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1. Introduction

Recent observations suggest that the Universe has recently entered a phase of accelerated expan-
sion [1–6]. The simplest theoretical response involves the introduction of a positive cosmological
constant, Λ, which gives rise to the "cosmological constant problem" as quantum field theoretical
predictions vastly exceed observed values [7, 8]. This discrepancy, alongside tensions within the
ΛCDM model such as the 𝐻0 [9] and 𝜎8 tensions [10] (for a review see [11]), prompts exploration
into alternative explanations. These include considering a dynamic cosmological constant or dark
energy concept within general relativity [12, 13], or modifying the underlying gravitational the-
ory to develop richer cosmological behaviors [14–18]. Additionally, more radical approaches like
holographic dark energy are explored [19–21].

Modified gravity not only aims to address these cosmological issues but also offers better
quantum behavior due to its potential to eliminate divergences [22] that general relativity cannot
[23]. When higher order terms are included in the gravitational Langrangian they tend to eliminate
the divergences [24], therefore higher-order gravity theories have been extensively developed [25–
28]. From all the higher order Lagargian terms, the Gauss-Bonnet (GB) term is special as it
represents the Euler density in 4D, making it a topological invariant as per the Chern-Gauss-Bonnet
Theorem [29] and crucial for maintaining heterotic string theory’s local supersymmetry [30]. In
M-theory, it’s vital for renormalization by addressing beta-function divergences at high energies
[31].

In Euclidean quantum gravity, entities like instantons and wormholes exhibit different topol-
ogy from the background at the microscopic level [32], while wormholes are also studied in the
astrophysical scale [33–38]. These changes, potentially leading to singularities, challenge classical
and quantum field theories [39, 40] but are considered necessary for a consistent quantum gravity
framework [41]. Research, including work on Euclidean quantum gravity [42–45] and connections
to Ricci flow [46, 47] and string theory [48–52], supports the viability and significance of topology
changes. Among others, topology changes may in principle affect the field equations that arise
through the semiclassical variation procedure of gravitational actions. Although in the case of
Einstein-Hilbert action this procedure reproduces the standard field equations, one could investi-
gate whether variation of the Gauss-Bonnet action on a topologically altered spacetime due to the
formation of microscopic wormholes could lead to a non-trivial result. Interestingly enough, such
an extended analysis does induce extra terms in the field equations, which can be interpreted as an
effective dark energy sector of topological origin.

2. Topology change in Euclidean quantum gravity

In Euclidean quantum gravity (EQG) context the time dimension is Wick rotated so that the
complex path integral to converge and yield saddle point solutions, namely instantons, with different
topology from the background [53, 54] which mediate topology change [32]. These solutions can
represent the creation of a pair of black holes or Euclidean wormholes under a strong field as
in Schwinger process [32, 55]. In the sum over history approach, Sorkin [41] has developed a
calculus for topology change based on Morse theory, where the transition between two manifolds
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of distinct topology is being performed by a Morse function provided a cobordism exists between
the manifolds [44, 56].

The topological structure of a manifold 𝑀 is characterized by the Euler characteristic 𝜒(𝑀)
which is defined as the alternating sum of the Betti numbers of the manifold 𝑀 [57]

𝜒(𝑀) =
∑︁
𝑝

(−1) 𝑝𝐵𝑝, (1)

where the Betti numbers 𝐵𝑝 of a manifold are defined as the dimension of the 𝑝𝑡ℎ de Rahm
cohomology group [57]

𝐵𝑝 = 𝑑𝑖𝑚𝐻 𝑝 (𝑀). (2)

In the above expression the 𝑝𝑡ℎ de Rahm cohomology group 𝐻 𝑝 (𝑀) is the set of all closed p-forms
𝑍 𝑝 (𝑀) modulo the set of all exact p-forms 𝐵𝑝 (𝑀)

𝐻 𝑝 (𝑀) = 𝑍 𝑝 (𝑀)/𝐵𝑝 (𝑀), (3)

where a closed form satisfies 𝑑𝜔 = 0 (where 𝜔 is a 𝑝-form and 𝑑 denotes the exterior derivative),
and an exact form satisfies 𝜔 = 𝑑𝑛 (where 𝑛 is a 𝑝-form).

The Poincare lemma states that a closed form defined on a domain 𝑉 ⊆ 𝑀 is also exact, if
the domain 𝑉 is contractible to a point. In the light of Poincare lemma, de Rham cohomology
can be seen as a restriction on the global exactness of closed forms [57]. In summary, Betti
numbers measure the global inexactness of closed forms as obstructions to contractibility to a point,
originated from holes and discontinuities of the domain [58].

In Table 1 the value of Euler characteristics for different spacetime manifolds is presented.

Spacetime Euler characteristic
𝜒

Minkowski 0
Extreme Black Holes 0
Self-dual Taub-Newman-Unti-Tamburino 1
Schwarchild and Kerr Black Holes 2
Nariai 𝑆2 × 𝑆2 4
Euclidean Wormhole 𝑆1 × 𝑆3 0

Table 1: Euler characteristics as it has been calculated in [54, 59–62]. By the product property for product
manifolds 𝜒(𝑀1 × 𝑀2) = 𝜒(𝑀1) · 𝜒(𝑀2), one can easily verify that for a Nariai instanton 𝜒𝑁𝑎 = 2 · 2 = 4
and similarly for a Euclidean wormhole 𝜒𝐸𝑊 = 0 · 3 = 0.

In order to investigate the topology change, one can decompose a 4D manifold 𝑀 into a
connected sum (symbolized by #) of two 4D manifolds 𝑀1 and 𝑀2, by gluing them together at the
boundaries left by the removal of a four-ball. For connected sums, the Euler characteristic is given
by [57]

𝜒 (𝑀1#𝑀2) = 𝜒(𝑀1) + 𝜒(𝑀2) − 2. (4)

Then, following Gibbons [32, 63], the formation of a Euclidean wormhole with topology (𝑆1 × 𝑆3),
namely

𝑀 → 𝑀#(𝑆1 × 𝑆3), (5)
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decreases 𝜒 by 2, thus 𝛿𝜒 = −2 , while the formation of a Nariai instanton with topology (𝑆2 × 𝑆2),
namely

𝑀 → 𝑀#(𝑆2 × 𝑆2), (6)

increases 𝜒 by 2 thus 𝛿𝜒 = 2.
Therefore the formation of gravitational instantons or wormholes change the Euler characteristic

of the 4D spacetime manifold, where equation (1) becomes [58]

𝜒 = 𝑏0 − 𝑏1 + 𝑏2 + 𝑏3, (7)

with 𝑏0 the number of connected components, 𝑏1 the number of one-dimensional holes, 𝑏2 the
number of two-dimensional holes, and 𝑏3 the number of three-dimensional holes. Hence, when
the Euler characteristic changes, there is a change in the Betti numbers of spacetime [64], which
implies that there is an area of the manifold, a wormhole, which is not contractible to a point.

