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We propose a solution to the longstanding cosmological constant (CC) problem which is
based on the fusion of two existing concepts. The first is the suggestion that the proper
description of classical gravitational effects is the gauge theory of gravity in which the
connection instead of the metric acts as the dynamical variable. The resulting field
equation does not then contain the CC term. This removes the connection between the
CC and the quantum vacuum energy, and therefore addresses the old CC problem of
why quantum vacuum energy does not gravitate. The CC-equivalent in this approach
arises from the constant of integration when reducing the field equation to the Einstein
equation. The second is the assumption that the universe obeys de Sitter symmetry, with
the observed accelerating expansion as its manifestation. We combine these ideas and
identify the constant of integration with the inverse-square of the radius of curvature
of the de Sitter space. The origin of dark energy (DE) is therefore associated with the
inherent spacetime geometry, with the smallness of DE protected by symmetry. This
addresses the new CC problem, or the DE puzzle. This approach, however, faces major
challenges from quantum considerations. These are the ghost problem associated with
higher order gravity theories and the quantum instability of the de Sitter spacetime. We
discuss their possible remedies.
Keywords: Cosmological constant; dark energy; gauge theory of gravity; de Sitter space;
ghost.
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1. Introduction
It is well known that Einstein’s general relativity (GR) allows for a cosmological
constant (CC) which is a priori undetermined. The quantum vacuum energy resulting from the zero-point fluctuations of the quantum fields, which is a natural
consequence of the uncertainty principle, satisfies every aspect as a candidate for
the CC. Yet numerically the quantum vacuum energy associated with the fluctuations at the Planck scale, ∼ 10112 eV4 , is about 124 orders of magnitude larger
than the critical density of the universe. Evidently the quantum vacuum energy
should not gravitate. Otherwise the universe would not have survived until now.
This conflict between GR and quantum theory is the essence of the longstanding
CC problem,1 which clearly requires a resolution. We shall refer to this as the old
CC problem.
The dramatic discovery of the accelerating expansion of the universe in 19982,3
ushers in another chapter of the CC problem. The substance that is supposedly
responsible for this accelerating expansion has been referred to as dark energy (DE).
It has been customary to characterize DE in terms of its equation of state, p = wρ,
where p is the pressure and ρ the density of DE. According to GR, accelerating
expansion can be accomplished if w < −1/3. Einstein’s CC corresponds to w = −1.
While the accuracy of the measurements to date still cannot resolve whether w
varies in time and whether it is exactly equal to −1, a constant DE and thus the
CC remains the simplest and most likely answer. This, however, creates a new
challenge for the CC problem. After finding a way, hopefully, to cancel the CC to
124 decimal points, how do we reinstate 1 to the last digit to make it nonzero but
tiny? Let us call this the new CC problem, or the DE puzzle.
In this paper, we propose a solution to the problems raised above by combining
two existing ideas, that is, by invoking the gauge theory of gravity as a substitute
of Einstein’s GR as the foundation of gravity theory and by assuming de Sitter
symmetry as the underlying group property of the universe. The gauge theory of
gravity, which is quadratic in the curvature tensor, results in a field equation that
is second-order differential equation in the connection and therefore third-order in
the metric. The CC therefore does not appear in this field equation. This means the
quantum vacuum energy is not a source of gravity. This proposal, however, does
not remove the CC entirely. In order to reduce the field equation to the Einstein
equation, one must perform an integration which then induces a constant of integration that behaves like a CC. To fix this constant, we assume that the universe
satisfies the de Sitter symmetry. That is, we associate the constant of integration
with the radius of curvature of the de Sitter space, a new fundamental length of the
universe. We suggest that this new fundamental length plays a role in the action of
the gauge theory of gravity.
Neither of these two ingredients in our solution is new. Guided by the fiber
bundle theory for gauge fields, Yang first formulated the gauge theory of gravity
in 1974.4 This formulation was further investigated by various authors.5–7 In the
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aftermath of the discovery of accelerating expansion, recently Cook suggested the
circumvention of the CC problem via the gauge theory of gravity.8 He observed
that the quantum vacuum energy cannot be a source of gravity in the third-order
field equation derived from the gauge theory of gravity, while the DE responsible
for the accelerating expansion of the universe can be identified with the constant
of integration. The history of de Sitter symmetry dates further back. The notion
that the physical laws are not invariant under the Poincaré group but instead the
de Sitter group was first proposed by L. Fantappie in 1954 and reinvestigated in
1968 by Bacry and Levy-Leblond.9 In the post dark energy era, many authors have
connected this notion with the observed accelerating expansion.10–13
However, separately these two lines of solutions to the CC problem would be
incomplete. While the gauge theory of gravity can indeed be devoid of the CC by
construction, the CC reappears through the constant of integration. It may seem
that one can at this point resort to the anthropic principle to settle its value. But as
long as one still regards it as some form of stress energy–momentum, one would still
be obliged to address the microscopic, or quantum, origin of this substance. Without
a symmetry principle for the protection, this substance still has to be subject to
quantum corrections, which may not help in preserving the desired smallness of the
CC. The drawback of the solution that relies only on the de Sitter symmetry is
more obvious. It simply does not address the old CC problem. That is, why does
the quantum vacuum energy not gravitate? We will see that by fusing these two
concepts together, the CC problem may be solved more properly.
2. Gauge Theory of Gravity and the Cosmological Constant
In Yang’s formulation of gravity, the affine connection Γα
µν on the fiber bundle is
the dynamical variable which determines the curvature tensor
τ
α
α
α
τ
α
= ∂µ Γα
Rβµν
βν − ∂ν Γβµ + Γτ µ Γβν − Γτ ν Γβµ .

