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1 Introduction

Poincare invariance is a fundamental assumption in modern particle physics. Indeed particles
themselves are defined as irreducible representations of the Poincare group. Direct products
of such one particle states then serve as the asymptotic states over which the S-matrix is
defined in Quantum Field Theories (QFT) [1]. Moreover, Poincare invariance is also crucial
in constructing a consistent theory of gravity [2–4], as conservation of the energy-momentum
tensor — a consequence of Poincare invariance — is essential for the critical property of
general covariance (see for e.g. chapter 12.3 of ref. [5]).

The main goal of this work is to explore how well this assumption of Poincare invariance
has been tested and is, therefore, justified from an experimental and observational point of
view. In this, we go to the next step in testing fundamental symmetries, building on the
seminal work on testing Lorentz symmetry violation by Kostelecky and others [6, 7].

The distinctive extra feature of Poincare symmetry compared to Lorentz symmetry is
spacetime translation invariance. Accordingly, the main aim of the present work is probing
spacetime translation violation. For simplicity, we will focus on the more restricted case of
time translations. In future work, we aim to investigate the, at least as attractive, case of a
violation of space translation symmetry.

The most direct implementation of time translation invariance is a time dependence of
fundamental constants, a subject that has already received considerable attention in the
literature (see below for a small selection). However, from the symmetry point of view,
the crucial consequence of a violation of time translation is the possible non-conservation
of the Noether current, i.e. energy conservation. We, therefore, pay special attention to
this aspect.

Amongst the first to propose spacetime variation of couplings was Dirac, who proposed
that the change of some fundamental constants with the age of the universe could be
the explanation for large numbers like the ratio of the strength of electromagnetic and
gravitational forces [8]; this idea was further developed by Gamow [9]. However, these
works did not develop the underlying mechanism for such time variation. In recent times
several works have proposed that the spacetime variation of coupling constants arises
due to the dynamics of an underlying scalar (or pseudoscalar) field (see ref. [10] for
a review). These include the so-called ‘Bekenstein models’ developed solely to study
such spacetime variation [11–14], models utilising extra-dimensional dynamics [15], string
theory inspired models [16–19], studies of spacetime variation of coupling constants within
the framework of grand unification, [20, 21], models with environmental dependence of
coupling constants [22, 23], models to explain dark energy [24–27] and wave-like dark matter
models [28, 29] (we discuss the relation to this particular case more closely below and in
section 7). Finally, and perhaps especially relevant for our take on the subject, bounds on
Poincare violation from the heating of gasses in the context of Causal set theory have been
discussed in [30, 31].

Before diving into the details, let us briefly spell out the main spirit of our work.
Focusing on symmetry and its consequences, compared to most phenomenological studies
of time-varying fundamental constants, we keep a closer eye on potential violations of the
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energy conservation law. On the other side, and as we will see in more detail, our effective
implementation of the Poincare violation is close to the effects expected for wave-like
dark matter bosons. However, compared to those studies, we remain agnostic about the
(long-term) dynamics of the system and the restrictions implied by the specific dynamics
required for dark matter. Moreover, we remain open to the idea that the time dependence
is due to effects that are not directly linked to a new dynamical field/particle. To remain
entirely agnostic, we also make a distinction between constraints that arise directly from
physics happening “today”, i.e. in the last 50 years, and those that rely on processes taking
place in the more distant past, where potentially the size but also other features such as
the frequency of the Poincare violating effects may have been different.

Let us briefly outline the main steps we want to take. In the following section 2 we
specify the types of Poincare symmetry violation we want to consider, focusing on the
QED sector. Sections 3–6 are used to collect constraints on the time-translation violating
parameters specified in section 2. As already mentioned, the specific type of violation of
time-translation invariance bears some similarities to the case of light bosonic dark matter.
We discuss the differences between these situations in section 7. We also briefly compare our
approach to tests of dynamical time variation of fundamental constants. Finally, conclusions
and an outlook on further possible directions are given in section 8.

2 Translation violating QED

Since we want to break spacetime symmetries explicitly, we first have to fix a reference
frame. We choose the CMB rest frame as our base frame (BF). The violation of spacetime
translations is realised via the spacetime dependence of couplings multiplying Lorentz
invariant combinations of the field operators. In this sense, our work is complementary
to that of ref. [6], where the operators in the lagrangian are not Lorentz scalars, but the
couplings are invariant under space and time translations. It is worth emphasising, however,
that it is impossible to break only spacetime translations without breaking also the Lorentz
group, as the functional dependence of the couplings on space and time would differ from
one frame to another. There is no notion of even local Lorentz invariance, as the spacetime
dependence of couplings always implies the existence of a non-vanishing Lorentz vector given
by the derivative of the spacetime-dependent couplings. Therefore, we have to choose a BF.

Keeping terms only up to the dimension 4 level, we obtain the translation violating
QED (TVQED) Lagrangian by allowing space-time dependent couplings in the usual
QED Lagrangian,

LTVQED = iψ̄ /Dµψ −m(x)ψ̄ψ − im̃(x)ψ̄γ5ψ − Z(x)
4 FµνF

µν − Z̃(x)
4 FµνF̃

µν . (2.1)

The couplings are all real by hermiticity. Here ψ is the electron field, and Fµν is the field
strength of the photon. First, this is the most general Lagrangian up to the dimension-4
level. Furthermore, there is no spacetime-dependent coefficient for the fermion kinetic
term, say eκ(x), as it can be removed completely by a redefinition of the fermion field; the
resulting term (∂µκ)ψ̄γµψ vanishes by integration of parts and the conservation of the
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electromagnetic current. The third operator above can be rewritten as,

im̃(x)ψ̄γ5ψ → −∂µm̃(x)
2me

ψ̄γ5γµψ, (2.2)

again using integration by parts. This alternate way of writing the operator can sometimes
be useful. Finally, note that with its space-time dependent coefficient, the last term, ∼ FF̃ ,
is no longer a total derivative.1

We want to begin our exploration of translation violation (TV) by considering first
only a straightforward time variation in our chosen BF. We leave a study of TV effects
that include spatial variations in this frame and more complicated violations of Poincare
invariance for future work.