3. The effective topological variation procedure

Inspired by Wheeler’s conceptualization of spacetime foam [65], where quantum fluctuations
of the metric are considered to cause fluctuations of the topology of the spacetime manifold, which
was later developed in the context of Euclidean quantum gravity by Hawking, Gibbons, Sorkin and
others [53, 66, 67], we are interested in investigating the behavior of the variation of higher-order
gravitational actions under the assumption that the variation of the quantum field fluctuations 𝛿ℎ

causes a variation in the topology of the spacetime manifold 𝛿𝜒.
We consider that the Euclidean quantum gravity process, which yields instanton solutions

of different spacetime topology, can be encapsulated into an effective topology change operation
(𝑒 𝑓 𝑓𝑇𝐶), as illustrated in Fig. 1. Specifically, for manifolds with metric 𝑔𝑖 and Euler characteristics
𝜒𝑖 , it can be encapsulated into the variation of the gravitational quantum field 𝛿ℎ, namely

𝑀 (𝑔1, 𝜒1)
𝑒 𝑓 𝑓𝑇𝐶−−−−−→ 𝑀

′ (𝑔2.𝜒2),
𝑒 𝑓 𝑓𝑇𝐶 : 𝛿ℎ −→ 𝛿𝜒. (8)

M ′(g2, χ2)

effTC

M(g1, χ1)

Figure 1: A three-dimensional illustration of the effective topology change from a manifold of Euler charac-
teristic 𝜒1 to a manifold of Euler characteristic 𝜒2.

A common technique in many approaches to quantum gravity is to split linearly the full metric
𝑔 into a background metric �̃� and the quantum fluctuation field ℎ around it [68]

𝑔𝜇𝜈 = �̃�𝜇𝜈 + ℎ𝜇𝜈 . (9)
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According to Wheeler’s argument [69, 70] and similar more recent ones [71], the quantum fluc-
tuations are scale-dependent as 𝛿ℎ ∼ 𝑙𝑝

𝑙
, and they become large near the Planck scale, remaining

always smaller than one as long as we consider the Planck scale as cut-off. However, from the
viewpoint of asymptotic safety, one could argue that interactions could become weak at the Planck
scale by an appropriate renormalization-group flow [71]. If one follows the first consideration,
fluctuations may induce topology change, nevertheless higher-order terms in the expansion could
be non negligible. If one follows the second consideration, then classical expansion techniques can
be employed but ambiguities arise on the ability of fluctuations to induce topology change. Since
a solid theory of quantum gravity remains far from being complete, in this work we assume that
a compromise exists between the two extremes, suggesting that quantum fluctuations can produce
topology change at small scales, while being small enough in order for perturbation theory to hold.
Consequently, this scaling approach facilitates a reduction in the significance of higher-order terms,
thereby allowing the phenomena to be predominantly described by the first-order term.

As mentioned in [72], the quantum fluctuation field ℎ = 𝑔 − �̃� of the linear split is not a metric
and lacks a geometrical meaning, therefore among the other types of split, it is the most suited for
describing the fluctuation field that causes topology change. Consequently, we consider �̃�𝜇𝜈 to be
the dynamical background metric and we handle ℎ𝜇𝜈 as an effective “matter” field. By demanding
background independence, one can introduce split symmetry [72], given by all the transformations
of the background metric and fluctuation fields that preserve the full metric, namely

𝑔(�̃�, ℎ) → 𝑔(�̃� + 𝛿�̃�, ℎ + 𝛿ℎ) = 𝑔(�̃�, ℎ). (10)

In the quantization scheme of [73], background independence is guaranteed by the class of
metrics that are self-consistent. Self-consistent metrics �̃�𝑆𝐶 are those that allow the effective field
equations obtained from the effective action Γ[ℎ𝜇𝜈 , �̃�] to admit the solution ℎ𝜇𝜈 = 0. Thus, if one
incorporates background independence into the extremization condition of the effective action, then
one obtains the tadpole condition [73]

𝛿

𝛿ℎ𝜇𝜈
Γ[ℎ, �̃�]

����
ℎ=0, �̃�=�̃�𝑆𝐶

= 0. (11)

4. Effective cosmological constant of topological origin

We now have all the machinery to perform the variation of gravitational actions in cases where
there are topology changes in the underlying spacetime manifold.

4.1 Einstein-Hilbert action

Let us start by presenting the semiclassical approach in the case of Einstein-Hilbert action, as
it has been demonstrated firstly by ‘t Hooft in [74]. By performing a Wick rotation the action will
be Euclideanized, i.e.

𝑆𝐸𝐻 = − 1
2𝜅2

∫
𝑑4𝑥

√
𝑔𝑅, (12)

5



P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

with 𝜅2 the gravitational constant. We expand the Einstein-Hilbert action around the background
field according to the metric split (9), in orders of the “quantum field”, namely

𝑆𝐸𝐻 = 𝑆0 + 𝑆1 + 𝑆2 +
∞∑︁
𝑛=3

𝑆𝑛. (13)

In order to calculate each term we expand the inverse metric as

𝑔𝜇𝜈 = �̃�𝜇𝜈 − ℎ𝜇𝜈 + ℎ
𝜇

𝜆
ℎ𝜆𝜈 + O(ℎ3), (14)

and then by employing the property log det 𝐴 = tr log 𝐴 and performing logarithmic and exponential
expansions, we express the determinant of the metric in terms of powers of ℎ as

√
𝑔 =

√︁
�̃�

[
1 + 1

2
�̃�𝜇𝜈ℎ

𝜇𝜈 − 1
4
ℎ𝜇𝜈ℎ𝜇𝜈 +

1
8
(ℎ𝜇𝜇)2 + O(ℎ3)

]
, (15)

where the uppering and lowering of the quantum field indices are performed using the background
metric, namely ℎ = ℎ

𝜇
𝜇 = �̃�𝜇𝜈ℎ𝜇𝜈 . Since the Ricci scalar is 𝑅 = 𝑔𝜇𝜈𝑅𝜇𝜈 , by employing (14) and

(15) the Ricci tensor and Ricci scalar can be expanded in the same manner. After some algebra and
neglecting the total derivatives, the first three terms of the Einstein-Hilbert expansion are expressed
as