(1)

For our purpose, we shall only consider the pure space. In close analogy with the
Maxwell theory, the action of the gauge theory of gravity reads8
Z
√
SG = κ d4 x −g(Rαβµν Rαβµν + 16πJµαβ Γµαβ ) ,
(2)
where κ is the overall coefficient which will be determined later. Jµαβ is the gravitational current defined as
Jµαβ =

2G α β
[∇ T̄µ − ∇β T̄µα ] ,
c4

(3)

where ∇α is the covariant derivative and
1
T̄µα = Tµα − δµα T
2

(4)
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is the Hilbert conjugate of Tµα and T = Tµµ . Varying SG against Γµαβ , we arrive at
one of the field equations:
µν
µ
∇ν Rαβ
= −4πJαβ
.

(5)

∇λ Rαβµν + ∇ν Rαβλµ + ∇µ Rαβνλ = 0 ,

(6)
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This and the Bianchi identity,

together determines the curvature tensor. The analogy of these equations to
Maxwell’s equations is again apparent. Note that Einstein’s CC does not appear
in (6). This fact can also be appreciated intuitively if we recall that the affine
connection is related to the first derivatives of the metric,
Γαβγ =

1
[∂γ gαβ + ∂β gαγ − ∂α gβγ ] ,
2

(7)

then we see that the Bianchi identity is a third-order differential equation in gµν .
This is in contrast with the Einstein equation which is second order in the metric.
Since the covariant derivative of the metric is zero, a third-order differential equation
in gµν removes the CC term in principle.
A pure space that is empty of energy–momentum satisfies the condition4
∇γ Rαβ − ∇β Rαγ = 0 ,

(8)

for the Ricci tensor Rαβ . This condition then reduces the gauge-Bianchi identity to
α
∇α Rβµν
= 0.

(9)

Integrating this equation once over spacetime, we recover the Einstein equation
with a constant of integration which has the same form as that of Einstein’s CC.
But in our case this constant should be associated with the boundary condition of
the universe.
3. de Sitter Symmetry and the Dark Energy
We now invoke the de Sitter symmetry and assume that the universe is inherently
de Sitter, where the four-spacetime is a hyperboloid in a five-dimensional Minkowski
space under the constraint
2
,
−x20 + x21 + x22 + x23 + x24 = ldS

(10)

where ldS is the radius of curvature of the de Sitter space, or simply the de Sitter
radius. The Hubble expansion of the universe is then viewed as a process that approaches the asymptotic limit of a pure space which is de Sitter in nature, evidenced
by the current assessment that the CC-like DE substance has become dominant
in the universe at late times: ΩDE = ρDE /ρc ≃ 0.75, where the critical density
2
ρc = 3H02 /8πG = 1.88 × 10−29 h2 g/cm , with h ≡ H0 /[100 (km/s)/Mpc] and
H0 is the Hubble constant. Based on this assumption, the de Sitter radius is the
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asymptotic value of the Hubble distance, both in the gauge theory of gravity and
in GR:
ldS ≃ 1.33H0−1 ∼ 1.5 × 1028 cm .

