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Abstract: Generalized symmetrons are models that have qualitatively similar features to the archety-
pal symmetron, but have barely been studied. In this article, we investigate for what parameter
values the fifth forces induced by disformally coupling generalized symmetrons can provide an ex-
planation for the difference between baryonic and lens masses of galaxies. While it is known that the
standard symmetron struggles to provide an alternative source for the lensing otherwise attributed
to particle dark matter, we show that some generalized symmetron models are more suitable for
complying with existing constraints on disformal couplings. This motivates future studies of these
only little-explored models.
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1. Introduction

Some of modern physics’ most prominent open problems can be found in cosmology,
i.e., the questions about the natures of dark energy (DE) and dark matter (DM). In order to
tackle these problems, a range of modifications of general relativity have been considered.
Amongst those, scalar-tensor theories [1] are some of the most studied. An overview of
models that address the problems of DE and DM can be found in Refs. [2,3].

Some of the scalar fields appearing in scalar-tensor theories are expected to cause a fifth
force of Nature, which, however, is in tension with Solar System-based experiments [4–6].
This led to some of these models being already ruled out [7]. Despite this, so-called
screened scalar fields, see Refs. [8,9] for reviews, have ways of circumventing Solar System
constraints by screening their fifth forces in environments of higher mass densities, such
that the forces are effectively rendered feeble. The most well-known screened scalar field
models include the chameleon [10,11], the symmetron [12–19], the environment dependent
dilaton [14,17,20–24], and the galileon [25–27]. In recent years these models have been
(proposed to be) tested in various experiments, see, e.g., Refs. [8,28–44], studied as quantum
fields [45–48], and proposed for investigations in analog gravity simulations [49].

Screened scalar field models have a rich phenomenology, which allows them to serve
as promising candidate theories for DM or DE. For example, in Ref. [50], it was shown that
the symmetron fifth force could explain the stability and rotation curves of disk galaxies,
while Ref. [51] demonstrated how the same force could lead to the observed motion of stars
perpendicular to the plane of the Milky Way disk. This made the symmetron a promising
alternative to particle DM. However, in Refs. [48,52] it was shown that using the same
parameter values as in Ref. [50], the difference between the baryonic masses of galaxies and
the masses required for causing the observed (gravitational) lensing cannot be explained by
a symmetron fifth force alone, but potentially by adding another scalar field or considering
a hybrid model between modified gravity and particle DM.

In the present article, we revisit the idea of a symmetron fifth force being an alter-
native to particle DM. However, instead of only considering the archetypal symmetron,
we discuss so-called generalized symmetrons, which were discovered using tomographic
methods [53,54]. This class of models comprises the standard symmetron, but also an, in
principle, infinite number of qualitatively similar generalizations. Generalized symmetrons
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have barely been studied in the literature [8], and their parameter spaces are still uncon-
strained. As we show in the present article, some generalized symmetron models can
actually explain the observed lensing otherwise attributed to particle DM while comply-
ing with existing constraints [55,56] on the necessary disformal coupling [57]. Since the
parameter spaces of those models have not yet been constrained by experiments, they offer
significantly more freedom to discuss them as alternatives to particle DM than many other
screened scalar field models, including the standard symmetron. This motivates future
studies of these yet only little explored models.

The article is structured as follows: In Section 2 we review the generalized symmetron
models, while in Section 3, based on the discussion in Ref. [48], we derive the deviation of
a galaxy’s lensing from general relativity’s predictions due the presence of a generalized
symmetron fifth force. Subsequently, in Section 4, we study which parts of the generalized
symmetron parameter spaces are suitable for explaining the difference between baryonic
and lens masses of galaxies. Finally, we draw our conclusions in Section 5.

2. Generalized Symmetrons

The standard symmetron model is a scalar-tensor modification of gravity and intro-
duces a new type of scalar field—the symmetron. It was first mentioned in Refs. [12–17]
and then introduced with its current name in Refs. [18,19]. Besides being a potential
DM candidate, the symmetron also motivated a new inflationary scenario [58] and was
proposed as a solution to the H0-tension [59].