𝑆0 = − 1
2𝜅2

∫
𝑑4𝑥

√︁
�̃��̃�

𝑆1 =
1

2𝜅2

∫
𝑑4𝑥

√︁
�̃�

(
�̃�𝜇𝜈 −

1
2
�̃�𝜇𝜈 �̃�

)
ℎ𝜇𝜈

𝑆2 = − 1
2𝜅2

∫
𝑑4𝑥

√︁
�̃�

{
1
4
ℎ𝜇𝜈∇2ℎ𝜇𝜈 −

1
8
ℎ∇2ℎ

+ 1
2

(
∇𝜈ℎ𝜈𝜇 − 1

2
∇𝜇ℎ

)2
+ 1

2
ℎ𝜇𝜆ℎ𝜈𝜎 �̃�𝜇𝜆𝜈𝜎

+ 1
2

(
ℎ𝜇𝜆ℎ𝜈𝜆 − ℎℎ𝜇𝜈

)
�̃�𝜇𝜈 +

1
8

(
ℎ2 − 2ℎ𝜇𝜈ℎ𝜇𝜈

)
�̃�

}
. (16)

In summary, the effective action up to one-loop approximation will be

Γ = 𝑆𝐸𝐻 + Γ1𝐿 + O(2 − 𝑙𝑜𝑜𝑝), (17)

where the quadratic terms of the quantum field ℎ are absorbed in the one-loop part

Γ1𝐿 = Γ𝐺𝐹 + Γ𝐹𝑔ℎ, (18)

with Γ𝐺𝐹 and Γ𝐹𝑔ℎ corresponding to the effective action for the gauge fixing and ghost terms
respectively [73]. One can then vary the Einstein-Hilbert action due to quantum fluctuations of the
field ℎ𝜇𝜈 → ℎ𝜇𝜈 +𝛿ℎ𝜇𝜈 , i.e. calculate 𝛿ℎ𝑆𝐸𝐻 . Imposing the tadpole condition (11) for the effective
action (17) and taking into account (16), one finally retrieves the Einstein equations for the classical
background as [73, 75]

�̃�𝜇𝜈 −
1
2
�̃�𝜇𝜈 �̃� = 𝜅2𝑇𝜇𝜈 , (19)
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where the stress tensor originates from the one-loop part of the effective action, containing matter
as correction terms in the right-hand-side, i.e.

𝑇 𝜇𝜈 = − 2
√
𝑔

𝛿

𝛿ℎ𝜇𝜈
Γ1𝐿

��
ℎ=0. (20)

Actually, this was expected, since the Einstein-Hilbert action term is the Euler density in two-
dimensions, and thus its variation due to variations of the quantum field ℎ in 4D will be the standard
one [76].

4.2 Gauss-Bonnet action

Let us now perform the above procedure in the case of the Gauss-Bonnet action. The Gauss-
Bonnet (GB) curvature polynomial G is defined as

G = 𝑅2 − 4𝑅𝜇𝜈𝑅
𝜇𝜈 + 𝑅𝜇𝜈𝜌𝜎𝑅

𝜇𝜈𝜌𝜎 , (21)

and it is known that in four dimensions such a term is a topological invariant. In order to see this in
the context of the present manuscript, we recall that the Chern-Gauss-Bonnet theorem [29] states
that for the case of a compact orientable manifold 𝑀 with boundary 𝜕𝑀 of dimension 𝐷 = 4, the
Euler characteristic is

𝜒(𝑀) = 1
32𝜋2

∫
𝑀

𝑑4𝑥
√
𝑔 G +

∫
𝜕𝑀

𝑄, (22)

with 𝑄 an appropriate correction form integrated on the boundary 𝜕𝑀 [77]. The essence of the
theorem is that despite any local deformation of the manifold, its total curvature, as expressed
by the integral of the GB curvature polynomial, depends only on the topology of the manifold.
Consequently, for a manifold of fixed topology, 𝜒 is considered a topological invariant under
smooth variations of the metric [78].

We can now perform the steps of the previous subsections in the case of the Gauss-Bonnet
action. Its Euclideanized form is

𝑆𝐺𝐵 = − 𝛼

2𝜅2

∫
𝑑4𝑥

√
𝑔

(
𝑅2 − 4𝑅𝜇𝜈𝑅𝜇𝜈 + 𝑅𝜇𝜈𝜌𝜎𝑅𝜇𝜈𝜌𝜎

)
, (23)

where 𝛼 is the coupling parameter. The effective action under the one-loop approximation will be

Γ = 𝑆𝐺𝐵 + Γ1𝐿 + O(2−𝐿𝑜𝑜𝑝) . (24)

Varying the GB action with respect to quantum fluctuations of the field ℎ𝜇𝜈 → ℎ𝜇𝜈+𝛿ℎ𝜇𝜈 according
to the topological variational procedure and applying the 4D Chern-Gauss-Bonnet theorem (22)
without a boundary, we obtain

𝛿ℎ𝑆𝐺𝐵

= 𝛿ℎ

[
− 𝛼

2𝜅2

∫
𝑀

𝑑4𝑥
√
𝑔

(
𝑅2 − 2𝑅𝜇𝜈𝑅

𝜇𝜈 + 𝑅𝜇𝜈𝜌𝜎𝑅
𝜇𝜈𝜌𝜎

)]
= −32𝜋2 𝛼

2𝜅2
𝛿𝜒

𝛿ℎ𝜇𝜈
𝛿ℎ𝜇𝜈 . (25)
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Implementing the substitution 𝛿𝜒 → 𝜕𝜒 and applying the chain rule, we find

𝛿ℎ𝑆𝐺𝐵 = −16𝜋2 𝛼

2𝜅2
𝜕𝜒

𝜕𝑉

𝛿𝑉

𝛿ℎ𝜇𝜈
𝛿ℎ𝜇𝜈

= −16𝜋2 𝛼

2𝜅2
𝜕𝜒

𝜕𝑉
𝛿ℎ

(∫
𝑀

𝑑4𝑥
√
𝑔

)
= −16𝜋2 𝛼

2𝜅2
𝜕𝜒

𝜕𝑉

∫
𝑀

𝑑4𝑥
𝛿
√
𝑔

𝛿ℎ𝜇𝜈
𝛿ℎ𝜇𝜈 , (26)

with 𝑉 the manifold volume. If one implements the expansion of the metric determinant (15), then
the functional derivative into the integral becomes 𝛿

√
𝑔

𝛿ℎ𝜇𝜈 = 1
2
√
�̃��̃�𝜇𝜈 +O(ℎ), so after inserting it into

(26) we finally acquire

𝛿ℎ𝑆𝐺𝐵 = −16𝜋2 𝛼

2𝜅2
𝜕𝜒

𝜕𝑉

∫
𝑀

𝑑4𝑥
√︁
−�̃��̃�𝜇𝜈𝛿ℎ𝜇𝜈 . (27)

Finally, we make the reasonable approximation that for an infinitesimal integration volume the
topology change per volume 𝜕𝜒

𝜕𝑉
remains constant and thus it can enter inside the integral, in which

case the topological variation of the Gauss-Bonnet term is expressed as

1
√
�̃�

𝛿𝑆𝐺𝐵

𝛿ℎ𝜇𝜈
= −16𝜋2 𝛼

2𝜅2
𝜕𝜒

𝜕𝑉
�̃�𝜇𝜈 + O(ℎ). (28)

Interestingly enough, the variation of the Gauss-Bonnet term on a manifold that has topology
changes due to the formation of wormholes is not zero.

