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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 fieldf 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. I explore
possibility that an approximate global symmetry serves to suppress such couplings even further. Suc
symmetry would allow a coupling off to the pseudoscalarFmn

eFmn 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 fiel
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Recently a number of pieces of evidence, especia
studies of the Hubble diagram for type-Ia supernovae [1
have lent support to the idea that the Universe is dom
nated by a smooth component with an effective negati
pressure, leading to an accelerating expansion. While t
most straightforward candidate for such a component
the cosmological constant [2], a plausible alternative
dynamical vacuum energy, or “quintessence” [3,4].

A number of models for quintessence have been p
forward, the most popular of which invoke a scalar fiel
in a very shallow potential, which until recently was over
damped in its evolution by the expansion of the Univers
For generic potentials the requisite shallowness impli
that excitations of the field are nearly massless,mf ;p

V 00sfdy2 # H0 , 10233 eV. To provide the necessary
energy density, the present value of the potential mu
be approximately the closure density of the Univers
V sf0d , s1023 eV d4, so the field itself will typically
be of the order off0 , 1018 GeV , MPl ­ s8pGd21y2,
whereMPl is the reduced Planck mass. (These estimat
can be dramatically altered in models with more compl
cated dynamics [5].)

The exchange of very light fields gives rise to force
of very long range, so it is interesting to consider th
direct interaction of the quintessence fieldf to ordinary
matter. Although it is traditional to neglect (or set to
zero) the couplings of this light scalar to the standar
model, we expect that our low-energy world is describe
by an effective field theory obtained by integrating ou
degrees of freedom with momenta larger than some ma
scale M, in which case it is appropriate to include
nonrenormalizable interactions suppressed by appropri
inverse powers ofM. For example,f can couple to
standard-model fields via interactions of the form

bi
f

M
Li , (1)

where bi is a dimensionless coupling andLi is any
gauge-invariant dimension-four operator, such asFmnFmn

or ic̄gmDmc. In the absence of detailed knowledge
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about the structure of the theory at high energies, t
couplingsbi are expected to be of order unity.

The mass parameterM, meanwhile, represents the
energy scale characterizing the phenomena which we h
integrated out to obtain the low-energy description. W
cannot specify it with precision, but it should not b
higher than the scale where quantum gravity becom
relevant—not only may there be new particles at th
energy, but exotic effects such as wormholes and virtu
black holes become relevant [6]. With this in mind
the limits in this paper will be quoted in terms of th
reduced Planck massMPl , 1018 GeV, but cases could
be made for values as high as the traditional Planck m
G21y2 , 1019 GeV or as low as the unification scal
Munif , 1016 GeV (for example, in the phenomenologi
cally attractive regime ofM theory compactified on an
interval [7]).

The scalar force mediated byf will not obey the equiva-
lence principle (which is compatible only with force
mediated by spin-two fields), and hence is constrain
by Eötvös-type experiments. Suet al. [8] have found
that the differential acceleration of various test bodie
in the direction of the sun, is less than10212 times
the strength of gravity. Such limits can be translate
into constraints on the dimensionless couplingsbi; for
example, we may calculate the charge on a test body du
a couplingbG2 sfyMdTrsGmnGmnd, whereGmn is the field
strength tensor for QCD (cf. [9]). Although it is difficult
to compute QCD matrix elements to high precision, the
et al. results can be used to place a conservative upper li

jbG2 j # 1024

√
M

MPl

!
. (2)

Similar considerations constrain other couplings, althou
typically not quite as well (see, e.g., [10]).

A related phenomenon is the time variation of th
constants of nature. For the dynamical nature off

to be relevant today, we expect a change inf of the
order of MPl over cosmological time scalest0 , H21

0 .
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In that case, a coupling such asbF2sfyMdFmnFmn

will lead to evolution of the fine structure constan
a. Various observations constrain such variation. F
example, isotopic abundances in the Oklo natural reac
imply that j Ùayaj , 10215 yr21 over the past2 3 109 yr
[11]; this leads to the limit

jbF2 j # 1026

√
MH0

k Ùfl

!
, (3)

wherek Ùfl is the average rate of change off in the past
2 3 109 yr. [There has also been a claimed detection
a difference between the fine structure constant today a
at a redshiftz $ 1 [12]; given the preliminary nature of
the claimed detection, it is safest to rely on the limit (3)
Again, changes in other couplings are also constrained

There is clearly good evidence against the existen
of a nearly massless scalar field coupled to the stand
model via nonrenormalizable interactions with strength
the order of1yMPl. It would be premature, however,
to conclude that the idea of quintessence is ruled o
as we may consider imposing symmetries which preve
the couplings considered thus far. An exact continuo
symmetry of the formf ! f 1 const is clearly not
appropriate, as it would not allow for a nontrivial potentia
V sfd. An alternative possibility is a discrete symmetry
for example, of the formf ! 2f; this would forbid
terms linear inf and could arise from spontaneousl
broken gauge symmetries [13]. However, in the ca
at hand, discrete symmetries appear to be ineffective,
they themselves are spontaneously broken. (The fi
f is expected to be displaced from the fixed poin
of the symmetry, so an effective linear term will b
unsuppressed.)