(11)

Identifying the constant of integration as 3 times the inverse-square of the de Sitter
radius, we then have
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Gµν = −

3
2 gµν ,
ldS

(12)

where Gµν is the Einstein tensor. The only nontrivial component that satisfies this
equation is a constant for the Ricci scalar,
R=

12
2 .
ldS

(13)

The local structure is then characterized by
1
[gαµ gβν − gαν gβµ ]R ,
(14)
12
which confirms that the Kretschmann scalar is a constant in the de Sitter universe,
Rαβµν =

Rαβµν Rαβµν =

1 2
24
R = 4 .
6
ldS

(15)

Based on this picture, the origin of DE is associated with the inherent spacetime
geometry and not with vacuum energy or any other physical substance. Note that as
an fundamental constant under de Sitter symmetry, ldS is not subject to quantum
corrections. The smallness of DE is therefore protected by symmetry.
In our definition of the gauge gravity action in (2), we did not specify the
overall coefficient κ. In general, the overall coefficient of a classical action does
not affect the physics and is therefore irrelevant. It does matter, however, if we
consider the quantum fluctuations around the classical state. We note that since
the curvature tensor has dimension [L]−2 , any action term that is quadratic in
the curvature tensor has its dimensionality entirely canceled upon integration over
the four-spacetime. Thus the coefficient κ must have the same dimension as the
action itself. In comparison, since in the Einstein–Hilbert action the integration
over the Ricci scalar has dimension [L]2 , its coefficient is 1/(16πG). Numerically,
this factor is obtained by demanding that in the nonrelativistic limit GR reduces
to the Newtonian gravity. But at the mean time since the gravity is weak, and
therefore 1/G is large, quantum fluctuations of spacetime curvature in GR would
be tiny at scales much larger than the Planck length. In the case of gauge theory
of gravity, a natural choice for κ would be the Planck constant ~, which has the
right dimension. This, however, would imply that the deviation of the curvature
tensor from its classical minimum would be of the order unity at all scales, which
is unacceptable. A different possibility is to introduce a length parameter L so
that κ ∝ L2 /G. Following the same approach as in GR, we fix κ numerically by
demanding that the asymptotic de Sitter limit in the gauge theory of gravity is
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identical to that in GR. This can be done by comparing (13) and (15) above, which
are the de Sitter solutions to the Einstein–Hilbert action and the gauge theory
action, respectively. By demanding that the two theories have the same de Sitter
limit, we find that L is proportional to the de Sitter length ldS , namely,
κ=

2
ldS
.
96πG

(16)
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4. Quantum Instability of de Sitter Spacetime
One challenge of our approach is that de Sitter space may be inherently unstable.
The issue of quantum instability of de Sitter space was investigated by various
authors in the ’80s in the aftermath of the introduction of the concept of inflation.
Abbott and Deser14 have shown that de Sitter space is stable under a restricted
class of classical gravitational perturbations. So any instability of de Sitter space
may likely have a quantum origin. Ford15 demonstrated through the expectation
value of the energy–momentum tensor for a system with a quantum field in a de
Sitter background space that in general it contains a term that is proportional to the
metric tensor and grows in time. As a result the curvature of the spacetime would
decrease and de Sitter space tends to decay into the flat space. Similar conclusion
has also been reached by Antoniadis, Iliopoupos, and Tomaras.16
We note that generically the expectation value of such energy–momentum tensor
has the form
hTµν i ∝ gµν H 4 (Ht) ,

(17)

where H is the Hubble parameter in the de Sitter metric, i.e.
ds2 = dt2 − a2 (t)dx2 ,

(18)

with a(t) = eHt . According to (17), the decay time of this process is
τ ∼ H −1 .

(19)

In our case, this means the decay time is of the order of the de Sitter radius,
τ ∼ ldS ≃ 1.33H0−1 .

(20)

Since the age of our universe is smaller than ldS , we are still safe in observing the
accelerating expansion in action.
5. Ghost Problem in Higher Order Gravity Theories
Another major challenge of our approach is the ghost problem that is generally
associated with higher order gravity theories such as ours. Ghost states are quantum states having negative norms. A quantum field theory is generally considered
unacceptable if it contains ghost states, because negative norm implies negative
probability. There are possible ways, however, to circumvent the ghost problem.
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Since our action is quadratic in Rαβµν , which has mass dimension 2, the theory is
conformally invariant. Analogous to the scalar field theory the conformal invariance
can be spontaneously broken, which would induce a mass to the field. This means
that our action will necessarily induce an Einstein term R, since it is proportional
to 1/k 2 in the propagator and therefore acts as a mass term.17 This implies that
our theory goes to the Einstein GR at large distance. On the other hand, with
Rαβµν ∝ 1/k 4 , it is renormalizable at short distance. So in general the propagator
of our gravity field becomes
G(k) =

k4

1
.
+ ak 2 + b

(21)