The symmetron ϕ is described by the action

S =
∫

d4x
√
−g

(
M2

P
2

R− 1
2
(∂ϕ)2 −V(ϕ)

)
, (1)

where MP is the reduced Planck mass, and the effective symmetron potential is given by

V(ϕ) =
1
2

( ρ

M2 − µ2
)

ϕ2 +
λ

4
ϕ4 . (2)

Here, ρ = −Tµ
µ is the density for dust-like matter,M is a constant with a dimension

of a mass that parametrizes the coupling to matter, µ is a tachyonic mass, and λ is the
dimensionless self-coupling constant of the symmetron. The universal coupling to the trace
of the matter energy-momentum tensor Tµ

µ arises since the symmetron couples conformally
to the metric tensor via a factor

A(ϕ) = 1 +
ϕ2

M2 +O
(

ϕ4

M4

)
, ϕ�M . (3)

This factor is used in order to translate from one conformal frame [1] to another, e.g.,
from the Einstein frame given in terms of the metric g to the Jordan frame given in terms of
g̃ via g̃µν = A(ϕ)gµν.

Due to its coupling to matter, an additional force of Nature, a so-called fifth force,
is expected to be mediated by the symmetron. However, in order to avoid Solar System
constraints on fifth forces [4–6], the symmetron is equipped with a screening mechanism,
which renders the fifth force feeble in regions where the trace of the energy-momentum
tensor, or, in case of dust, the density ρ, is sufficiently large. This screening is achieved by
the behavior of the symmetron’s non-linear effective potential given in Equation (2). As
long as µ2M2 > ρ, this potential has minima at

ϕ0 = ±
√

1
λ

(
µ2 − ρ

M2

)
. (4)
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However, if this condition is not fulfilled, the vacuum expectation value (vev) of the
symmetron can only be ϕ0 = 0. Both possible scenarios are depicted in Figure 1. Separating
the symmetron into its vev and a small fluctuation δϕ, such that ϕ = ϕ0 + δϕ, it can be
shown that the symmetron fifth force at leading order follows Fϕ∼ϕ0∇δϕ. Consequently,
in situations where µ2M2 < ρ, the symmetron-induced fifth force is screened since its
leading term vanishes, leaving only small corrections of higher order in δϕ.

Figure 1. Potential V(ϕ) of the (generalized) symmetron: if the density ρ is sufficiently small, then
the potential takes on the shape of the blue curve, and the field has a non-vanishing vev. However, if
ρ > µ2M2 (orange curve), then the potential can only have a minimum at ϕ = 0 , which results in
the fifth force being screened.

Besides this standard symmetron model, a radiatively stable symmetron has been
developed [60], and generalizations were discovered by using tomographic methods [53,54].
The latter is the main subject of this article and is discussed in what follows. Generalized
symmetrons couple to the metric tensor via

A(ϕ) = 1 +
ϕ2α

M2α
+O

(
ϕ4α

M4α

)
, ϕ�M , (5)

and have potentials [8]

V(ϕ) =
( ρ

M2α
− µ4−2α

)
ϕ2α +

ϕ2β

Λ2β−4 , (6)

where Λ describes a symmetron self-coupling constant which generally has the dimension
of a mass, but is replaced 1/Λ2β−4 → λ/4 for β = 2. Note that, for α = 2, µ must also
be replaced by a dimensionless constant. The numbers α, β ∈ Z+ label each model and
are, in principle, arbitrary, but must adhere to β > α. Choosing the smallest possible pair
(α, β) = (1, 2) recovers the standard symmetron model as given in Equation (2). Each
choice for (α, β) leads to a model that has similar qualitative features to the standard
symmetron. This means the potential in Equation (6) is also represented by Figure 1, a
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generalized symmetron fifth force is screened in regimes where ρ > µ4−2αM2α since there
ϕ0 = 0, and in unscreened regimes the field’s vev takes on the form

ϕ0 = ± 2(β−α)

√
α

β
Λ2β−4

(
µ4−2α − ρ

M2α

)
. (7)

In an unscreened situation, a generalized symmetron has a mass

m2 = 4β(β− α)
ϕ

2(β−1)
0

Λ2β−4 , (8)

while in case of total screening, this becomes

m2 =

{
ρ

M2 − µ2 , α = 1
0 , α > 1

. (9)

