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Quintessence and the Rest of the World: Suppressing Long-Range Interactions
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A nearly massless, slowly rolling scalar fiell may provide most of the energy density of the
current Universe. One potential difficulty with this idea is that couplings to ordinary matter should
lead to observable long-range forces and time dependence of the constants of nature. | explore the
possibility that an approximate global symmetry serves to suppress such couplings even further. Such a
symmetry would allow a coupling ap to the pseudoscaldr,, F*” of electromagnetism, which would
rotate the polarization state of radiation from distant sources. This effect is fairly well constrained,
but it is conceivable that future improvements could lead to a detection of a cosmological scalar field.
[S0031-9007(98)07343-8]
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Recently a number of pieces of evidence, especiallyabout the structure of the theory at high energies, the
studies of the Hubble diagram for type-la supernovae [1]couplingsgB; are expected to be of order unity.
have lent support to the idea that the Universe is domi- The mass parameted/, meanwhile, represents the
nated by a smooth component with an effective negativenergy scale characterizing the phenomena which we have
pressure, leading to an accelerating expansion. While thategrated out to obtain the low-energy description. We
most straightforward candidate for such a component isannot specify it with precision, but it should not be
the cosmological constant [2], a plausible alternative ishigher than the scale where quantum gravity becomes
dynamical vacuum energy, or “quintessence” [3,4]. relevant—not only may there be new particles at this

A number of models for quintessence have been pugnergy, but exotic effects such as wormholes and virtual
forward, the most popular of which invoke a scalar fieldblack holes become relevant [6]. With this in mind,
in a very shallow potential, which until recently was over-the limits in this paper will be quoted in terms of the
damped in its evolution by the expansion of the Universereduced Planck mas¥p ~ 10'® GeV, but cases could
For generic potentials the requisite shallowness impliebe made for values as high as the traditional Planck mass
that excitations of the field are nearly masslesg, = G~ /2 ~ 10! GeV or as low as the unification scale
JV($)/2 = Hy ~ 10733 eV. To provide the necessary Munit ~ 10'¢ GeV (for example, in the phenomenologi-
energy density, the present value of the potential mustally attractive regime oM theory compactified on an
be approximately the closure density of the Universejnterval [7]).
V(po) ~ (1073 eV)*, so the field itself will typically The scalar force mediated lywill not obey the equiva-
be of the order ofp, ~ 10'® GeV ~ Mp = (87G)~/2,  lence principle (which is compatible only with forces
whereMp, is the reduced Planck mass. (These estimategiediated by spin-two fields), and hence is constrained
can be dramatically altered in models with more compli-by E6tvOs-type experiments. Set al.[8] have found
cated dynamics [5].) that the differential acceleration of various test bodies,

The exchange of very light fields gives rise to forcesin the direction of the sun, is less thar0~'* times
of very long range, so it is interesting to consider thethe strength of gravity. Such limits can be translated
direct interaction of the quintessence figkdto ordinary  into constraints on the dimensionless couplings for
matter. Although it is traditional to neglect (or set to example, we may calculate the charge on a test body due to
zero) the couplings of this light scalar to the standarda couplingBs:(¢p/M)Tr(G,,G*"), whereG,,, is the field
model, we expect that our low-energy world is describedstrength tensor for QCD (cf. [9]). Although it is difficult
by an effective field theory obtained by integrating outto compute QCD matrix elements to high precision, the Su
degrees of freedom with momenta larger than some mas¥ al. results can be used to place a conservative upper limit
scale M, in which case it is appropriate to include

. . . . M

nonrenormalizable interactions suppressed by appropriate |Bg:| = 10 4(—) (2)
inverse powers ofM. For example,¢ can couple to Mpi

standard-model fields via interactions of the form - . . . .
Similar considerations constrain other couplings, although
Bi ¢ L, (1) typically not quite as well (see, e.g.,'[lo]). o
M A related phenomenon is the time variation of the
where B; is a dimensionless coupling and; is any constants of nature. For the dynamical nature ¢of
gauge-invariant dimension-four operator, suclfasF#”  to be relevant today, we expect a changedinof the
or iyy*D,. In the absence of detailed knowledge order of Mp over cosmological time scaleg ~ Hy L.
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In that case, a coupling such 8p:(¢p/M)F ., F*” Nevertheless, although our current understanding of
will lead to evolution of the fine structure constant quantum gravity and string theory leads us to believe
«a. Various observations constrain such variation. Foithat global symmetries are generically violated, it is
example, isotopic abundances in the Oklo natural reactdnsufficient to say with confidence that the resulting
imply that|a/a| < 10713 yr~! over the pas2 X 10° yr  violations are in some sense large (in our context, that the