It will be convenient to decompose these TV couplings into frequency modes in our BF
frame, as follows,

δZ(x) = Z(x)− 1 =
∑
ω

δZ(ω) cosωt

Z̃(x) =
∑
ω

Z̃(ω) cosωt

δm(x)
me

= m(x)−me

me
=
∑
ω

δm(ω)
me

cosωt

m̃(x)
me

=
∑
ω

m̃(ω)
me

cosωt , (2.3)

where me is the measured electron mass. As a consequence of our assumption of temporal
but no spatial variation, the above couplings can lead to processes that violate energy
conservation but always conserve momentum in our BF. An example of such a process is
the spontaneous production of photons or electron-positron pairs from the vacuum; these
processes result in the most robust bounds on the above TV couplings at high frequencies.

The couplings δm and δZ lead, respectively, to variations of the electron mass and the
fine structure constant, where that latter is given by

δαem
αem

= −δZ(x). (2.4)

In the reference frame of Earth (that is moving relative to our BF), the cosine functions
in eq. (2.3) get modified as follows,

cosωt→ cos(γω(t′ + vx′)) (2.5)

where v ∼ 10−3 is the peculiar velocity of the sun in the CMB frame [32] and γ−1 =√
1− v2 ≈ 1. As we will see, the above spatial variation can result in forces in the direction

of the spatial gradient of the above functions.
In general, our bounds on TV depend on the functional dependence of the above

couplings on ω. At first sight, at least two interesting limits present themselves: (1) turning
1Note that, even though the TV couplings do not vanish at infinity, the total derivative can be neglected,

as the corresponding surface integral is still zero if the other fields vanish sufficiently quickly at infinity.
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e±iωt

eiωt

(E, p)

(E ± ω, p)

(ω/2,p)

(ω/2, − p)

On-shell

On-shell

On-shell

Virtual

(E2 − p2 = m2)

((E ± ω)2 − p2 ≠ m2)

Figure 1. We show the effect of a TV insertion on a propagator which cause an increase/decrease
in energy in units of ω. As momentum is conserved in our set-up one of the legs above must be in
general off-shell (left), the only exception being the pair production process (right).

Figure 2. Additional energy conservation violating processes considered in this work. As in figure 1
we show an energy changing insertion into the relevant diagrams. We show only one of the 6
diagrams for the third process; there are two more positions where the TV insertion can be placed
(shown by white circles) and an analogous u-channel diagram for each of these 3 diagrams.

on only a single mode at a time in eq. (2.3) and (2) the ‘white noise’ limit where the TV
couplings, αTV

i = {δZ(ω), Z̃(ω), δm(ω), m̃(ω)}, have a constant value independent of ω (at
least over a specific frequency range). As a first step, here we will consider the simpler,
former possibility as this will already lead to a good first understanding of the nature of the
bounds on TV. That said, we expect that the second case also has interesting new features.
We hope to do a more general treatment in future work.

The TV couplings in eq. (2.3), being quadratic in fields, act as insertions in the Feynman
Diagrams as shown in figure 1. These insertions, however, differ from usual insertions in
that they can shift the energy of the propagator by ±ω. To show this, we consider a single
frequency mode and decompose the cosine factor in eq. (2.3), as follows,

αTV
i (ω) cos ωt = αTV

i (ω)(eiωt + e−iωt). (2.6)

The e±iωt factors result in delta functions in the Feynman amplitude,

δ(Ef − Ei ± ω) (2.7)
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that allow violation of energy conservation in units of ω, where Ef and Ei are the energies
of the two legs of the propagator, as shown in figure 1. As we do not consider the violation
of spatial translation, the violation of momentum conservation is not allowed in our setup.
The requirement of momentum conservation but energy violation by units of ±ω means that
both the lines in figure 1 can usually not be on-shell. A situation where this is nevertheless
possible is pair production from “vacuum”, which preserves momentum conservation but
violates energy conservation as shown in the right-hand part of figure 1. In all other
instances, one of the two lines connected by the insertion must be virtual.

In this work, we will focus on probing the simplest processes in TVQED that violate
energy conservation. At the zeroeth order in αem, the only energy conservation violating
processes are the pair production of photons and electrons. These processes, however, do
not provide bounds below the kinematic threshold, ω < 2me and ω < 2mγ , respectively,
where mγ , the plasma mass of the photon, has a value of the order of 10−14 eV, today
(cf., e.g., [33, 34]). To obtain sensitivity in the ω < 2me regions for the TV couplings
δm(ω), m̃(ω), we will also study the process with a single virtual electron, i.e. e → eγ,
which has an O(αem) cross-section. Even this process has a kinematic threshold ω > mγ ,
in situations where the photon has a plasma mass. To overcome this, we will also study
energy conservation violation in the eγ → eγ process. These processes are shown in figure 2.
Finally, we will also consider bounds from the analogue of the photoelectric effect, where
the emission of electrons takes place due to the TV couplings instead of a photon field.

The spacetime dependence of, δm, and, δZ, means that they cannot be fully absorbed, in
a redefinition of the, electron mass, me and electromagnetic coupling constant, e, respectively.
This is connected to the presence of diagrams in, figure 1 and figure 2, with δm and δZ
insertions on the external legs. Note that the latter gives contributions which are not
proportional to e2δZ, the factor that would arise from a correction to an internal photon
propagator as in eq. (2.4).