3. Lensing

Gravitational lensing became the first experimentally confirmed novel effect predicted
by general relativity when, in 1919, the bending of light in the Sun’s gravitational field was
observed [61]. Today gravitational lensing serves as a valuable tool for indirect observations
of DM [62]. If a symmetron fifth force is supposed to act as an alternative to particle DM,
as suggested by the findings in Refs. [50,51], then it must be able to explain the observed
roughly 1:5 ratio between baryonic mass and DM in galaxies [63], i.e., contribute to the
lensing about 5 times as much as the Newtonian potential Φ of a galaxy. In Refs. [48,52]
it was shown that the standard or (1, 2)-symmetron cannot provide such an explanation
for the parameter values required by Ref. [50]. Although other models of the class of
generalized symmetrons might still be able to serve as sensible alternatives to particle DM
because they show the same qualitative features as the (1, 2)-symmetron, they are as yet
much less constrained.

In order to study the effect of a generalized symmetron on lensing, we now derive a
measure that enables us to compare the contribution from the fifth force with the one from
Newtonian gravity. For this, we follow the discussion in Ref. [48], which in turn is based
on elaborations made in Ref. [64]:

We consider a perturbed Friedmann–Lemaître–Robertson–Walker (FLRW) background

ds2 = a2(τ)[−(1 + 2Ψ)dτ2 + (1 + 2Φ)δijdxidxj] (10)

with conformal time dτ = dt/a(t) and Newtonian potentials Φ, Ψ � 1, which fulfill
the no-slip condition Φ = −Ψ. Furthermore, we assume that the thickness of the lens
(e.g., a galaxy) is much smaller than the distance dL between the lens and an observer
(on Earth), and the deflection angles are very small. This assumption justifies a thin-lens
approximation, which effectively considers the lens to have no thickness and lie within
a two-dimensional plane. This so-called lens plane is perpendicular to the line between
the light source and the observer. Using this approximation, we introduce the coordinate
system {τ, r, x1 ≈ rθ1, x2 ≈ rθ2} with radial coordinate r and deflection angles θ1,2. See
Figure 2 for a depiction of the setup.

We introduce the photon momentum kµ := dxµ/dκ with some affine parameter κ,
which gives the geodesic equation

dkµ

dκ
+ Γµ

νσkνkσ = 0 . (11)

The photon momentum can be separated into a background vector k̂µ and a small
perturbation δkµ due to the presence of a lens mass, such that kµ = k̂µ + δkµ. Without
the lens mass, the photon trajectory is not subject to deflection, which means, for the
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background momentum k̂x1,2
= 0 must hold. Consequently, from the on-shell condition

kµkµ = 0 follows k̂r = k̂0.

Figure 2. Schematics of gravitational lensing in two dimensions with thin-lens approximation: The
source sends out light which is distorted by the lens and then received by an observer. dL denotes the
distance between the observer and the lens plane in which the lens is situated. The radial coordinate
r equals 0 at the position of the observer and is orthogonal to the lens plane. θ denotes the angle
between r and the light ray reaching the observer (here, it represents either θ1 or θ2). The coordinate
x is approximated by rθ since θ is assumed to be very small [48].

Taking all this into account, and considering only terms up to first order in the Newto-
nian potentials and the momentum perturbations, for the purely Newtonian case without
any fifth forces, the geodesic Equation (11) can be used to derive the lensing force law

d2xi

dr2 = (Φ−Ψ),xi , i ∈ {1, 2} . (12)

A similar force law can be derived when also including generalized symmetrons.
However, it must be stressed that a solely conformal coupling of the scalar field ϕ to
the metric tensor is not sufficient to have any effect on lensing. This was, for example,
explicitly shown in Ref. [48], but can also simply be concluded from the fact that the
energy–momentum tensor of a massless particle, such as the photon, has a vanishing trace.
Therefore, the scalar ϕ must not only couple conformally but also disformally via

ḡµν = A(ϕ)gµν + Bϕ,µ ϕ,ν , (13)

ḡµν = A−1(ϕ)

(
gµν − B

C(ϕ)
ϕ,µ ϕ,ν

)
, (14)
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where A(ϕ) is the conformal factor from Equation (5), B is the disformal coupling param-
eter, which for simplicity is assumed to be a constant, and C(ϕ) := A(ϕ) + B(∂ϕ)2. ḡ
denotes the metric in the Jordan frame and g the metric in the Einstein frame [1].
For the Jordan frame Christoffel symbols, we find