It is clear that one of the poles of this propagator must be negative, and therefore
there exists a ghost. However, since such theory is scale invariant, we are free to
choose the scale so that the ghost gets pushed to the Planck scale.17,18 Although
this does not completely expel the ghost, the situation should become harmless.
After all QED, for example, is also not free of divergence. The well-known Landau
pole would appear when the energy goes to me e1/α .
Another way to circumvent the ghost problem was recently proposed by Bender
and Mannheim.19–21 They observed that the ghost problem may be originated from
the fact that in the conventional quantum theory the Hamiltonian is assumed to
be Dirac Hermitian, i.e. H = H † . If the Hamiltonian is instead invariant under
the more physical discrete symmetry of spacetime reflection, H = H PT , then the
negative norm and probability would not occur to the propagator. Here parity P
is a linear operator that performs space reflection and T is an antilinear operator
that performs time reversal. If the energy spectrum of H is real and positive, then
the PT symmetry is unbroken and there exists a reflection symmetry C which
commutes with H, and also [C, PT ] = 0. Using this new inner product, it has been
shown by Bender and others that the norm of a state is strictly positive.
Before leaving this issue, we should like to mention that lately there has been a
revival interest22 in the Lee–Wick theory,23,24 which also involves the ghost problem, albeit not so directly related to our issue. It should be fair to say that the
ghost problem in higher order field theories, though serious, may not necessarily be
incurable.
6. Discussion
We see from the above discussion that the two assumptions for the solution of the
CC problem, namely the gauge theory of gravity and the de Sitter symmetry, are
knitted together due to the need to address both the old and the new CC problems.
As often the case, a fundamental constant would manifest itself in various physical
phenomena. Being an overall coefficient in the gauge gravity action, ldS does not
appear in the field equations (6) and (5) and therefore would not affect the gravitational dynamics other than serving as the asymptotic limit of the cosmic expansion.
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It does, however, reveal itself in a curious way. Unlike GR in which the matter action is detached from the Einstein–Hilbert action, in gauge theory of gravity the
matter field couples with the affine connection and is therefore an integral part of
the total action, similar to the case of Maxwell theory. In this approach, Newton’s
constant acts as the gravitational charge. But if we insist on writing this mattergravity coupling action separately from the curvature piece, then we have to absorb
κ into it and as a result we find that the actual matter-gravity coupling turns out
2
to have the Newton’s constant canceled and is proportional to ldS
only. What does
this imply? On the one hand, the absence of Newton’s constant in the matter action is the same situation as that in GR. On the other hand, unlike GR, the matter
in the gauge theory of gravity couples to the geometry, i.e. the affine connection.
However, we now see that this coupling is mediated through the curvature of the
de Sitter space.
Another implication is that in our universe the Poincaré symmetry should necessarily be replaced by the de Sitter symmetry. Such modification must be minute
as ldS is astronomically large and therefore the deviation of spacetime from perfect flatness is small. Indeed there have been authors who look into the so-called
de Sitter special relativity in recent years.10 The migration of spacetime symmetry
from the Poincaré group to the de Sitter group should in principle induce additional observable effects. These aspects are beyond the scope of this brief review
and should be investigated separately.
Our approach faces challenges based on quantum considerations. As we discussed, the problem of quantum instability of de Sitter space may not be fatal. Its
decay time appears to be longer than the age of the universe. As for the problem
of the ghost state, we argued that the negative pole may be pushed to the Planck
scale and would therefore not be too harmful. These arguments are heuristic. To
be sure, more in-depth investigations are required before these problems can be
resolved.
With regard to the gauge theory of gravity, in addition to the possibility of
solving the CC problem, it may hopefully pave the way to the quantization of gravity and the unification with other gauge theories of interactions. As Yang himself
commented in 1983: “In Ref. 4, I proposed that the gravitational equation should
be changed to a third-order differential equation. I believe today, even more than
1974, that this is a promising idea, because the third-order equation is more natural
than the second-order one and because quantization of Einstein’s theory leads to
difficulties.”25
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