4.3 Einstein-Gauss-Bonnet action

Let us now consider the full case of general relativity plus a Gauss-Bonnet correction, namely

𝑆𝑡𝑜𝑡 = 𝑆𝐸𝐻 + 𝑆𝐺𝐵. (29)

As we analyzed above, although the Einstein-Hilbert term gives the standard classical field equations,
the Gauss-Bonnet term leads to a nontrivial semiclassical result. In particular, the effective action
under the one-loop approximation will be

Γ = 𝑆𝐸𝐻 + 𝑆𝐺𝐵 + Γ1𝐿 + O(2−𝐿𝑜𝑜𝑝) . (30)

Calculating the fuctional derivative of the effective action by employing Eq. (16) and Eq. (28), we
finally obtain

1
√
�̃�

𝛿Γ

𝛿ℎ𝜇𝜈
=

1
√
�̃�

𝛿𝑆𝐸𝐻

𝛿ℎ𝜇𝜈
+ 1
√
�̃�

𝛿𝑆𝐺𝐵

𝛿ℎ𝜇𝜈
+ 1
√
�̃�

𝛿Γ1𝐿

𝛿ℎ𝜇𝜈

=
1

2𝜅2

{
�̃�𝜇𝜈−

1
2
�̃�𝜇𝜈 �̃�−16𝜋2𝛼

𝜕𝜒

𝜕𝑉
�̃�𝜇𝜈+

1
√
�̃�

𝛿Γ1𝐿

𝛿ℎ𝜇𝜈
+O(ℎ)

}
. (31)

Hence, imposing the tadpole condition (11) that removes the terms O(ℎ), we find the semiclassical
field equations

�̃�𝜇𝜈 −
1
2
�̃�𝜇𝜈 �̃� + �̃�𝜇𝜈Λ𝑒 𝑓 𝑓 = 𝜅2𝑇𝜇𝜈 , (32)
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where the stress tensor is given by (20), and where we have defined

Λ𝑒 𝑓 𝑓 ≡ −16𝜋2𝛼
𝜕𝜒

𝜕𝑉
. (33)

As we observe, we have obtained an effective cosmological constant term of topological origin, in-
duced by the Gauss-Bonnet correction term due to the topology change that microscopic wormholes
brought about. This is the main result of the present work.

5. Dark energy from microscopic Gauss-Bonnet wormholes

The effective cosmological constant 𝜕𝜒

𝜕𝑉
, can be interpreted as the density of the nontrivial

microscopic objects per four-volume 𝜌𝑜𝑏 𝑗 =
𝑁𝑜𝑏 𝑗

𝑉
, since these objects induce the topology change

(for instance 𝛿𝜒 = −2 corresponds to the formation of a Euclidean wormhole, while 𝛿𝜒 = 2 to
the formation of a Nariai instanton). Hence, according to (33), the effective cosmological constant
equals the density 𝜌𝑤 of 𝑁𝑤 topology changing wormholes per four-volume, i.e.

Λ𝑒 𝑓 𝑓 = −16𝜋2𝛼𝜌𝑤 = −16𝜋2𝛼
𝑁𝑤

𝑉
, (34)

namely it depends on the GB coupling parameter 𝛼 and on the wormhole density.
Concerning the value of GB coupling, there is a consensus that since the GB term appears

in the low-energy limit of an effective action [79], 𝛼 is related to the inverse of the string tension
[80–82] 𝛼 ∼ (1/

√
𝑎
′) or equivalently to the square of the string scale 𝛼 ∼ 𝑙2𝑠 [76, 83]. Since the

string scale 𝑙𝑠 cannot be far from the Planck scale in four dimensions 𝑙𝑠 ∼ 𝑙𝑝 [84, 85], one first
estimation could be 𝛼 = 𝑙2𝑝. In such a case, if we identify the effective cosmological constant
Λ𝑒 𝑓 𝑓 of (34) with the observed cosmological constant Λ𝑜𝑏𝑠 = 10−52𝑚−2, we need a microscopic
wormhole density of 𝜌𝑤 = 1016 wormholes per cubic meter per second, which is quite reasonable
according to Hawking and Schulz estimations for the spacetime foam [40, 53, 64]. On the other
hand, since the upper bound for the wormhole density is one wormhole per Planck volume, namely
𝜌𝑀𝑤 = 1

𝑙4𝑝
∼ 10140, according to (34) the upper bound of Λ𝑒 𝑓 𝑓 is Λ𝑀 ∼ 1072𝑚−2, or approximately

10124 larger than Λ𝑜𝑏𝑠.
Note that in different frameworks there have also been approaches where the cosmological

constant is driven by spacetime wormholes, but they typically haveΛ → 0 at late times. For instance,
in [53] Hawking considers space time foam as a gas of instantons of different topology and in the
Euclidean quantum gravity one-loop approximation he obtains a negative cosmological constant
Λ𝑠 ∼ 𝛼

𝜒

𝑉
, which although having been extracted in a totally different framework, it resembles

our result (33). However, Hawking’s calculations are based on the trace anomaly expressed by the
invariant GB term, and for that reason 𝜒 appears constant (refinements of Hawkings spacetime foam
model were presented in [64, 86]). In [87], Coleman proposed a mechanism where wormholes
and topological fluctuations of space time induce a distribution of the values of Nature’s constants,
which smear Λ distribution to peak at zero. In [88, 89] it was claimed that the behavior of the
fundamental coupling constants in Coleman’s scenario was controlled by the trace anomaly and a
similar proposition was the Giddings-Strominger wormhole solution where a wormhole is coupled
to an instanton [90]. Additionally, in [55] a semiclassical model of spacetime foam was proposed,

9
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in which Casimir-like quantum fluctuations give rise to an arbitrary number of wormholes, as pairs
of black hole and antiblack hole, which drive the induced cosmological constant to zero as they
grow.

Nevertheless, in our approach microscopic wormholes lead to an effective dark energy sector
not directly, but due to the topology change they induce on the manifold, which in turn affects the
variation of the GB term. That is why it can have an arbitrary dynamical behavior. Additionally,
apart from its effects at late-time cosmology, such a dynamical effective sector could play a role
in the early universe too, potentially driving inflation. Finally, note that since Nariai instantons
correspond to a negative component while Euclidean wormholes to a positive one, one could have
richer cosmological behavior as well.

