Another natural application is to attempt to use thizeld Our xVSL model is non-renormalizable and hence one

as the source of the “dark energy” of the universe, the pu-expects an infinite number di-scale suppressed, dimension
tative source of cosmic acceleration. This is attractive for itSive and higher, interactions of the form

potential to unify a large number of disparate ideas, but is

severely constrained as well. X"
Bi _n i (80)
1. Constraints arising from variation of the fine-structure M
constant

) ) ) where B; are dimensionless couplings of order unity afyd
As noted in the Introduction, a change@foonwill cause s any dimension-four operator such B&F .

a variation in the fine-structure constant. Such variation is  For sub-Planckiany-field values, the tightest constraints
very constrained. We point out two particularly interestingypjcally come fromn=1 (dimension five operatorsnd we
constraints. The first, arising from nucleosynthei€i8], is  focus on this case. The non-renormalizable couplings will
powerful due to the extreme sensitivity of nucleosynthesis tq.ayse time variation of fundamental constants and rotation of
variations in the proton-neutron mass difference, which inpe plane of polarization of distant sourcgs9]. For ex-
turn is sensitive tax. This places the tight constraint that gmple, with Locp=Tr(G,,G*"), whereG,,, is the QCD
|a/a|<10"**yr~1. However, this is only a constraint on field strength, one finds the strict lin{it0]
Cphotor Cphoton If NO Other constants appearing i are al-

lowed to vary. Further we have assumedwas constant

througlh nucleosynthe&s.. . . which, importantly, isy independent.

A S|m|]ar caveat applies to othgr_constralnts one derives If one expects thatB;|=0(1) on general grounds, then
for variations 'o'fcphoto,)through variations .Oh' Other tQStS this already provides as strong a constraint on our model as it
are only sensmve_ to integrated qhangegxlrmver long time does on general quintessence models. This constraint is not a
scale_se. At redshifte< 1. constraints exist thatda/ a|<_37 problem if there exist exact or approximate global symme-
X 10" (quasar absorption spectf@4]) and[Aa/a|<10 tries [60]. Nevertheless, without good reason for adopting
(Oklo natural reactof6s)). such symmetries this option seems unappealing.

Another dimension five coupling is given by E&0) with
Lg2=F, F*” which causes time-variation ia. Although

Unless we choose the unattractive solution thdies at  there is some evidence for thi49], other tests have been
the minimum of its potential but has non-zero enefigy., an  negative as discussed earlier. These yield the consfiéiht
explicit A term), we are forced to suggest thgt= 0 today )
and V(y) is of the forme ™ or y " [66]. In this case, | Be2| <107 8(MH/(x)). (82
gravitons and photons do not travel at the same speed today.

The difference in the two velocities is rather constrained byClearly this does not provide a constraint gi'SL unless
binary pulsar data to be less than 1%8]; i.e., [ngm— 1| we envisage thay# 0 today as required for quintessence. If
<0.01. x has been at the minimum of its effective potential since
aroundz<5, then neither this, nor the binary pulsar, con-
3. High-energy tests of VSL strain YVSL models. The CMB provides a more powerful
Constraints on our various actiorg—S,;, also come Probe of variation of fundamental constants and hence pro-

from h|gh energy experimentsl In modb| photons travel vides a test Oﬁ(VSL if X did not reach its minimum before
faster than any other fields. This would lead to perturbationg=1100[71].
in the spectrum of nuclear energy leve&y]. Another interesting coupling i€r«g=F,,*F*”, where
Similarly, high energy phenomena will be sensitive to *F is the dual ofF. As has been notel®0], this term is not
such speed differences. For example,ifoon™ Ce-, the pro-  suppressed by the exact global symmeyry x + constant,
cessy—e +e" becomes kinematically possible for suffi- since it is proportional to{(,,x)A,* F*”. A non-zeroy leads
ciently energetic photons. The observation of primary costo a polarization-dependent() deformation of the disper-
mic ray photons with energies up to 20 TeV implies thatsion relation for light

| B2l <10"(M/M pianci (81)

2. Binary pulsar constraints
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02=K2+ Bexp(XKIM). (83) some very strange p(_acu!iarities of its own. Ir_1 particular, once
Cphotori” Cgraviy COMplications may appear in rather unex-