In the following sections, we will present bounds on the four TVQED couplings arising
from the violation of energy conservation (VEC) in these processes. These are then combined
with observational and experimental probes of the time variation of couplings constants
and results from wave-like dark matter experiments. For some cases, we also consider the
constraints from effectively Lorentz violating effects. While the VEC bounds turn out to be
the most potent bounds for high-frequency modes, their region of applicability is limited by
the kinematic considerations outlined above. The VEC probes are thus complementary to
other observational probes that are powerful at lower frequencies but unable to constrain
high-frequency modes.

3 Constraints on δZ(x)

We begin with a discussion of the bounds on Z(ω), defined in eq. (2.3), as a function of
the frequency ω. There are three main categories of constraints on this coupling. At high
frequencies, the dominant limit is from probes of energy conservation violation, whereas at
lower frequencies, the bounds arise mainly from wave-like dark matter experiments and
from testing the variation of the fine structure constant.
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3.1 Bounds from the violation of energy conservation

3.1.1 Spontaneous photon production

As indicated in figure 1, the time dependence of δZ shown in eq. (2.3) leads to spontaneous
production of photon pairs which lead to the most powerful bounds on δZ(ω) at high
frequencies. The amplitude for spontaneous photon production is,

Mnγ→(n+2)γ=−i〈(N + 1)k1,ε1 , (N ′ + 1)k2,ε2 . . . |
∫
d4x

δZ(x)
4 FµνF

µν |Nk1,ε1 , N
′
k2,ε2 . . .〉

=−i
∑
ω

(N + 1)(N ′ + 1)δ(ω − E1 − E2)δ3(k1 + k2)δZ(ω)
2 V (k1, k2, ε1, ε2),

(3.1)

whereas, for the reverse process we have,

M(n+2)γ→nγ = −i〈Nk1,ε1 , N
′
k2,ε2 . . . |

∫
d4x

δZ(x)
4 FµνF

µν |(N + 1)k1,ε1 , (N ′ + 1)k2,ε2 . . .〉

= −i
∑
ω

NN ′δ(ω − E1 − E2)δ3(k1 + k2)δZ(ω)
2 V (k1, k2, ε1, ε2), (3.2)

where |Nk1,ε1 , N
′
k2,ε2

. . .〉 denotes a Fock space state with N photons in the state (k1, ε1)
and N ′ photons in the state (k2, ε2) with ki = (Ei,ki) and ε1, being the four momentum
and polarisation of the photon, respectively. The ellipsis denote the number of photons in
the other, (ki, εi), states on which the amplitude does not depend. The vertex function
above is given by,

V (k1, k2, ε1, ε2) = ((k1.k2)(ε1.ε2)− (ε1.k2)(ε2.k1)) . (3.3)

For a given frequency mode in eq. (2.3), the growth of the photon number density for a
given frequency is then given by,2

ṅγ(ω) =
∫

(2π)4
(
|Mnγ→(n+2)γ |2 − |M(n+2)γ→nγ |2

)
d3k1

(2π)32E1

d3k2
(2π)32E2

, (3.4)

which finally gives (see also [36]),

ṅγ(ω) = (2Nk + 1)(δZ(ω))2ω4βγ
64π , (3.5)

where βγ =
√

1− 4m2
γ/ω

2 and mγ , the thermal mass of the photon, has a current value of
about 10−14 eV [34, 37, 38]. Nk denotes the occupation number of the photons with energy,
ω/2, and magnitude of momentum, k = βω/2, assuming an isotropic photon distribution.

We will now discuss two different regimes: (1) the Bose-enhanced regime, Nk � 1, where
the prefactor (2Nk + 1) results in exponential photon production, and (2) the perturbative
regime, Nk ∼ 1.

2This can be obtained by adapting the standard computation of the partial width from a decay ampli-
tude [35]. Note that if δZ = gφγ〈φ〉 arises from an oscillating scalar, φ, our expression gives the correct
result ṅγ = 2nφΓφ→γγ with ω = mφ, nφ = 1

2mφ〈φ〉2 and Γφ→γγ = g2
φγm

3
φβγ/64π. See also, ref. [34], where

the equivalence of this approach to that using the classical equation of motion has been discussed.
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Bose-enhanced regime. First, let us ignore the effect of the expansion of the universe.
In the Nk � 1 limit we can rewrite eq. (3.5) by substituting for the occupation number (cf.,
e.g. [34]),

Nk ∼
nγ/2

4πk2
? δk /(2π)3 (3.6)

and using the expression for δk, the width of the photon frequency range (see again, e.g.,
ref. [34]),

δk ∼ δZ(ω)ω/2. (3.7)

We then obtain from eq. (3.5),
ṅγ = 2ηknγ (3.8)

with,
ηk ∼ δZ(ω)ω. (3.9)

We refer to ref. [34] for a detailed discussion of the correspondence between the approach
using eq. (3.5) to derive this exponential growth and the classical approach using the
equation of motion.

The expansion of the universe eventually stops this exponential growth [34] as it
redshifts the produced photons away from the above resonance band in a timescale given
by,

∆tredshift ∼
δk

k?

1
H

(3.10)

where k? = ω/2. To obtain the region excluded due to photon production, we will require
that the energy density of photons,

ργ(t) = 1
π2

∫
dk k2ωkNk(t) '

1
π2 k

3
? δk

√
π

ηkt
Nk(t) (3.11)

with,
Nk(t) = N0

k?(e
2ηkt − 1) (3.12)

surpasses either the critical density, H2M2
pl, or the constraints from Extragalactic Back-

ground Light (EBL) [39]. Note that we have subtracted the zero-point energy above, which
corresponds to an occupation number N0

k?
= 1/2 in each state.