We are therefore left with the possibility of approxi
mate global symmetries of the formf ! f 1 const. In-
deed, such symmetries are invoked in pseudo-Goldsto
boson (PGB) models of quintessence [4], as an exp
nation for the naturalness of the small massmf: in the
limit as the symmetry is exact, this mass goes to ze
This same effect could explain the small values of the d
mensionless couplingsbi . In this sense, the PGB models
are more likely than those based (for example) on mod
fields; in the latter set of theories, the scalar field re
resents a flat direction which typically does not genera
any symmetry with a potential generated solely by no
perturbative effects. There is no apparent reason for
bi ’s to be small in such models.

An objection to this scenario is that quantum-gravit
effects do not respect global symmetries. It is known, f
example, that there are no unbroken global symmetries
string theory [14]. Furthermore, the induced interaction
mentioned above from wormholes and virtual black hol
are constrained solely by gauge symmetries [6]. The
symmetry-breaking effects have been suggested as pr
lems for axion and texture theories [15].
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Nevertheless, although our current understanding
quantum gravity and string theory leads us to believ
that global symmetries are generically violated, it is
insufficient to say with confidence that the resulting
violations are in some sense large (in our context, that t
parametersbi are of order unity). For example, although
string theory has no exact global symmetries, it doe
have axionlike fields with an approximate Peccei-Quin
symmetry. It may also be the case that pure quantum
gravity effects are nonperturbative and suppressed
e2S, where the actionS can be large in specific models.
Kallosh et al. investigated this possibility in the context
of axions in the presence of wormholes [16]. They
found that the action was sensitively dependent on th
structure of spacetime on small scales, and there cou
be sufficient suppression of global-symmetry violating
effects to salvage axions as a solution to the strongCP
problem (which is a much greater suppression than th
necessary to satisfy the bounds on thebi ’s above).

Evidently it is hard to estimate reliably the degree to
which an approximate global symmetry can consistent
be invoked in a world with gravity. Given the tentative
character of our current understanding, we should ta
seriously the possibility that the quintessence field ha
avoided direct detection because the couplings consider
above are suppressed by such a symmetry.

An important consequence of this viewpoint is tha
interactions which are invariant underf ! f 1 const—
that is, derivative couplings off—should be present with
couplingsbi of order unity. The derivative term of lowest
dimension that could multiply an arbitrary gauge-invarian
scalar operator would begmn=m=nf; however, we would
expect this dimension-three term to be divided byM3 and
hence lead to negligible effects. The other possibility is t
couplefyM to a total derivative, which after integration
by parts is equivalent to a coupling to≠mf. The only
allowed term in the standard model is

b
FeF f

M
Fmn

eFmn ­
b

FeF
M

f2s≠mfdKm 1 ≠msfKmdg ,

(4)

where Fmn is the electromagnetic field strength tensoreFmn ­
1
2 emnrsFrs is its dual, andKm ­ 2An

eFmn. The
divergence term on the right-hand side of (4) contribute
a surface term to the action, which vanishes for field
which fall off at infinity. Therefore this interaction does
represent a derivative coupling, and respects the symme
f ! f 1 const.

Such a coupling can lead to potentially observabl
effects. SinceFmn

eFmn is a pseudoscalar quantity, it does
not accumulate coherently in a macroscopic test bod
and hence does not give rise to appreciable long-ran
forces (although one can consider tests using polariz
bodies [17]). However, a spatially homogeneous bu
slowly varying f field would rotate the direction of
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polarization of light from distant radio sources [18]. Th
dispersion relation for electromagnetic radiation in th
presence of a time-dependentf becomesv2 ­ k2 6

sb
FeFyMd Ùfk, where 6 refer to right- and left-handed

circularly polarized modes, respectively. If we definex

to be the angle between some fiducial direction in th
plane of the sky and the polarization vector from a
astrophysical source, then in the WKB limit where th
wavelength of the radiation is much less than that off,
the difference in group velocity for the two modes lead
to a rotationDx ­ sb

FeFyMdDf.
Such a rotation is potentially observable, as dista

radio galaxies and quasars often have a well-defined re
tionship between their luminosity structure and polariz
tion structure [19]. In the wake of a claim that a dipol
pattern of rotations (in contrast to the monopole patte
expected from a homogeneous scalar field) was presen
existing data [20], it was pointed out that more recent o
servations provide a stringent upper limit on any such e
fect [21,22]. It is a straightforward exercise to use the
same data to place upper limits on the magnitude of
direction-independent pattern of rotations. As an exa
ple, Fig. 1 shows the data given by Leahy [21] forDx,
plotted as a function of redshift.