Γ̄µ
νσ = Γµ

νσ + A−1
[

A,(ν gµ

σ)
− 1

2
A,µ gνσ

]
+

B
C

ϕ,µ
[

ϕ,νσ−ϕ,ρ Γρ
νσ +

A−1

2
ϕ,ρ A,ρ gνσ − A−1 A,(ν ϕ,σ)

]
, (15)

where the second term in the first line represents a contribution that arises purely from
the conformal coupling and therefore does not affect the lensing. Substituting Equation (5)
into Equation (15), following the same procedure as for the derivation of Equation (12),
and assuming the lens object to be static, then the force law

d2xi

dr2 = (Φ−Ψ),xi −
B
C

ϕ,x
i
[(

ϕ,yz−
2α

M2α
ϕ2α−1 ϕ,y ϕ,z

)
dxy

dr
dxz

dr

−2Hϕ,y
dxy

dr
+ a2 ϕ,y (Φ−Ψ),y−2ϕ,r Φ,r

]
, (16)

where y, z ∈ {r, x1, x2}, andH denotes the conformal Hubble parameter, can be obtained.
Comparing this force law with the one in Equation (12), we find that the term is proportional
to B in Equation (16) corresponds to the contribution of the generalized symmetron fifth
force to the lensing effect.

Next, we assume a(today) = 1, use the no-slip condition for the Newtonian potentials,
and consider the force law only in the lens plane r = dL, where we expect the lensing to be
maximal and dx/dr to vanish:

d2xi

dr2

∣∣∣∣
dL

=

[
2Φ,xi −

B
C

ϕ,x
i
(

ϕ,rr −
2α

M2α
ϕ2α−1(ϕ,r )2 − 2Hϕ,r +2ϕ,xj Φ,x

j
)]∣∣∣∣

dL

. (17)

In order to obtain a rough numerical estimate of the generalized symmetron contribu-
tion, we assume its source, i.e., a galaxy acting as a lens, to be a disk lying in the lens plane
with homogeneous, constant mass density and radius R, leading to a total galaxy mass M.
Since this approximated lens has a spherical symmetry, we can restrict our investigation
to the case θ2 = 0, and consequently only work with θ1 =: θ. Applying Newton’s shell
theorem and considering that the radial coordinate within the lens plane originating from
the disk’s center can be expressed as rθ in the observer’s coordinates, the Newtonian
potential becomes

Φ = −GM
rθ

. (18)

Some references, including Refs. [48,54], suggest an approximation for the symmetron
field profile outside a homogeneous, spherically symmetric source of radius R, which is
valid for a symmetron mass mout outside the source fulfilling rθ < m−1

out. However, in what
follows, this approximation will not always be good. Therefore, we use the symmetron
profile [37]

ϕ = v− D
rθ

e−moutrθ (19)

with

D := (v− w)RemoutR Rmin − T
Rmin + RmoutT

, (20)

where min is the field’s mass within the source, v := ϕ0,out and w := ϕ0,in are the vev
in the environment surrounding the source and within the source, respectively, and
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T := tanh(minR). The solution in Equation (19) requires that we only consider terms up to
first order in δϕ, and, at this order, is even valid for any generalized symmetron model.
Substituting Equations (18) and (19) into Equation (17) leads us to

d2x
dr2

∣∣∣∣
dL

=
2GM
d2

Lθ2 [1 + F] (21)

with

F :=
BD2

Cd4
Lθ2

e−2moutdLθ(1 + moutdLθ)

{(
1 +

dLθ

2GM

)[
1 + (1 + moutdLθ)2

+
2αD

dLθM2α

(
v− D

dLθ
e−moutdLθ

)2α−1
e−moutdLθ(1 + moutdLθ)2 + 2HdL(1 + moutdLθ)

]
−1 + moutdLθ

θ2

}
(22)

being a term that describes the contribution of the generalized symmetron fifth force to
lensing in comparison to the one originating from Newtonian gravity. Furthermore, in the
lens plane, we have:

C|dL = 1 +
1
M2α

(
v− D

dLθ
e−moutdLθ

)2α

+ (1− 2Φ|dL)
BD2

d4
Lθ4

e−2moutdLθ(1 + moutdLθ)2(1 + θ2) .