To derive the bounds from EBL, we have adapted the calculation of ref. [40]. The
photons produced in a time δt,

δnγ = ηnγδt, (3.13)

with nγ = ργ/(ω/2) can be related to the observed spectrum using δt = H−1dE/E,

E
d2Fn
dEdΩ = −λ d

2Fn
dλdΩ = 1

4πnγ(ω) η
H
. (3.14)

As we are interested in the bounds on TV today, we have assumed that the redshift, z ∼ 1.
Here Iλ = d2Fn

dλdΩ is the observed EBL spectrum from ref. [39]. Then, comparing the produced
photons with the data, we can find the number of e-folds of exponential growth, denoted
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by ξ, that saturates the EBL bound.3 This bound can then be translated to a bound on
Z(ω) using eq. (3.15). To do this, we require that the time period for sufficient exponential
growth, ξ/ηk, is smaller than ∆tredshift, i.e. ξ/ηk < ∆tredshift,4 which gives,

δZ(ω) <

√
2ξH
ω

. (3.15)

While this constraint must always be satisfied, the most robust bounds can be derived by
imposing this constraint today. Note that the time period for stopping the exponential phase
in eq. (3.10) is much smaller than one Hubble time by a factor δk/k? = δZ(ω). Moreover,
the value of ∆tredshift is smaller than 50 years so that this bound indeed probes violation of
time translation invariance today and does not assume the presence of these effects in the
distant past. The corresponding excluded region is shown in magenta in figure 3.

Perturbative regime. From eq. (3.11), one can see that assuming ργ < ρc, the critical
density, the classical limit Nk � 1 will not hold at higher frequencies. At these frequencies,
the density of states is so large that photon production surpasses observational bounds even
with small occupation numbers. In this regime, we can use eq. (3.5), with Nk ∼ 1, and
demand that the amount of electromagnetic energy produced in a time period, ∆t = 50
years (5 Gyr), is smaller than the critical density,

ṅγω∆t < ρc. (3.16)

The resulting bounds are shown in orange magenta (hatched magenta) in figure 3.

3.1.2 e → eγ process

The e→ eγ process can be induced by a δZ(ω) insertion into the diagram for the usually
forbidden e→ eγ decay, as shown in figure 2.

Ionisation of hydrogen. For ω � ∆EB , the binding energy of molecular Hydrogen, the
e→ eγ process would lead to the ionisation of Hydrogen. The typical ionisation would be
given by the inverse of the rate of the e → eγ process. Requiring this ionisation time of
Hydrogen to be greater than 50 years (the age of the universe) gives the bound shown by
the region shaded green (hatched green) in figure 3.

Violation of energy conservation in the sun. The e → eγ process will also lead
to VEC in the sun and other astrophysical systems. To compute the rate of energy
production/depletion, we perform a thermal average of the e(p1) → e(p2)γ(p3) rate and
subtract the rate of the inverse process. We finally obtain,

dE

dt
= ωNe

∫ 3∏
i=1

d3pi
2πEi

(
|Me→eγ |2fMB(p1)− |Meγ→e|2fMB(p2)fBE(p3)

)
2π4δ4

(∑
i

pi

)
(3.17)

3To be conservative, we always take ξ ≥ 1.
4Note that these bounds are conservative because photon production continues even after the exponential

phase stops.
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Figure 3. Bounds on Z(ω) from VEC, observational and experimental probes. Solid areas are
constraints where the TV has to be present only in recent times (∼ 50 years) whereas hatched areas
require its presence on cosmological time-scales. See the text for more details.

where Ne is the number of electrons,

fMB(p) = 1
(2πmeT )3/2 exp

(
− p2

2meT

)

fBE(p) = 1
(2π)3

1
exp (−p/T )− 1 . (3.18)

The factor inside the parenthesis is positive, so the net effect is heating up the sun.
We use the values from refs. [41, 42] for the solar temperature and density profiles. To

get a conservative bound, we consider only the sun’s central part with a radius of 20% of
the entire solar radius. In this region, we can take the temperature, T = 1 keV, the density,
ρ = 30 g/cm3 and the number of mass units per electron, µe = 1.5. The total number of
electrons in this region is then given by,

Ne = ρNAv
µe

4π(0.2Rs)3

3 (3.19)

where NAv is the Avogadro number and Rs is the radius of the sun. Requiring that the
energy production does not change the sun’s luminosity by more than 10% [43, 44], we
obtain the bounds shown in hatched yellow lines in figure 3.

Plasma effects play an essential role in the process we are considering. There is a
suppression in the rate if the momentum exchange via the virtual photon is less than the

– 9 –
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momentum scale, kD ≈ 10 keV, corresponding to the Debye screening length [45]. For
frequencies, ω � me, the momentum transfer in the virtual photon is, O(ω), so the bound
will be suppressed for ω < kD. As this is not the most stringent bound in this region of
the parameter space, we simply truncate our bound for, ω ≤ kD, instead of computing the
suppression more carefully.

The bounds obtained from the e→ eγ process are weaker than those obtained from
photon-pair production because the former process is αem suppressed with respect to
the latter.

3.2 Gradient forces

A spatial variation of the fine structure constant or the electron mass induces a force
given by,

Fspatial = −∇Mt(αem(x),m(x)) (3.20)

on a test body of mass, Mt. This is because a space-time-dependent mass is a potential for
the test mass.

Per assumption, we do not consider spatial variations of the fundamental constants in
the BF. However, as the Earth moves relative to the BF, we will have a spatial variation
according to eq. (2.5). Similar to the wave-like dark matter discussed in [46], we then have
an oscillating (in time) force aligned with the direction of movement through the BF.

The mass of each atom in the test body receives contributions from the electron
mass and the electrostatic energy of the proton distribution within the nucleus; these are
respectively given by the first and the second term below [47],

δMatom ≈ ZAδm(x′) + Z2
AaC
A1/3 δZ(x′) (3.21)

where ZA is the atomic number, A is the total number of nucleons. The primed coordinates
in the above equation represent the earth reference frame where δm and δZ obtain a spatial
dependence as shown in eq. (2.5). The dependence on αem in the above equation arises via
aC = 0.7MeV.