Simply taking the mean value all of the points (fo
which the minimum redshift isz ­ 0.425) yield kDxl ­
20.6± 6 1.5±. This implies a bound

jb
FeF j # 3 3 1022

√
M

jDfj

!
, (5)

where Df is the change inf between a redshiftz ­
0.425 and today. From the figure, it is evident that th
single source 3C 9 at a redshiftz ­ 2.012 (originally ana-

FIG. 1. Rotation of polarization vector vs redshift.
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lyzed in [23]), withDx ­ 2± 6 3±, provides an interest-
ing limit on any substantial rotation at high redshifts.

Does Eq. (5) constitute a good limit? We expectDf to
be of the order ofMPl, so the factorMyjDfj is likely to
be less than or of order unity. However, while3 3 1022

is less than 1, it is not remarkably less; we might ima
ine that dimensionless constants conspire to makeb

FeF
naturally smaller than this value even without suppre
sion by some symmetry. For example, couplings of t
form (4) can arise through triangle graphs in ordina
field theories (i.e., even disregarding the possibility of e
otic quantum gravitational effects); such graphs lead
b

FeF ­ Nay4p, where a is the fine structure constan
and N is a dimensionless factor which depends on t
field content of the model. Sinceay4p , 6 3 1024, it
is by no means implausible that the interaction under co
sideration could exist but has evaded detection thus
This raises the exciting possibility that improvements
the limits from radio galaxy polarization measuremen
could lead to a detection of quintessence. Since the re
vant observed quantity is an angle, it is hard to imagi
significant contamination by systematic errors, so the o
servation of a large number of sources can be expecte
improve these limits substantially.

Unfortunately, the existence of a potentially detectab
coupling of the form (4) can be avoided in certain mode
This follows from noting that the analogous term fo
the strong interactions,b

GeGsfyMdTrsGmn
eGmnd, is not

invariant underf ! f 1 const due to the existence o
topologically nontrivial field configurations. The surfac
term which could be neglected in electromagnetism wou
receive contributions from QCD instantons, leading
a mass forf proportional tob

GeGsL2
QCDyMd ( just as

for the QCD axion). As this mass is likely to be
much larger than the desired valuemf , 10233 eV, it is
incompatible with the desired properties of quintessen
In a grand unified model for which both electromagnetis
and the strong interactions derive from a single simp
gauge group, any gauge-singlet field which couples
Fmn

eFmn should also couple to TrsGmn
eGmnd [24]. In the

minimal SU(5) grand unified theory, for example, th
appropriate lowest-dimension gauge-invariant operator
which f could couple is TrsVmn

eV mnd, where Vmn is
the SU(5) field strength. After spontaneous symme
breakdown this term includes a unique linear combinati
TrsGmn

eGmnd 1
4
3 Fmn

eFmn with which f could interact.
Since the coupling to the QCD term must be suppress
the electromagnetic coupling will be suppressed as wel

This argument undoubtedly diminishes the aura of i
evitability surrounding a coupling of the form (4), bu
by no means precludes its existence. A simple way o
is to imagine that SU(3) and U(1) are not unified in
simple gauge group, in which case there is no necess
relationship between the QCD and electromagnetic co
plings. Such a scenario may be natural in string theo
3069
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where low-energy gauge fields come from compactifica
tion as well as the original gauge symmetry in higher d
mensions. Another way is to include a coupling off

to higher-dimensional gauge-invariant operators throug
interactions such assfyM2dTrsSVmn

eV mnd, where S is
the adjoint Higgs which breaks SU(5). If the mass sca
y is comparable toM, such an interaction could can-
cel the QCD term from TrsVmn

eV mnd, leaving an un-
suppressed coupling to electromagnetism. However, t
interaction sfyM2dTrsSVmn

eV mnd is not invariant under
f ! f 1 const, so it may be noticeably suppressed.

In conclusion, the absence of observable interactions
quintessence with the fields of the standard model implie
the existence of a symmetry which suppresses such co
plings. Such a symmetry leaves open the possibility o
a coupling to electromagnetism, which is potentially ob
servable in polarization studies of distant radio source
Such a coupling is not inevitable, however, so we ma
have to rely on conventional cosmological tests to dete
mine whether slowly rolling scalar fields play an impor-
tant role in the dynamics of the present Universe.
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