[11]; this leads to the limit parameterg3; are of order unity). For example, although
string theory has no exact global symmetries, it does

8| = 106(@) (3) have axionlike fields with an approximate Peccei-Quinn
() symmetry. It may also be the case that pure quantum-

. gravity effects are nonperturbative and suppressed by
where{¢) is the average rate of change #fin the past ¢S5, where the actior§ can be large in specific models.
2 X 10° yr. [There has also been a claimed detection oKallosh et al. investigated this possibility in the context
a difference between the fine structure constant today amaf axions in the presence of wormholes [16]. They
at a redshift; = 1 [12]; given the preliminary nature of found that the action was sensitively dependent on the
the claimed detection, it is safest to rely on the limit (3).] structure of spacetime on small scales, and there could
Again, changes in other couplings are also constrained. be sufficient suppression of global-symmetry violating
There is clearly good evidence against the existenceffects to salvage axions as a solution to the str6ig
of a nearly massless scalar field coupled to the standaggroblem (which is a much greater suppression than that
model via nonrenormalizable interactions with strength ofnecessary to satisfy the bounds on fhés above).
the order of1/Mp;. It would be premature, however, Evidently it is hard to estimate reliably the degree to
to conclude that the idea of quintessence is ruled outyhich an approximate global symmetry can consistently
as we may consider imposing symmetries which prevenbe invoked in a world with gravity. Given the tentative
the couplings considered thus far. An exact continuousharacter of our current understanding, we should take
symmetry of the form¢ — ¢ + const is clearly not seriously the possibility that the quintessence field has
appropriate, as it would not allow for a nontrivial potential avoided direct detection because the couplings considered
V(¢). An alternative possibility is a discrete symmetry, above are suppressed by such a symmetry.
for example, of the form¢ — —¢; this would forbid An important consequence of this viewpoint is that
terms linear in¢ and could arise from spontaneously interactions which are invariant undér— ¢ + const—
broken gauge symmetries [13]. However, in the caséhat is, derivative couplings ap —should be present with
at hand, discrete symmetries appear to be ineffective, aouplingsg; of order unity. The derivative term of lowest
they themselves are spontaneously broken. (The fieldimension that could multiply an arbitrary gauge-invariant
¢ is expected to be displaced from the fixed pointscalar operator would be“”V,V, ¢; however, we would
of the symmetry, so an effective linear term will be expect this dimension-three term to be dividedMy and
unsuppressed.) hence lead to negligible effects. The other possibility is to
We are therefore left with the possibility of approxi- couple¢ /M to a total derivative, which after integration
mate global symmetries of the forth— ¢ + const. In- by parts is equivalent to a coupling @,¢. The only
deed, such symmetries are invoked in pseudo-Goldstorslowed term in the standard model is
boson (PGB) models of quintessence [4], as an expla- N
nation for the naturalness of the small masg: in the B.~ ﬂp F;w = ﬂ[—(am)K” + 9, (pKM)],
limit as the symmetry is exact, this mass goes to zero. ‘' M M
This same effect could explain the small values of the di- (4)
mensionless couplings;. In this sense, the PGB models
are more likely than those based (for example) on modul‘lﬁ’here FIMV is the electromagnetic field strength tensor,
fields; in the latter set of theories, the scalar field repF*” = 3€#"77F,, is its dual, andK# = 24, Frr. The
resents a flat direction which typically does not generatélivergence term on the right-hand side of (4) contributes
any symmetry with a potential generated solely by nona surface term to the action, which vanishes for fields
perturbative effects. There is no apparent reason for thehich fall off at infinity. Therefore this interaction does
Bi’s to be small in such models. represent a derivative coupling, and respects the symmetry
An objection to this scenario is that quantum-gravity¢ — ¢ + const.
effects do not respect global symmetries. It is known, for Such a coupling can lead to potentially observable
example, that there are no unbroken global symmetries iaffects. SinceF,, F*” is a pseudoscalar quantity, it does
string theory [14]. Furthermore, the induced interactionsnot accumulate coherently in a macroscopic test body
mentioned above from wormholes and virtual black holesand hence does not give rise to appreciable long-range
are constrained solely by gauge symmetries [6]. Theséorces (although one can consider tests using polarized
symmetry-breaking effects have been suggested as probedies [17]). However, a spatially homogeneous but
lems for axion and texture theories [15]. slowly varying ¢ field would rotate the direction of
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polarization of light from distant radio sources [18]. Thelyzed in [23]), withAy = 2° % 3°, provides an interest-
dispersion relation for electromagnetic radiation in theing limit on any substantial rotation at high redshifts.
presence of a time-dependeut becomesw? = k> = Does Eq. (5) constitute a good limit? We expdagt to
(B.z/M)pk, where = refer to right- and left-handed be of the order ofifp;, so the factot /|A¢| is likely to
circularly polarized modes, respectively. If we defipe be less than or of order unity. However, whlex 1072
to be the angle between some fiducial direction in thds less than 1, it is not remarkably less; we might imag-
plane of the sky and the polarization vector from anine that dimensionless constants conspire to make
astrophysical source, then in the WKB limit where thenaturally smaller than this value even without suppres-
wavelength of the radiation is much less than thaof sion by some symmetry. For example, couplings of the
the difference in group velocity for the two modes leadsform (4) can arise through triangle graphs in ordinary
to a rotationA y = (BF;/M)Aqﬁ. field theories (i.e., even disregarding the possibility of ex-
Such a rotation is potentially observable, as distanbtic quantum gravitational effects); such graphs lead to
radio galaxies and quasars often have a well-defined relg8 ~ = Na /47, where « is the fine structure constant
tionship between their luminosity structure and polariza-and N is a dimensionless factor which depends on the
tion structure [19]. In the wake of a claim that a dipole field content of the model. Since/47m ~ 6 X 1074, it
pattern of rotations (in contrast to the monopole patterrs by no means implausible that the interaction under con-
expected from a homogeneous scalar field) was present gideration could exist but has evaded detection thus far.
existing data [20], it was pointed out that more recent obThis raises the exciting possibility that improvements in
servations provide a stringent upper limit on any such efthe limits from radio galaxy polarization measurements
fect [21,22]. It is a straightforward exercise to use theseould lead to a detection of quintessence. Since the rele-
same data to place upper limits on the magnitude of gant observed quantity is an angle, it is hard to imagine
direction-independent pattern of rotations. As an examsignificant contamination by systematic errors, so the ob-
ple, Fig. 1 shows the data given by Leahy [21] ),  servation of a large number of sources can be expected to