Torsion pendulums. As proposed in ref. [46], the gradient force described above can be
probed by torsion pendulums used in fifth force experiments. The induced gradient force
oscillates at a frequency different from the pendulum’s natural frequency and points in a
direction different from the vertical static forces due to the earth. This allows these gradient
forces to be probed very sensitively by Torsion pendulum experiments. The Washington
group has recently presented its first results constraining such a signal in ref. [48]. The
bounds on the variation of αem arise from the second term in eq. (3.21) where the values of
ZA and A have been appropriately chosen for the Be-Al composition dipole used in ref. [48];
the resulting bounds are shown in figure 3. In figure 3, we also show the projection in
ref. [46] for a future improved torsion pendulum set-up.

LIGO. Gradient forces would also lead to a time-dependent centre of mass displacement
of the test masses in interferometers like LIGO. The resulting bounds were computed in
refs. [47, 49] and reproduced in figure 3.
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3.3 Haloscopes

Haloscope experiments use cavity resonators to enhance electromagnetic signals by convert-
ing ALP dark matter to photons (see section 4.2). The same principle can be utilised to
detect the effect of δZ(ω), which can effectively arise from oscillating scalar dark matter.
In the scalar case, however, the roles of electric and magnetic fields are reversed so that
the usual configuration used in haloscopes with a uniform magnetic field is not sensitive to
scalar dark matter [50]. As the magnetic field is not uniform in experimental situations,
there is still some sensitivity to δZ(ω) [50]. One can, for instance, translate existing bounds
from the ADMX experiment to obtain bounds on δZ(ω); we show the bounds obtained
in ref. [50] by the vertical black line figure 3. However, much better sensitivity can be
obtained by adapting the experimental set-up to this scenario, as explained in ref. [50].
They show, for instance, that a capacitor with a uniform electric field can provide strong
bounds on δZ(ω) for an extensive range of frequencies; the projected bounds obtained are
shown in figure 3.

3.4 Time variation of the fine structure constant

Powerful bounds at low frequencies arise from probing the variation of the fine-structure
constant induced by δZ(x). The two primary ways of probing such a variation are: (1)
a comparison of the present value of αem with that at earlier times and (2) experimental
measurements. In the following, we quickly recap some of the most relevant constraints for
our setup.

3.4.1 Comparison with value of αem at earlier times

BBN, CMB and quasars. The earliest observations that can be used to infer a value
for αem are those related to Big bang nucleosynthesis. BBN observables constrain any
variation in αem to be less than per cent level [51]. This constraint implies a bound in
the frequency range 10−33eV . ω . 10−17 eV. Below this range, the time period is larger
than the time between BBN and the present day. For frequencies higher than the range
shown, the time period is much smaller than 3 minutes, the BBN timescale. The bound,
δαem/αem . 0.01 arise from CMB observables [52] in the frequency range 10−33eV . ω .
10−28 eV. The frequency range corresponds to oscillation periods smaller than the time
between recombination and today but larger than the recombination timescale ∼ 100 kyr.

Even stronger bounds can be inferred from observing absorption lines in the spectra of
distant quasars [53–57]. Many such observations have been made by the Keck/HIRES and
VLT/UVES telescopes as reviewed in ref. [10]. These constrain variations of fundamental
constraints at the parts per million level, i.e. δαem/αem, δm/m . 10−6, as shown in figure 3
and 5. These observations lie in the redshift range 0.2 < z < 6.4, so there are no bounds
if the time variation scale is greater than 10 Gyr. On the other hand, time variation at
a scale faster than a day also cannot be bounded by this method as the observation time
required for a sufficiently large signal-to-noise ratio is of this order [58].

The Oklo bound. Bounds stronger than the astrophysical and cosmological ones de-
scribed above arise from a comparison with αem inferred from the Oklo phenomenon as first
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suggested by refs. [59, 60]. The Oklo phenomenon was a natural fission reactor operated
around 2 billion years ago for ∼100,000 years. The bound arises from the tiny amounts of
the isotope Sm149, a product of U235 fission, that were found. This is consistent with the
effect of neutron flux on Sm149, which has an enormous cross-section for absorbing a free
neutron. This enormous cross-section arises because of a resonance state just above zero to
which Sm149 can be excited by the capture of a free neutron. It was shown in ref. [61] that a
value of δαem/αem larger than 10−7 shifts the resonance energy level, and thus the neutron
capture cross-section, far too much to be compatible with the observed Sm149 abundance.
We show the resulting constraints in figure 3.

3.4.2 Experimental probes of a variation of αem

Atomic clocks. The spacetime dependence of the fine-structure constant can be con-
strained using many different techniques [62]. Atomic clocks provide powerful bounds in
the frequency range, 10−25 eV−10−15 eV, corresponding to frequencies below 1 Hz. These
arise due to a variation of atomic transition frequencies due to the underlying modulation
of fundamental constants like the fine structure constant and the electron mass. The region
shaded red in figure 3 combines the bound derived in ref. [63] from a measurement of the
ratio of hyperfine transition frequencies of Rb and Cs and the bound in ref. [64] from a
spectroscopic analysis in two isotopes of dysprosium.

Beyond that, recent developments have pushed the reach of atomic and molecular
spectroscopy to probe αem variations to frequencies as high as 100 MHz. We show the
bounds dynamic decoupling (DD) [65], Cs transitions [66] (see also ref. [67]) and transitions
in I2 molecules [68] in different shades of blue.

Clock-cavity comparison. Strong bounds can be derived from the fine structure con-
stant variation by comparing cavities’ frequency with transition frequencies in atomic clocks.
For example, in figure 3, we show in orange the bounds from such ‘clock-cavity’ comparisons
in ref. [69].