6. Conclusions

It is known that the appearance of microscopic objects, such as instantons and wormholes, at
the spacetime-foam level in Euclidean quantum gravity approaches, leads to spacetime topology
changes, which in principle may affect the field equations that arise through the variational procedure
of gravitational actions. Although in the case of Einstein-Hilbert action the presence of microscopic
wormholes does not lead to any nontrivial result, when the Gauss-Bonnet term is added in the
action the above procedure induces an effective cosmological term that depends on the Gauss-
Bonnet coupling and the wormhole density. Since the later in a dynamical spacetime is in general
time-dependent, one results with an effective dark energy sector of topological origin.

In particular, the appearance of objects with distinct topology and thus with different Euler
characteristics, leads to a change of the topological character of the spacetime manifold. This
process can be encapsulated into an effective approach in which the variation of the quantum
fluctuations induces a variation in the Euler characteristic, constituting the effective topological
variation procedure. By employing the semiclassical one-loop approach on the linear split of the
metric and, additionally, incorporating the background independence through the tadpole condition,
we showed that the variation of the Gauss-Bonnet term in the Lagrangian gives rise to a nontrivial
term in the field equations. The obtained effective cosmological constant can coincide with the
observed value 10−52𝑚−2 for densities of the order of 1016 microscopic wormholes per cubic meter
per second, which is quite reasonable according to estimations.

It would be interesting to consider scenarios of time-dependent wormhole density and inves-
tigate the behavior of the resulting dynamical dark energy sector, including the confrontation with
observational data from supernovae type I (SNIa), baryonic acoustic oscillations (BAO), and cosmic
microwave background (CMB) observations, as well as with direct Hubble constant measurements
through cosmic chronometers (CC). Additionally, one could examine the matter perturbation evo-
lution in such a dynamical scenario. Moreover, one could apply the same considerations at early
times and examine the possibility of a successful inflation realization. At the more theoretical
level, one could investigate the effective topological variation procedure going beyond the linear
expansion level, as well as examine the effect of a topologically dynamical GB term in the trace
anomaly behavior, in heterotic strings renormalizability, and in M-theory’s 𝛽-function. All these
studies extend beyond the scope of this manuscript and will be performed in future projects.

10



P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

Acknowledgments

The authors would like to acknowledge the contribution of the COST Action CA21136 “Ad-
dressing observational tensions in cosmology with systematics and fundamental physics (Cosmo-
Verse)”.

References

[1] Supernova Search Team collaboration, Observational evidence from supernovae for an
accelerating universe and a cosmological constant, Astron. J. 116 (1998) 1009
[astro-ph/9805201].

[2] Supernova Cosmology Project collaboration, Measurements of Ω and Λ from 42 high
redshift supernovae, Astrophys. J. 517 (1999) 565 [astro-ph/9812133].

[3] WMAP collaboration, First year Wilkinson Microwave Anisotropy Probe (WMAP)
observations: Determination of cosmological parameters, Astrophys. J. Suppl. 148 (2003)
175 [astro-ph/0302209].

[4] SDSS collaboration, Cosmological parameters from SDSS and WMAP, Phys. Rev. D 69
(2004) 103501 [astro-ph/0310723].

[5] S.W. Allen, R.W. Schmidt, H. Ebeling, A.C. Fabian and L. van Speybroeck, Constraints on
dark energy from Chandra observations of the largest relaxed galaxy clusters, Mon. Not.
Roy. Astron. Soc. 353 (2004) 457 [astro-ph/0405340].

[6] SNLS collaboration, The Supernova Legacy Survey: Measurement of Ω𝑀 , ΩΛ and 𝑤 from
the first year data set, Astron. Astrophys. 447 (2006) 31 [astro-ph/0510447].

[7] S. Weinberg, The Cosmological Constant Problem, Rev. Mod. Phys. 61 (1989) 1.

[8] V. Sahni and A.A. Starobinsky, The Case for a positive cosmological Lambda term, Int. J.
Mod. Phys. D 9 (2000) 373 [astro-ph/9904398].

[9] E. Di Valentino et al., Snowmass2021 - Letter of interest cosmology intertwined II: The
hubble constant tension, Astropart. Phys. 131 (2021) 102605 [2008.11284].

[10] E. Di Valentino et al., Cosmology Intertwined III: 𝑓 𝜎8 and 𝑆8, Astropart. Phys. 131 (2021)
102604 [2008.11285].

[11] E. Abdalla et al., Cosmology intertwined: A review of the particle physics, astrophysics, and
cosmology associated with the cosmological tensions and anomalies, JHEAp 34 (2022) 49
[2203.06142].

[12] E.J. Copeland, M. Sami and S. Tsujikawa, Dynamics of dark energy, Int. J. Mod. Phys. D 15
(2006) 1753 [hep-th/0603057].

[13] Y.-F. Cai, E.N. Saridakis, M.R. Setare and J.-Q. Xia, Quintom Cosmology: Theoretical
implications and observations, Phys. Rept. 493 (2010) 1 [0909.2776].

11

https://doi.org/10.1086/300499
https://arxiv.org/abs/astro-ph/9805201
https://doi.org/10.1086/307221
https://arxiv.org/abs/astro-ph/9812133
https://doi.org/10.1086/377226
https://doi.org/10.1086/377226
https://arxiv.org/abs/astro-ph/0302209
https://doi.org/10.1103/PhysRevD.69.103501
https://doi.org/10.1103/PhysRevD.69.103501
https://arxiv.org/abs/astro-ph/0310723
https://doi.org/10.1111/j.1365-2966.2004.08080.x
https://doi.org/10.1111/j.1365-2966.2004.08080.x
https://arxiv.org/abs/astro-ph/0405340
https://doi.org/10.1051/0004-6361:20054185
https://arxiv.org/abs/astro-ph/0510447
https://doi.org/10.1103/RevModPhys.61.1
https://doi.org/10.1142/S0218271800000542
https://doi.org/10.1142/S0218271800000542
https://arxiv.org/abs/astro-ph/9904398
https://doi.org/10.1016/j.astropartphys.2021.102605
https://arxiv.org/abs/2008.11284
https://doi.org/10.1016/j.astropartphys.2021.102604
https://doi.org/10.1016/j.astropartphys.2021.102604
https://arxiv.org/abs/2008.11285
https://doi.org/10.1016/j.jheap.2022.04.002
https://arxiv.org/abs/2203.06142
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1142/S021827180600942X
https://arxiv.org/abs/hep-th/0603057
https://doi.org/10.1016/j.physrep.2010.04.001
https://arxiv.org/abs/0909.2776


P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

[14] CANTATA collaboration, Modified Gravity and Cosmology, Springer (2021),
10.1007/978-3-030-83715-0, [2105.12582].