(23)

In Equation (22) we see that F∼D2, such that from Equation (20) we can find F∼(v− w)2.
This result implies that if v and w are very similar, and have the same sign, for example,
in some situations where the field is unscreened both in and outside the source, the
contribution of the generalized fifth force to lensing can be very small. However, it is
not necessarily true that both vev need to have the same sign. Since we are interested
in checking whether it is at all possible to explain the observed lensing by a generalized
symmetron fifth force, we consider the best-case scenario, in which v = +|v| and w = −|w|.

4. Model Parameters

We now want to consider different generalized symmetron models and see for what
points in their parameter spaces the expression in Equation (22) gives F ≈ 5, such that
the contribution of a fifth force can be interpreted as an alternative to particle DM, at least
when it comes to lensing.

For this, we consider the same galaxy parameters as in Ref. [48], i.e., we look at
a Milky Way-like galaxy with M = 6 × 1011M� ≈ 6.67 × 1077 eV and a scale length
R = 5 kpc ≈ 2.69× 1026 eV−1 [65]. Ref. [66] reports lensing by galaxies at redshift z = 1
under angles of about 1 arcmin. Therefore, we choose θ = π

10,800 and dL ≈ 6.60× 1032 eV−1,
where we obtained the latter from dL ≈ zdH [67] using the Hubble length dH . For the
density around the galaxy we assume ρout ≈ 2.59× 10−11 eV4 [68]. In addition, we use
G ≈ 6.71× 10−57 eV−2 andH ≈ 1.51× 10−33 eV.

We start the discussion by again looking at the (1, 2)-symmetron before we show that
moving to larger values of (α, β) is beneficial for complying with the existing constraint
B < 5.6× 10−48 eV−4 [55,56] on the disformal coupling parameter.

4.1. (1, 2)-Symmetron

Ref. [50] suggested that the (1, 2)-symmetron could explain the stability and rotation
curves of disk galaxies, and therefore be a possible candidate for an alternative to par-
ticle DM. For this to work, the symmetron parameters were chosen to beM = MP/10,
v =M/150, and µ = 3 × 10−30 eV. In Refs. [48,52], it was shown that those param-
eter choices require a disformal coupling parameter B much larger than permitted by
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the constraints given in Refs. [55,56]. This result also held for realistic variations of the
galaxy parameters.

We now study for what values of M and the self-coupling constant λ the
(1, 2)-symmetron can actually comply with the constraints on disformal couplings. For the
disformal coupling parameter, we choose B = 10−49 eV−4 in order to consider a value that
is not yet excluded by experiments, and for µ we initially take the same value as in Ref. [50].
We find that λ ≈ 10−174.6 is the largest andM ≈ 1058.7 eV the smallest possible value in
order to find F ≈ 5, while simultaneously fulfilling the perturbative condition ϕ � M.
Even though there are not necessarily any restrictions on the permitted values for the
coupling constants, it is certainly peculiar to have a theory with such a small self-coupling
and, more strikingly, a mass scale that is more than 30 orders of magnitude above the
Planck mass.

Note that for these parameter values, the field is not screened within the galaxy.
Furthermore, since in this parameter regime 1/min > R, i.e., the Compton wavelength
of the field is larger than the galaxy scale, the field adapts to the size of the galaxy and
consequently rather takes on the mass min ≈ q/R and the vev

w ≈ ± β−1

√
qΛβ−2

2
√

β(β− α)R
, (24)

where q is a fudge factor that would have to be computed numerically taking into account
more detailed properties of a galaxy, but is assumed to be of order 1 (compare with the
fudge factor, e.g., in Ref. [69]).

Considering smaller values of the disformal coupling parameter only worsens the
situation, i.e., requires smaller values of λ and largerM. As was also observed in Ref. [48],
changing the galaxy parameters to other realistic values does not significantly improve
the situation.

What remains to be checked is how the result is affected by a change in the tachyonic
mass µ. As it turns out and can be seen in Figure 3, the value for µ used in Ref. [50] is
sitting within a small part of the parameter space that allows for F ≈ 5.