plotted as a function of redshift. _ improve these limits substantially.

Simply taking the mean value all of the points (for  ynfortunately, the existence of a potentially detectable
which the mlnlmu_m_redghlft ig = 0.425) yield (Ay) = coupling of the form (4) can be avoided in certain models.
—0.6° = 1.5°. This implies a bound This follows from noting that the analogous term for

L M the strong interactionsﬂG5(¢>/M)Tr(G,wGW), is not
B3 =3 X 10 <—> (5) invariant under¢ — ¢ + const due to the existence of
[Ag| ¢ : A , :
opologically nontrivial field configurations. The surface
where A¢ is the change iny between a redshift = term which could be neglected in electromagnetism would

0.425 and today. From the figure, it is evident that thereceive contributions from QCD instantons, leading to

. 2 .
single source 3C 9 at a redshift= 2.012 (originally ana- & mass foré proportional to 8 ~(Agcp/M) (just as
for the QCD axion). As this mass is likely to be

much larger than the desired valug, ~ 1073 eV, it is
incompatible with the desired properties of quintessence.
- - In a grand unified model for which both electromagnetism
- s and the strong interactions derive from a single simple
r 1 gauge group, any gauge-singlet field which couples to
50 = l F,,F*¥ should also couple to TG ,,G*") [24]. In the

i minimal SU(5) grand unified theory, for example, the
| appropriate lowest-dimension gauge-invariant operator to

L % %ﬁ} 4 which ¢ could couple is TiV,,V*”), whereV,, is

————————————————— k- the SU(5) field strength. After spontaneous symmetry

1 breakdown this term includes a unique linear combination

i 1 Tr(GL,G*") + %FWFW with which ¢ could interact.

7 Since the coupling to the QCD term must be suppressed,

the electromagnetic coupling will be suppressed as well.

i This argument undoubtedly diminishes the aura of in-

L i evitability surrounding a coupling of the form (4), but

. - by no means precludes its existence. A simple way out

T R B is to imagine that SU(3) and U(1) are not unified in a
0 0.5 15 2 simple gauge group, in which case there is no necessary

redshift z relationship between the QCD and electromagnetic cou-
FIG. 1. Rotation of polarization vector vs redshift. plings. Such a scenario may be natural in string theory,
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