[15] A. De Felice and S. Tsujikawa, f(R) theories, Living Rev. Rel. 13 (2010) 3 [1002.4928].

[16] S. Capozziello and M. De Laurentis, Extended Theories of Gravity, Phys. Rept. 509 (2011)
167 [1108.6266].

[17] Y.-F. Cai, S. Capozziello, M. De Laurentis and E.N. Saridakis, f(T) teleparallel gravity and
cosmology, Rept. Prog. Phys. 79 (2016) 106901 [1511.07586].

[18] S. Nojiri, S.D. Odintsov and V.K. Oikonomou, Modified Gravity Theories on a Nutshell:
Inflation, Bounce and Late-time Evolution, Phys. Rept. 692 (2017) 1 [1705.11098].

[19] M. Li, A Model of holographic dark energy, Phys. Lett. B 603 (2004) 1 [hep-th/0403127].

[20] E.N. Saridakis, Barrow holographic dark energy, Phys. Rev. D 102 (2020) 123525
[2005.04115].

[21] N. Drepanou, A. Lymperis, E.N. Saridakis and K. Yesmakhanova, Kaniadakis holographic
dark energy and cosmology, Eur. Phys. J. C 82 (2022) 449 [2109.09181].

[22] R. Alves Batista et al., White Paper and Roadmap for Quantum Gravity Phenomenology in
the Multi-Messenger Era, 2312.00409.

[23] A. Addazi et al., Quantum gravity phenomenology at the dawn of the multi-messenger
era—A review, Prog. Part. Nucl. Phys. 125 (2022) 103948 [2111.05659].

[24] K.S. Stelle, Renormalization of Higher Derivative Quantum Gravity, Phys. Rev. D 16 (1977)
953.

[25] C. Lanczos, A Remarkable property of the Riemann-Christoffel tensor in four dimensions,
Annals Math. 39 (1938) 842.

[26] D. Lovelock, The Einstein tensor and its generalizations, J. Math. Phys. 12 (1971) 498.

[27] A.A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. B 91 (1980) 99.

[28] S. Capozziello, Curvature quintessence, Int. J. Mod. Phys. D 11 (2002) 483
[gr-qc/0201033].

[29] S. shen Chern, On the curvatura integra in a riemannian manifold, Annals of Mathematics
46 (1945) 674.

[30] D.J. Gross and J.H. Sloan, The Quartic Effective Action for the Heterotic String, Nucl. Phys.
B 291 (1987) 41.

[31] C. Vafa and E. Witten, A Strong coupling test of S duality, Nucl. Phys. B 431 (1994) 3
[hep-th/9408074].

12

https://doi.org/10.1007/978-3-030-83715-0
https://arxiv.org/abs/2105.12582
https://doi.org/10.12942/lrr-2010-3
https://arxiv.org/abs/1002.4928
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://arxiv.org/abs/1108.6266
https://doi.org/10.1088/0034-4885/79/10/106901
https://arxiv.org/abs/1511.07586
https://doi.org/10.1016/j.physrep.2017.06.001
https://arxiv.org/abs/1705.11098
https://doi.org/10.1016/j.physletb.2004.10.014
https://arxiv.org/abs/hep-th/0403127
https://doi.org/10.1103/PhysRevD.102.123525
https://arxiv.org/abs/2005.04115
https://doi.org/10.1140/epjc/s10052-022-10415-9
https://arxiv.org/abs/2109.09181
https://arxiv.org/abs/2312.00409
https://doi.org/10.1016/j.ppnp.2022.103948
https://arxiv.org/abs/2111.05659
https://doi.org/10.1103/PhysRevD.16.953
https://doi.org/10.1103/PhysRevD.16.953
https://doi.org/10.2307/1968467
https://doi.org/10.1063/1.1665613
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1142/S0218271802002025
https://arxiv.org/abs/gr-qc/0201033
https://doi.org/10.1016/0550-3213(87)90465-2
https://doi.org/10.1016/0550-3213(87)90465-2
https://doi.org/10.1016/0550-3213(94)90097-3
https://arxiv.org/abs/hep-th/9408074


P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

[32] G.W. Gibbons, Topology change in classical and quantum gravity, 1110.0611.

[33] V. De Falco, E. Battista, S. Capozziello and M. De Laurentis, General relativistic
Poynting-Robertson effect to diagnose wormholes existence: static and spherically
symmetric case, Phys. Rev. D 101 (2020) 104037 [2004.14849].

[34] V. De Falco, E. Battista, S. Capozziello and M. De Laurentis, Testing wormhole solutions in
extended gravity through the Poynting-Robertson effect, Phys. Rev. D 103 (2021) 044007
[2101.04960].

[35] V. De Falco, E. Battista, S. Capozziello and M. De Laurentis, Reconstructing wormhole
solutions in curvature based Extended Theories of Gravity, Eur. Phys. J. C 81 (2021) 157
[2102.01123].

[36] V. De Falco, M. De Laurentis and S. Capozziello, Epicyclic frequencies in static and
spherically symmetric wormhole geometries, Phys. Rev. D 104 (2021) 024053
[2106.12564].

[37] V. De Falco, Epicyclic frequencies in the equatorial plane around stationary and axially
symmetric wormhole geometries, Phys. Rev. D 108 (2023) 024051 [2307.03151].

[38] V. De Falco and S. Capozziello, Static and spherically symmetric wormholes in metric-affine
theories of gravity, Phys. Rev. D 108 (2023) 104030 [2308.05440].

[39] R.P. Geroch, Topology in general relativity, J. Math. Phys. 8 (1967) 782.

[40] A. Anderson and B.S. DeWitt, Does the Topology of Space Fluctuate?, Found. Phys. 16
(1986) 91.

[41] R.D. Sorkin, Forks in the road, on the way to quantum gravity, Int. J. Theor. Phys. 36 (1997)
2759 [gr-qc/9706002].

[42] G.T. Horowitz, Topology change in classical and quantum gravity, Class. Quant. Grav. 8
(1991) 587.

[43] A. Borde, Topology change in classical general relativity, gr-qc/9406053.

[44] F. Dowker, Topology change in quantum gravity, in Workshop on Conference on the Future
of Theoretical Physics and Cosmology in Honor of Steven Hawking’s 60th Birthday,
pp. 436–452, 6, 2002 [gr-qc/0206020].

[45] P. Csizmadia and I. Racz, Gravitational collapse and topology change in spherically
symmetric dynamical systems, Class. Quant. Grav. 27 (2010) 015001 [0911.2373].

[46] A. Frenkel, P. Horava and S. Randall, Perelman’s Ricci Flow in Topological Quantum
Gravity, 2011.11914.