Atomic and optical interferometry. At somewhat higher frequencies, strong bounds
can be derived by probing the effect of fine structure constant variation on existing optical
interferometers such as the ones in GEO-600, LIGO, the Fermilab holometer and LISA [47].
The variation of the fine structure constant can affect these interferometers in three ways.
The first way is by changing the length of the interferometer arms owing to a variation
in the Bohr radius. Secondly, it can cause a variation in the refractive index inside the
interferometer. Finally, and as already discussed, the spatial gradient of this variation
in the earth frame (see section 3.2) can lead to a ‘force’ on the test masses inside the
interferometers. The bounds from Geo-600 [70] and the Fermilab holometer [71] are shown
in figure 3 in pink and purple, respectively. We also show the projections for LIGO, the
Fermilab holometer and LISA from ref. [47] in figure 3.

In figure 3, we also show in cyan the bounds obtained in ref. [72] by probing the
variation of the frequency of an optical cavity using an unequal delay interferometer (UDI).
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Bounds can also be derived from atom interferometry, utilising atomic waves [46, 73].
In figure 3, we show the atom interferometry projections from the proposed MAGIS-100
experiment [74, 75].

Acoustic oscillations. It was proposed in ref. [76] that the time variation of fundamental
constants can lead to acoustic oscillations in the size of solids. The bounds from the AURIGA
experiment [77] and an experiment probing this effect using a quartz crystal [78] are shown
in black and light brown in figure 3. We also show the original projections of ref. [76] for a
Cu-Si system in figure 3.

4 Constraints on Z̃(x)

While at first sight, the Z̃(x) coupling looks very similar to δZ(x) its pseudoscalar nature
eliminates the bounds that result from (oscillating) macroscopic forces as well as those
from shifts in energy levels (e.g. spectroscopy) at leading order. What remains are limits
from the spontaneous particle production and much stronger constraints from experiments
searching for axion dark matter (which is targeted at pseudoscalar effects).

4.1 Bounds from violation of energy conservation

4.1.1 Spontaneous photon production

Just as in section 3.1.1, the time dependence of Z̃ leads to the spontaneous production of
photon pairs. Eq. (3.1) and eq. (3.2) still hold but with the following replacements,

δZ(x)
4 FµνF

µν → Z̃(x)
4 FµνF̃

µν δZ(ω)→ Z̃(ω),

V (k1, k2, ε1, ε2)→ Ṽ (k1, k2, ε1, ε2) =
(
εαβµνk

α
1 ε
β
2k

µ
2 ε
ν
2

)
. (4.1)

For the growth of the photon density, we then obtain,

ṅγ(ω) = (2Nk + 1)(Z̃(ω))2ω4βγ
64π , (4.2)

which is identical to eq. (3.5) up to the replacements above. The discussion in section 3.1.1,
thus holds completely, and we again arrive at the same conditions for both the Bose-enhanced
and perturbative regimes,

Z̃(ω) <

√
2ξH
ω

ṅγω

H
< ρc (4.3)

for the allowed region in our parameter space. We show these in orange in figure 4. Once
again, ξ is the number of e-folds of the exponential production required to surpass either
the critical density or the EBL bounds discussed in ref. 3.1.1.
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Figure 4. Bounds on Z̃(ω) from VEC, observational and experimental probes. Solid areas are
constraints where the TV has to be present only in recent times (∼ 50 years), whereas hatched areas
require its presence on cosmological time scales. See the text for more details.

4.1.2 e → eγ process

The e→ eγ process can also be induced by a Z̃(ω) insertion in a Primakoff-like process (see
figure 2). Again we proceed as described in section 1 to obtain the amplitude. This agrees
with the eγ → eφ̃ amplitude in ref. [79], adapted to our case. Proceeding as in section 3.1.2,
we again get bounds shown in figure 4 by demanding that the ionisation time of hydrogen
is less than 50 years (solid green) or the age of the universe (hatched green). The limit
from an increase of the solar luminosity over a long period of time is shown as the hatched
yellow region.

4.2 Experimental bounds from haloscopes

Haloscopes are experiments designed to detect axion (or ALP) dark matter. In the presence
of the oscillating axion background, the Maxwell equations of electromagnetism are modified
such that a magnetic field induces an oscillating electric field. The same effect also exists
in the presence of a time-dependent Z̃. In conventional haloscopes, this electrical field is
enhanced in a microwave cavity. Different groups have adapted and modified this basic
idea to gain sensitivity in different mass ranges. An updated compilation of bounds and
sensitivity projections for different haloscopes can be found in ref. [80]. We show the
bounds on Z̃(ω) from refs. [81–102] in dark green, whereas the projected sensitivities from
refs. [94, 103–117] in light green in figure 4. We again refer to ref. [80] for detailed individual
labelling of the different experiments.
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5 Constraints on δm(x)

5.1 Bounds from violation of energy conservation

5.1.1 Spontaneous production of electron-positron pair

In principle, the calculation of the spontaneous pair creation, in this case, electron-positron
pairs, proceeds similarly to photon pair production. We will, therefore, mainly focus on the
difference that arises because electrons are affected by the Pauli principle.

The time dependence in δm shown in eq. (2.3) leads to the spontaneous production of
electron-positron pairs, with the amplitude given by,

M0→ee = −i〈ψ̄(k1, s1)ψ(k2, s2)|
∫
d4x δm(x) ψ̄(x)ψ(x)|0〉

= −i
∑
ω

(2π)4δ(ω − E1 − E2)δ3(k1 + k2)ūs1(k1)vs2(k2)δm(ω)
2 , (5.1)

where ūs1(k1) and vs2(k2) are the usual fermion-spinor factors. The rate of growth of the
number density of the electron-positron pairs for a single ω-mode can then be obtained
from the above amplitude,5

ṅe+e−(ω) = (δm(ω)ω)2

2

∫
(2π)4δ(ω − E1 − E2)δ3(k1 + k2) d3k1

(2π)32E1

d3k2
(2π)32E2

where the factor within the integral is just the 2-particle Lorentz Invariant phase space
element, and upon integration, it gives,

ṅe+e−(ω) = (δm(ω))2ω2β3
e

16π . (5.2)

Here βe =
√

1− 4m2
e/ω

2 is the magnitude of the momentum of both the electron and the
positron.