Looking at Equations (19) and (20), and remembering that F∼D2, we see that signifi-
cantly increasing or decreasing µ beyond this small section of the parameter space, while
keeping all other parameters at the same values, leads to F becoming rapidly smaller since
the combined exponential function in Equations (19) and (20) becomes smaller due to the
enlarged symmetron mass or the vev reduces, respectively. In order to counteract the
declining F, such that F ≈ 5 can be recovered, we have to consider even smaller values of
λ and consequently larger values ofM. This is the exact opposite of what we had hoped to
achieve, which is why varying µ can be excluded as a possibility for improving the case for
the (1, 2)-symmetron.

4.2. (1, β)-Symmetrons with β ≥ 3

Now we move to the first set of non-standard symmetrons and consider models with
(1, β) for β ≥ 3. For those, Equation (22) has still the same form as for the (1, 2)-symmetron,
but the vev and the unscreened masses are different according to Equations (7) and (8).
Furthermore, instead of using a dimensionless constant λ, we now have to work with Λ
as another mass scale besidesM. Again choosing µ = 3× 10−30 eV, we find the results
presented in Figure 4 for 3 ≤ β ≤ 10.

We observe that going from β = 2 to β = 3 requires a slightly lowerM for F ≈ 5 and
ϕ/M� 1, but the Λ of the (1, 3)-symmetron must be more than 100 orders of magnitude
above the Planck mass. This renders this theory to be unrealistic as an alternative to
particle DM.



Astronomy 2023, 2 136

Figure 3. Behavior of the function F(µ) for the (1, 2)-symmetron with parameters λ = 10−174.6,
M = 1058.7 eV, and B = 10−49 eV−4; the black rhombuses with vertical lines depict the two points
where F = 5.

At β = 4 there is another slight decrease inM, while from β = 5 on this mass scale
increases again until it settles aroundM ≈ 1058.3 eV even for very large β. This means,
compared to the standard symmetron, only changing β barely improves the value of the
matter coupling mass scale.

Figure 4. Values of Λ andM that give F = 5 for (1, β ≥ 3)-symmetrons with µ = 3× 10−30 eV up
to β = 10.

The self-coupling constant Λ is strictly monotonically decreasing and approaches
Λ ≈ 1057.2 eV for large β. This means, the two mass scales in (1, β ≥ 3)-symmetron theories
are getting closer to each other with increasing β until Λ becomes smaller thanM and both
finally differ by approximately 1 order of magnitude.

Even though there are parts of their parameter spaces for which generalized sym-
metrons with α = 1 can explain the lensing otherwise attributed to particle DM, they
require coupling constants that are at least 30 order of magnitude above the Planck mass.



Astronomy 2023, 2 137

4.3. (α, β)-Symmetrons with α ≥ 2

Finally, we also consider generalized symmetron models with α ≥ 2. Now we
encounter a couple of differences to the previously considered models: Equation (22)
changes with every possible value of α, and µ is either dimensionless (for α = 2) or appears
in Equation (6) with negative order (for α ≥ 3).

Generally, it can be said that studying these models is numerically more intricate than
it was for the ones we considered before. This is due to the fact that within the considered
astrophysical setup, α ≥ 2-symmetrons can lead to extremely small terms that have to
be compensated by extremely large terms in order to find any results of order 1. For
example, Equation (22) can be separated into two terms, one outside (Fo) and one inside
(Fi) the curly brackets. Fo tends to become very small since it is suppressed by at least
B/d3

Lθ∼10−144 eV−1 (for B = 10−49 eV−4). While generalized symmetrons with only α = 1
seem to not struggle with compensating such smallness by leading to a sufficiently large
Fi, the models discussed here are more problematic since they lead to even more extreme
values for Fo and Fi.

Beginning with the (2, 3)-symmetron model, we can find no point in the parameter
space that allows for F ≈ 5. The closest value we find is around F∼10−139. This is caused
by Fi not reaching sufficiently large values and whenever it increases for parameter values
beyond the maximum of F, Fo decreases even faster. Increasing β does not lead to greatly
improved results.

Moving to α = 3, from where on µ is a mass scale, we again do not find any point in
the parameter space that allows for F ≈ 5, but can at least reach F∼10−117.

The first model we find that allows for F ≈ 5 is the (5, 7)-symmetron around the
parameter space point (Λ,M, µ) = (1037.4, 1058.7, 1024.0) eV. Interestingly, from α = 5 on,
changing β can actually have a significant impact on the results. However, while for α = 6
we still need at least β = α + 2, from α = 7 on we can obtain F ≈ 5 even for β = α + 1.