[47] V. Dzhunushaliev, N. Serikbayev and R. Myrzakulov, Topology change in quantum gravity
and Ricci flows, 0912.5326.

13

https://arxiv.org/abs/1110.0611
https://doi.org/10.1103/PhysRevD.101.104037
https://arxiv.org/abs/2004.14849
https://doi.org/10.1103/PhysRevD.103.044007
https://arxiv.org/abs/2101.04960
https://doi.org/10.1140/epjc/s10052-021-08958-4
https://arxiv.org/abs/2102.01123
https://doi.org/10.1103/PhysRevD.104.024053
https://arxiv.org/abs/2106.12564
https://doi.org/10.1103/PhysRevD.108.024051
https://arxiv.org/abs/2307.03151
https://doi.org/10.1103/PhysRevD.108.104030
https://arxiv.org/abs/2308.05440
https://doi.org/10.1063/1.1705276
https://doi.org/10.1007/BF01889374
https://doi.org/10.1007/BF01889374
https://doi.org/10.1007/BF02435709
https://doi.org/10.1007/BF02435709
https://arxiv.org/abs/gr-qc/9706002
https://doi.org/10.1088/0264-9381/8/4/007
https://doi.org/10.1088/0264-9381/8/4/007
https://arxiv.org/abs/gr-qc/9406053
https://arxiv.org/abs/gr-qc/0206020
https://doi.org/10.1088/0264-9381/27/1/015001
https://arxiv.org/abs/0911.2373
https://arxiv.org/abs/2011.11914
https://arxiv.org/abs/0912.5326


P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

[48] A. Hebecker, T. Mikhail and P. Soler, Euclidean wormholes, baby universes, and their impact
on particle physics and cosmology, Front. Astron. Space Sci. 5 (2018) 35 [1807.00824].

[49] K. Tamvakis, Two axion string wormholes, Phys. Lett. B 233 (1989) 107.

[50] E. Bergshoeff, A. Collinucci, U. Gran, D. Roest and S. Vandoren, Non-extremal instantons
and wormholes in string theory, Fortsch. Phys. 53 (2005) 990 [hep-th/0412183].

[51] E. Bergshoeff, A. Collinucci, A. Ploegh, S. Vandoren and T. Van Riet, Non-extremal
D-instantons and the AdS/CFT correspondence, JHEP 01 (2006) 061 [hep-th/0510048].

[52] T. Hertog, M. Trigiante and T. Van Riet, Axion Wormholes in AdS Compactifications, JHEP
06 (2017) 067 [1702.04622].

[53] S. Hawking, Spacetime foam, Nuclear Physics B 144 (1978) 349.

[54] G.W. Gibbons, S.W. Hawking and M.J. Perry, Path Integrals and the Indefiniteness of the
Gravitational Action, Nucl. Phys. B 138 (1978) 141.

[55] R. Garattini, A Space-time foam approach to the cosmological constant and entropy, Int. J.
Mod. Phys. D 4 (2002) 635 [gr-qc/0003090].

[56] H.F. Dowker and R.S. Garcia, A Handlebody calculus for topology change, Class. Quant.
Grav. 15 (1998) 1859 [gr-qc/9711042].

[57] M. Nakahara, Geometry, topology and physics, Institute of Physics Publishing, London
(2003).

[58] J. Rodriguez, The signature of a manifold, 2015.

[59] G.W. Gibbons and S.W. Hawking, Classification of Gravitational Instanton Symmetries,
Commun. Math. Phys. 66 (1979) 291.

[60] S. Liberati and G. Pollifrone, Entropy and topology for manifolds with boundaries, Nucl.
Phys. B Proc. Suppl. 57 (1997) 197 [hep-th/9509093].

[61] G.W. Gibbons and R.E. Kallosh, Topology, entropy and Witten index of dilaton black holes,
Phys. Rev. D 51 (1995) 2839 [hep-th/9407118].

[62] Z.Z. Ma, Euler numbers of four-dimensional rotating black holes with the Euclidean
signature, Phys. Rev. D 67 (2003) 024027 [hep-th/0512127].

[63] G.W. Gibbons and S.W. Hawking, Selection rules for topology change, Commun. Math.
Phys. 148 (1992) 345.

[64] B. Schulz, On the physical implications of Hawking’s spacetime foam, Fortsch. Phys. 66
(2018) 1800070 [1810.09574].

[65] J.A. Wheeler, Relativity, groups and topology, edited by C. De-Witt and B. DeWitt, Gordon
and Breach, New York (1964) 316.

14

https://doi.org/10.3389/fspas.2018.00035
https://arxiv.org/abs/1807.00824
https://doi.org/10.1016/0370-2693(89)90624-2
https://doi.org/10.1002/prop.200410227
https://arxiv.org/abs/hep-th/0412183
https://doi.org/10.1088/1126-6708/2006/01/061
https://arxiv.org/abs/hep-th/0510048
https://doi.org/10.1007/JHEP06(2017)067
https://doi.org/10.1007/JHEP06(2017)067
https://arxiv.org/abs/1702.04622
https://doi.org/https://doi.org/10.1016/0550-3213(78)90375-9
https://doi.org/10.1016/0550-3213(78)90161-X
https://doi.org/10.1142/S0218271802001445
https://doi.org/10.1142/S0218271802001445
https://arxiv.org/abs/gr-qc/0003090
https://doi.org/10.1088/0264-9381/15/7/005
https://doi.org/10.1088/0264-9381/15/7/005
https://arxiv.org/abs/gr-qc/9711042
https://doi.org/10.1007/BF01197189
https://doi.org/10.1016/S0920-5632(97)00376-9
https://doi.org/10.1016/S0920-5632(97)00376-9
https://arxiv.org/abs/hep-th/9509093
https://doi.org/10.1103/PhysRevD.51.2839
https://arxiv.org/abs/hep-th/9407118
https://doi.org/10.1103/PHYSREVD.67.024027
https://arxiv.org/abs/hep-th/0512127
https://doi.org/10.1007/BF02100864
https://doi.org/10.1007/BF02100864
https://doi.org/10.1002/prop.201800070
https://doi.org/10.1002/prop.201800070
https://arxiv.org/abs/1810.09574


P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

[66] S.W. Hawking, Euclidean quantum gravity, in Euclidean quantum gravity, pp. 73–101,
World Scientific (1993), DOI.

[67] R.D. Sorkin, On Topology Change and Monopole Creation, Phys. Rev. D 33 (1986) 978.

[68] B. Knorr, The derivative expansion in asymptotically safe quantum gravity: general setup
and quartic order, SciPost Phys. Core 4 (2021) 020 [2104.11336].