Some subtleties have not been considered in the above analysis. First, we have ignored
that the electron and positron mass contributes from δm(ω). Including this effect, the delta
function involving the electron and positron energies implies

|k|2 = ω2

4 −
(
me

(
1 + δm(ω)

me
cosωt

))2
. (5.3)

This gives an effective range, k ∈ ω/2± δk/2, for the momenta, where,

δk ∼ 4δm(ω)me

ω
. (5.4)

The analysis leading to eq. (5.2) also ignores the effect of the Pauli exclusion principle.
To incorporate this effect, let us estimate the time for all the momentum eigenstates of the
electron/positron to get occupied. We ignore the effect of the universe’s expansion for a first
estimate. The maximal number of electron-positron pairs that can be produced before the

5Again we can check against the perturbative result for an oscillating φ, Γφ→ee = g2
φemφβ

3
e/8π.
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exclusion principle blocks the process can be computed by demanding that the occupation
number for each momentum eigenstate is saturated. This gives,

nmax
e+e− = 2 4π

(2π)3 k
2
? δk . (5.5)

We can thus estimate the time scale when particle production will stop because of the
exclusion principle to be,

∆tpauli =
nmax
e+e−

ṅe+e−
= 16me

πδm(ω)ω . (5.6)

The expansion of the universe can suppress this effect by redshifting the momentum of the
electron and positron. The time scale for this is,

∆tredshift = δk

k?

1
H

= 8δm(ω)me

ω2H
. (5.7)

Pauli blocking is thus effective only if ∆tpauli < ∆tredshift.
For our final bounds, we require that the energy density injected in the ∆t = 50 years

(∆t = 5 Gyr6) does not exceed the critical density; we show the excluded region in orange
(hatched orange). For ∆tpauli < ∆tredshift, Pauli blocking is effective so that the above
condition becomes,

∆ρ = ṅe+e−ω ×min(∆tpauli,∆t) < ρc. (5.8)
On the other hand, for ∆tpauli > ∆tredshift, we demand,

∆ρ = ṅe+e−ω∆t < ρc. (5.9)

We find that the redshifting is relevant only for higher values of δm(ω)/me & 10−18− 10−20,
where the precise value depends on ω. Pauli blocking is not effective in this region which
gets excluded by eq. (5.9). For smaller values of δm(ω)/me, eq. (5.8) becomes relevant. For
the lower boundary of the solid orange excluded region, ∆t = 50 years is always less than
∆tpauli. For the lower boundary of the hatched region ∆tpauli < ∆t for ω < 2 × 1011 eV
and vice-versa for higher frequencies; this leads to the kink in the hatched region at this
frequency value.

5.1.2 e → eγ process
The region below the pair production threshold, ω < 2me, can be probed by the e→ eγ

process, which is the only probe in the range between 100 eV and 2me. The δm(ω) insertion
now gives a Compton-like diagram (see figure 2) that can be computed following section 1.
This agrees with the eγ → eφ amplitude in ref. [118]. We again get the bounds shown in
figure 5 by demanding that the ionisation time of hydrogen is less than 50 years (solid
green) or the age of the universe (hatched green). A violation of energy conservation in
the sun gives the hatched orange region. For details about the procedure to obtain these
bounds, we refer to section 3.1.2. Note, however, that for the bound arising from VEC in
the sun, an essential difference from the case discussed in section 3.1.2 is that there is no
virtual photon here, so Debye screening effects are not relevant. The bound, in this case,
extends to frequencies as low as the plasma mass of the photon in the sun mγ ≈ 300 eV,
below which the process is again kinematically forbidden.

6This corresponds to the time since dark energy-matter equality.
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5.1.3 Electron emission due to photoelectric-like processes

We want to study the emission of electrons from an atom by a process analogous to the
photoelectric effect, with the TV couplings playing the role of the electromagnetic field.
Following ref. [119], the rate for this process can be derived by comparing the amplitude for
this process with that for the photoelectric or the axioelectric effect [119–121]; the latter
process takes place by the absorption of an axion instead of a photon. The amplitude for
all three cases can be written in a similar form,

TV due to δm :δm(ω)〈Ef |eik.r|Ei〉 ≈ iδm(ω)ω〈Ef |v.r|Ei〉

Photoelectric effect :eAω〈Ef |ε.r|Ei〉

Axioelectric effect :geφ̃φ̃
ω2

2me
〈Ef |σ.r|Ei〉 (5.10)

where ω = Ef − Ei. The same effect can also be induced by m̃(ω), and the amplitude, in
this case, can be read off from the axioelectric case by replacing geφ̃φ̃→ m̃. The axioelectric
effect has been probed by direct detection experiments such as CoGeNT [122], CDMS [123],
EDELWEISS-II [124] and XENON [125]. Amongst these, the most stringent bounds are
from the XENON experiment. Using eq. (5.10) we can recast these to obtain bounds on
δm(ω) shown in figure 5.