With increasing α we have to use smaller Λ in order to reach F ≈ 5, such that we are
getting closer to the Planck scale. For example, in the (11, 12)-symmetron model we find
F ≈ 5 at the point (Λ,M, µ) = (1027.3, 1058.7, 1024.0) eV, where Λ is close to MP.

As can be seen in the examples presented above, increasing α is useful for reducing Λ,
butM remains more than 30 order of magnitude above the Planck scale independent of
the choice of (α, β).

5. Conclusions

In this article, we discussed generalizations of the symmetron model, characterized
by a pair of positive integers (α, β), and investigated for what parameter values their fifth
forces can explain the difference between baryonic and lens masses of galaxies, which is oth-
erwise attributed to particle DM. For this, we first reviewed generalized symmetrons and
then derived a measure F that allowed us to compare the lensing contribution from New-
tonian gravity with one from a gravity-like fifth force induced by a disformally coupling
generalized symmetron.

We looked at a Milky Way-like galaxy and checked for a selection of generalized
symmetron models for what parameter space values F ≈ 5, which corresponds to the ex-
pected ratio between DM and baryonic matter in galaxies, is fulfilled. With B = 10−49 eV−4

we chose a disformal coupling parameter close to the maximal value allowed by current
experimental constraints. For the standard symmetron, corresponding to (α, β) = (1, 2), we
found that a tiny self-coupling constant λ and a matter coupling mass scaleMmore than
30 orders of magnitude larger than the Planck mass MP are required in order to find F ≈ 5.
Increasing β, which required us to work with a mass scale Λ instead of a dimensionless λ,
led to both Λ andM being at least 30 orders of magnitude above the Planck scale. Finally,
also varying α was most promising since it allowed us to use generalized symmetron fifth
forces as explanations for the observed lensing excess at mass scales Λ and µ around or
even below the Planck scale. However, in no model was it possible to significantly reduce
the value forM, which means it must always be much larger than MP.



Astronomy 2023, 2 138

From Refs. [48,52], we know that the (1, 2)-symmetron is not able to successfully act as
an alternative to particle DM since it cannot explain lensing. This is also reflected in the fact
that, as we showed in the present article, the standard symmetron fifth force would require
an extremely small λ for F ≈ 5. In contrast, some generalized symmetron models with
larger α are so far better at explaining the observed lensing because they instead require the
self-interaction mass parameter Λ to be around the Planck scale, which is a typical value
expected for many screened scalar field models. Despite this, every model, even for very
large α and β, requiredM to be at least 30 orders of magnitude above MP in order to reach
F ≈ 5. There are several possible ways around this conundrum: either we accept that we
have such a large fundamental mass scale in Nature, we relax the requirement on F and
want a generalized symmetron fifth force to only partially explain DM, we find a way to
relax the requirement ϕ�M, or we consider a hybrid model between modified gravity
and particle DM, as was suggested for the standard symmetron in Ref. [52].

In any case, generalized symmetrons beyond (α, β) = (1, 2) are interesting theories
to study because, to date, there are no experimental constraints on their parameter spaces.
In addition, redoing the analyses made in Refs. [50,51] for some of the more promising
models, for example, theories such as (α, β) = (5, 7) and beyond, might in the future
demonstrate that generalized symmetrons are actually good alternatives to particle DM.
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47. Burrage, C.; Käding, C.; Millington, P.; Minář, J. Influence functionals, decoherence and conformally coupled scalars. J. Phys.

Conf. Ser. 2019, 1275, 12041.

http://dx.doi.org/10.1007/BF00674344
http://dx.doi.org/10.1007/BF00645239
http://dx.doi.org/10.1103/PhysRevD.72.043535
http://dx.doi.org/10.1103/PhysRevD.77.043524
http://dx.doi.org/10.1103/PhysRevD.82.063519
http://dx.doi.org/10.1134/S1063776113030138
http://dx.doi.org/10.1142/S0218271818480097
http://dx.doi.org/10.1103/PhysRevD.103.084013


Astronomy 2023, 2 140

48. Käding, C. Astro- and Quantum Physical Tests of Screened Scalar Fields. Ph.D. Thesis, University of Nottingham, Nottingham,
UK, 2019.