[69] J.A. Wheeler, Geons, Phys. Rev. 97 (1955) 511.

[70] J.A. Wheeler, On the Nature of quantum geometrodynamics, Annals Phys. 2 (1957) 604.

[71] S. Hossenfelder, Minimal Length Scale Scenarios for Quantum Gravity, Living Rev. Rel. 16
(2013) 2 [1203.6191].

[72] J.M. Pawlowski and M. Reichert, Quantum Gravity: A Fluctuating Point of View, Front. in
Phys. 8 (2021) 551848 [2007.10353].

[73] M. Becker and M. Reuter, Background independent field quantization with sequences of
gravity-coupled approximants. II. Metric fluctuations, Phys. Rev. D 104 (2021) 125008
[2109.09496].

[74] G. ’t Hooft and M.J.G. Veltman, One loop divergencies in the theory of gravitation, Ann.
Inst. H. Poincare Phys. Theor. A 20 (1974) 69.

[75] C. Pagani and M. Reuter, Background Independent Quantum Field Theory and Gravitating
Vacuum Fluctuations, Annals Phys. 411 (2019) 167972 [1906.02507].

[76] T. Padmanabhan and D. Kothawala, Lanczos-Lovelock models of gravity, Phys. Rept. 531
(2013) 115 [1302.2151].

[77] T. Eguchi, P.B. Gilkey and A.J. Hanson, Gravitation, Gauge Theories and Differential
Geometry, Phys. Rept. 66 (1980) 213.

[78] P.G.S. Fernandes, P. Carrilho, T. Clifton and D.J. Mulryne, The 4D Einstein–Gauss–Bonnet
theory of gravity: a review, Class. Quant. Grav. 39 (2022) 063001 [2202.13908].

[79] S. Nojiri and S.D. Odintsov, Modified Gauss-Bonnet theory as gravitational alternative for
dark energy, Phys. Lett. B 631 (2005) 1 [hep-th/0508049].

[80] P. Kanti, N.E. Mavromatos, J. Rizos, K. Tamvakis and E. Winstanley, Dilatonic black holes
in higher curvature string gravity, Phys. Rev. D 54 (1996) 5049 [hep-th/9511071].

[81] Y.C. Ong, Holographic consistency and the sign of the Gauss-Bonnet parameter, Nucl. Phys.
B 984 (2022) 115939 [2208.13360].

[82] B. Zwiebach, Curvature Squared Terms and String Theories, Phys. Lett. B 156 (1985) 315.

[83] K. Bamba, A.N. Makarenko, A.N. Myagky and S.D. Odintsov, Bounce universe from
string-inspired Gauss-Bonnet gravity, JCAP 04 (2015) 001 [1411.3852].

15

https://doi.org/https://doi.org/10.1142/1301
https://doi.org/10.1103/PhysRevD.33.978
https://doi.org/10.21468/SciPostPhysCore.4.3.020
https://arxiv.org/abs/2104.11336
https://doi.org/10.1103/PhysRev.97.511
https://doi.org/10.1016/0003-4916(57)90050-7
https://doi.org/10.12942/lrr-2013-2
https://doi.org/10.12942/lrr-2013-2
https://arxiv.org/abs/1203.6191
https://doi.org/10.3389/fphy.2020.551848
https://doi.org/10.3389/fphy.2020.551848
https://arxiv.org/abs/2007.10353
https://doi.org/10.1103/PhysRevD.104.125008
https://arxiv.org/abs/2109.09496
https://doi.org/10.1016/j.aop.2019.167972
https://arxiv.org/abs/1906.02507
https://doi.org/10.1016/j.physrep.2013.05.007
https://doi.org/10.1016/j.physrep.2013.05.007
https://arxiv.org/abs/1302.2151
https://doi.org/10.1016/0370-1573(80)90130-1
https://doi.org/10.1088/1361-6382/ac500a
https://arxiv.org/abs/2202.13908
https://doi.org/10.1016/j.physletb.2005.10.010
https://arxiv.org/abs/hep-th/0508049
https://doi.org/10.1103/PhysRevD.54.5049
https://arxiv.org/abs/hep-th/9511071
https://doi.org/10.1016/j.nuclphysb.2022.115939
https://doi.org/10.1016/j.nuclphysb.2022.115939
https://arxiv.org/abs/2208.13360
https://doi.org/10.1016/0370-2693(85)91616-8
https://doi.org/10.1088/1475-7516/2015/04/001
https://arxiv.org/abs/1411.3852


P
o
S
(
C
O
R
F
U
2
0
2
3
)
1
8
2

Dark Energy from topology change at the foam level Stylianos A. Tsilioukas

[84] D. Berenstein, TeV-Scale strings, Ann. Rev. Nucl. Part. Sci. 64 (2014) 197 [1401.4491].

[85] S.S. Gubser, String production at the level of effective field theory, Phys. Rev. D 69 (2004)
123507 [hep-th/0305099].

[86] S.M. Christensen and M.J. Duff, Quantizing Gravity with a Cosmological Constant, Nucl.
Phys. B 170 (1980) 480.

[87] S.R. Coleman, Why There Is Nothing Rather Than Something: A Theory of the Cosmological
Constant, Nucl. Phys. B 310 (1988) 643.

[88] B. Grinstein and C.T. Hill, The Trace Anomaly and Low-Energy Phenomenological
Implications of Wormholes, Phys. Lett. B 220 (1989) 520.

[89] J.R. Ellis, E. Floratos and D.V. Nanopoulos, Wormhole effects on the masses of spin 0 bosons
and spin 1/2 fermions, Phys. Lett. B 225 (1989) 121.

[90] S.B. Giddings and A. Strominger, Axion Induced Topology Change in Quantum Gravity and
String Theory, Nucl. Phys. B 306 (1988) 890.

16

https://doi.org/10.1146/annurev-nucl-102313-025342
https://arxiv.org/abs/1401.4491
https://doi.org/10.1103/PhysRevD.69.123507
https://doi.org/10.1103/PhysRevD.69.123507
https://arxiv.org/abs/hep-th/0305099
https://doi.org/10.1016/0550-3213(80)90423-X
https://doi.org/10.1016/0550-3213(80)90423-X
https://doi.org/10.1016/0550-3213(88)90097-1
https://doi.org/10.1016/0370-2693(89)90779-X
https://doi.org/10.1016/0370-2693(89)91021-6
https://doi.org/10.1016/0550-3213(88)90446-4

	Introduction
	Topology change in Euclidean quantum gravity
	The effective topological variation procedure
	 Effective cosmological constant of topological origin
	Einstein-Hilbert action
	 Gauss-Bonnet action
	Einstein-Gauss-Bonnet action

	Dark energy from microscopic Gauss-Bonnet wormholes
	Conclusions