. ) . ~ pected places.
If x# 0 today, the resulting rotation of the plane of polariza-

tion of light traveling over cosmological distances is poten-
tially observable. Indeed claims of such detection €xi&i. ACKNOWLEDGMENTS
However, more recent data is consistent with no rotation
[73,74). Ruling out of this effect by high-resolution observa-  B.B. thanks John Barrow, Kristin Burgess, Alan Guth,
tions of large numbers of sources would be rather damninROy Maartens, Nazeem Mustapha, and Joao Magueijo for
for quintessence but would S|mp|y restrict Wé|e|d to lie at discussions and/or comments on drafts, and the Newton In-
its minimum, i.e.,A y=0 for z<2. stitute for hospitality. S.L. wishes to thank Carlo Bacciga-
On the other hand, a similar and very interesting effectupi, Julien Lesgourgues, and Sebastiano Sonego for useful
arises not fromy but from spatial gradients of at low- discussions and remarks. We also wish to thank M. A. Clay-
redshifts due to the tensor effective refractive index of spacet-(?n and J. W. qufat. for their interest, and 'for useful discus-
time. sions on translation issues. The authors wish to acknowledge
the important contributions made to their work by Professor
VIIl. DISCUSSION Dennis W. Sciama. Dennis is deeply missed by his family,
) ) ) friends, and colleagues. This research was supported in part
In this paper we have tried to set out a geometricallypy the Newton Institute, Cambridge, during the program
consistent and physically coherent formalism for discussingsiyycture Formation in the Universe(B.B.), by the Italian
variable speed of lightvSL) cosmologies. An important ob-  winistry of Science(S.L), and by the US Department of
servation is that taking the usual theory and simply replacingnergy(C.M.p_ and M.V). In addition B.B., C.M.P., and
c—c(t) is more radical a step than strictly necessa@ne  \jv. wish to thank SISSA(Trieste, Italy for support and
either ends up with a coordinate change which does not akgpjtality. C.M.P. and M.V. also thank LAEREaboratorio
fect the physics, or one is forced to move well outside theje Astrofsica Espacial y Wica Fundamental, Madrid,

usual mathematical framework of Lorentzian differential ge-gpain for hospitality during various stages of this research.
ometry. In particular, replacing—c(t) in the Einstein ten-

sor of an FLRW universe violates the Bianchi identities and

energy conservation and destroys the usual geometrical in- AppPENDIX: VARYING Cgravity » KEEPING Cppoon FIXED
terpretation of Einstein gravity as arising from spacetime

curvature. We do not claim that such a procedure is neces- In contrast with the main thrust of this paper, we will now
sarily wrong, but point out that it is a serious and fundamenask what happens if we kee@ynqon fixed, while letting
tal modification of our usual ideas. Cgravity Vary. This means that we are still dealing with a two-

In contrast, in the class of VSL cosmologies presented Metric theory, and so it still makes sense to define VSL in
in this article, where the Lorentz symmetry is “softly bro- terms of the ratioCpnion/ Cgravity- KEEPING Conoton fixed has
ken,” the “geometrical interpretation” is preserved, and the the advantage that the photon sediar more generally the
Bianchi identities are fulfilled. In particular, these “soft entire matter sectphas the usual behavior. However a vari-
breaking” VSL scenarios are based on straightforward exable Cqayiry has the potential for making life in the gravity
tensions of known physics, such as the Scharnhorst effegector rather difficult.
and anomalous electromagnetic propagation in gravitational To make this model concrete, consider a relationship be-
fields, and so represent “minimalist” implementations of tween the photon metric and the gravity metric of the form
VSL theories. Indeed, these non-renormalizable VSL-
inducing couplings should exist in supergravity theories, _
though%hey V\F/JOU% be expected to be nepgligible gt low ener- [9gravitap=[Gemlapt (AM ™)V xVpx, (A1)
gies.

In this article, we have argued for the usefulness of a,
two-metric approach. We have sketched a number of twog
metric scenarios that are compatible with laboratory particle
physics, and have indicated how they relate to the cosmo-
logical puzzles. We emphasize that there is considerable
freedom in these models, and that a detailed confrontation Sv= f d*X\/ = Ggravity R(Igravity)
with experimental data will require the development of an
equally detailed VSL model. In this regard VSL cosmologies 4
are no different from inflationary cosmologies. Since the +f d*XV = Gem Lmattef Jem: ¥, X)), (A2)
models we discuss are non-renormalizable however, there
may be interesting implications for the low-redshift universe
through gravitational lensing and birefringence. where the matter Lagrangian now includegerythingnon-

VSL cosmologies should be seen as a general scheme fgravitational and the field. The matter equations of motion
attacking cosmological problems. This scheme has somare the usual ones and it makes most sense to define the
points in common with inflationary scenarios, but also hasstress-energy tensor with respect to the photon mefrttat

here we now take, as fundamental, andgairy as the
erived quantity. We postulate an action of the form
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is, userrMV as the primary quantit)/.The Einstein equation is ThOUgh minor technical details differ from the approach

modified to read adopted in this papercf,yiy fixed, C noon Variable, the re-
sults are qualitatively similar to our present approach. We
/ggravityGW =Ter. (A3) will for the time being defer further discussion of this possi-
gem ggravity=gem+AM74VX®VX b|||ty
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