49. Hartley, D.; Käding, C.; Howl, R.; Fuentes, I. Quantum simulation of dark energy candidates. Phys. Rev. D 2019, 99, 105002.
50. Burrage, C.; Copeland, E.J.; Millington, P. Radial acceleration relation from symmetron fifth forces. Phys. Rev. D 2017, 95, 64050.

Erratum in: Phys. Rev. D 2017, 95, 129902. [CrossRef]
51. O’Hare, C.A.J.; Burrage, C. Stellar kinematics from the symmetron fifth force in the Milky Way disk. Phys. Rev. D 2018, 98, 64019.
52. Burrage, C.; Copeland, E.J.; Käding, C.; Millington, P. Symmetron scalar fields: Modified gravity, dark matter, or both? Phys. Rev.

D 2019, 99, 43539.
53. Brax, P.; Davis, A.C.; Li, B. Modified Gravity Tomography. Phys. Lett. B 2012, 715, 38–43.
54. Brax, P.; Davis, A.C.; Li, B.; Winther, H.A. A Unified Description of Screened Modified Gravity. Phys. Rev. D 2012, 86, 44015.
55. Brax, P.; Burrage, C. Constraining Disformally Coupled Scalar Fields. Phys. Rev. D 2014, 90, 104009.
56. Brax, P.; Burrage, C.; Englert, C. Disformal dark energy at colliders. Phys. Rev. D 2015, 92, 44036.
57. Bekenstein, J.D. The Relation between physical and gravitational geometry. Phys. Rev. D 1993, 48, 3641–3647.
58. Dong, R.; Kinney, W.H.; Stojkovic, D. Symmetron Inflation. J. Cosmol. Astropart. Phys. 2014, 1, 21.
59. Solomon, R.; Agarwal, G.; Stojkovic, D. Environment dependent electron mass and the Hubble constant tension. Phys. Rev. D

2022, 105, 103536.
60. Burrage, C.; Copeland, E.J.; Millington, P. Radiative Screening of Fifth Forces. Phys. Rev. Lett. 2016, 117, 211102.
61. Dyson, F.W.; Eddington, A.S.; Davidson, C. A Determination of the Deflection of Light by the Sun’s Gravitational Field, from

Observations Made at the Total Eclipse of May 29, 1919. Phil. Trans. R. Soc. Lond. A 1920, 220, 291–333. [CrossRef]
62. Massey, R.; Kitching, T.; Richard, J. The dark matter of gravitational lensing. Rept. Prog. Phys. 2010, 73, 86901.
63. Weinberg, D.H.; Colombi, S.; Davé, R.; Katz, N. Baryon Dynamics, Dark Matter Substructure, and Galaxies. Astrophys. J. 2008,

678, 6. [CrossRef]
64. Amendola, L.; Tsujikawa, S. Dark Energy: Theory and Observations; Cambridge University Press: Cambridge, UK, 2015.
65. Fathi, K.; Allen, M.; Boch, T.; Hatziminaoglou, E.; Peletier, R.F. Scalelength of disc galaxies. In Monthly Notices of the Royal

Astronomical Society; Oxford University Press: Oxford, UK, 2010.
66. Prat, J.; Sánchez, C.; Fang, Y.; Gruen, D.; Elvin-Poole, J.; Kokron, N.; Secco, L.F.; Jain, B.; Miquel, R.; MacCrann, N.; et al. Dark

Energy Survey year 1 results: Galaxy-galaxy lensing. Phys. Rev. D 2018, 98, 42005. [CrossRef]
67. Hogg, D.W. Distance measures in cosmology. arXiv 1999, arXiv:astro-ph/9905116.
68. Prat, J.; Hogan, C.; Chang, C.; Frieman, J. Vacuum energy density measured from cosmological data. J. Cosmol. Astropart. Phys.

2022, 6, 15.
69. Brax, P.; Davis, A.C. Atomic Interferometry Test of Dark Energy. Phys. Rev. D 2016, 94, 104069.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevD.95.064050
http://dx.doi.org/10.1098/rsta.1920.0009
http://dx.doi.org/10.1086/524646
http://dx.doi.org/10.1103/PhysRevD.98.042005

	Introduction
	Generalized Symmetrons
	Lensing
	Model Parameters
	(1,2)-Symmetron
	(1,)-Symmetrons with 3
	(,)-Symmetrons with 2

	Conclusions
	References