5.1.4 eγ → eγ process

The kinematical restrictions for the e → eγ process at low frequencies, ω < mγ , can be
evaded if we consider the eγ → eγ process. There are six possible diagrams as shown in
figure 2; the three circles show the three possible positions for the TV insertion, and in each
case, there is a s and u channel diagram. The TV insertion allows for an increase/decrease
in energy. To compute the net effect, we compute the rate for the e(p1)γ(p2)→ e(p3)γ(p4)
process and subtract the time reverse process. This yields,

ω

∫ 4∏
i=1

d4pi
(2π)32Ei

|M |2(fMB(E1)fBE(E2)− fMB(E3)fBE(E4))δ4
( 4∑
i=1

pi

)
(5.11)

where the final state has greater energy than the initial state, i.e., E3 + E4 = E1 + E2 + ω.
The explicit form for the distribution functions, fMB,BE(Ei), are given in section 3.1.2.
The factor within parenthesis is always positive, i.e. the net effect is one of heating the sun.
This is because the distribution functions,fMB,BE(Ei), fall with energy. We obtain the final
bounds by requiring, as in section 3.1.2, that the lumionosity of the sun does not increase
by more than 10%; these are shown in hatched brown in figure 5. Let us now explain the
shape of this curve. At high frequencies, the diagrams with the TV insertion on the internal
electron line contribute dominantly. The diagrams with the TV insertions on the external
electrons start dominating for ω . Eγ ∼ T , where T ∼ keV is the solar core temperature.
The contribution of these diagrams grows for small ω because of a factor 1/(2Eω) in the
electron propagator with the TV insertion, E being the electron’s energy. The bounds
flatten with respect to ω in this region because the rate of the forward/backward processes
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that are proportional to 1/ω2, the energy gained per scattering is ω, and there is a further
suppression by a factor, ω/T . This would imply no weakening of the bounds even in the
ω → 0 limit, which is likely to be unphysical.

A physical effect that cuts off this amplitude’s IR growth is that the interaction time
between the electron and photon cannot exceed the mean free time of the electron. The
latter can be calculated from the collision frequency of the electron in the solar plasma,
Γcoll ∼ 1 eV, which is given by standard expressions (see, e.g., ref. [126]). We regulate this
by multiplying the squared amplitude by a somewhat ad hoc form factor,

ω2

ω2 + Γ2
coll

. (5.12)

This form factor leads to the weakening of the bounds shown in figure 5. We again stress
that this is a very rough and ad hoc approach. A better treatment would be desirable, but
is beyond the technical scope of the present work.

5.2 Constraints on δm from gradient forces and time varying fundamental
constant tests

The constraints, both from gradient forces and those from the measurements of the time
variation of fundamental constants, can be obtained entirely analogously to the discussion
in section 3. For the gradient forces, this is essentially done by applying eq. (3.21). For the
various precision measurements, one has to determine the respective quantities’ dependence
on the electron mass variation. Indeed this is usually already done in the literature, and we
use the results from there [10, 46–48, 52, 63, 65–71, 73–78, 127]. The results are shown in
figure 5.

6 Constraints on m̃(x)

6.1 Bounds from violation of energy conservation

6.1.1 Spontaneous production of electron-positron pairs

Just as in section 5.1.1, the time dependence in m̃(x) shown in eq. (2.3) leads to spontaneous
production of e+e− pairs with the following amplitude,

M0→ee = 〈ψ̄(k1, s1)ψ(k2, s2)|
∫
d4x m̃(x) ψ̄(x)γ5ψ(x)|0〉

=
∑
ω

(2π)4δ(ω − E1 − E2)δ3(k1 + k2)ūs1(k1)γ5vs2(k2)m̃(ω)
2 . (6.1)

We finally obtain the rate of growth of the number density of pairs,

ṅe+e−(ω) = (m̃(ω))2ω2

16π βe (6.2)

where |k| =
√
ω2/4−m2

e is again the magnitude of the momentum of both the electron
and the positron.
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Figure 5. Bounds on δm(ω) from observational experimental and VEC probes. Bounds that only
require the TV to be present in recent times (in the last 50 years) are shown in solid colours, whereas
bounds that require us to assume TV throughout cosmological history are shown in hatched lines.
See text for more details.

We see that the expression in eq. (6.2) is identical to that in eq. (5.2) if we replace
δm(ω) → m̃(ω) and neglect factors of βe which, in any case, is a unity to an excellent
approximation apart from the small region in parameter space where ω ≈ 2me. Thus the
rest of the analysis of section 5.1.1 can be carried over to this case. As in section 5.1.1 the
two time scales δtpauli and δtredshift are given by eq. (5.6) and eq. (5.7) respectively with the
above replacement. Again, in the region, Pauli blocking is relevant, i.e. for δtredshift > δtpauli,
the particle production can last at most for the time period, δtpauli. Requiring again that
the energy density injected in 50 years (5 Gyr) is less than the critical density, we get the
excluded region shown in magenta (hatched magenta) in figure 6.

6.1.2 e → eγ process

The e→ eγ process is again the main probe between 100 eV and 2me. As before the m̃(ω)
insertion gives an inverse Compton-like diagram (see figure 2) that we compute following
section 1. This agrees with the eγ → eφ̃ amplitude in ref. [79], adapted to our case. We
show the bounds obtained in figure 6; the bounds obtained by demanding that the ionisation
time of hydrogen is less than the age of the universe (50 years) are shown in hatched green
(solid green); the bounds from the VEC in the sun (hatched orange). For details about
the procedure to obtain these bounds, we again refer to section 3.1.2. As in section 5.1.2,
Debye screening is not relevant for this process, and the bounds extend to all frequencies
larger than the photon plasma mass.
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6.1.3 eγ → eγ process

As in section 5.1.4, the eγ → eγ process does not have the kinematical limitations of the
e→ eγ process, which allows us to extend the bounds to lower frequencies. We follow the
steps outlined in section 5.1.4 but now with a m̃(ω) insertion; this gives us the bounds
shown in hatched brown in figure 6. We use the same ad hoc procedure as in section 5 to
regulate the infrared behaviour accordingly, the curve in figure 5 shows flattening below the
temperature of the sun and a weakening of the bound below the collision frequency of the
electron in the solar plasma where the latter effect again arises from the introduction of the
form factor in eq. (5.12).

6.1.4 Emission of electrons due to photoelectric-like process

The axioelectric bounds from CoGeNT [122], CDMS [123], EDELWEISS-II [124] and
XENON [125] can be recast to obtain bound on m̃(ω) using eq. (5.10). We show the most
stringent bounds from the XENON experiment [125] in figure 6.

6.2 Experimental bounds on m̃

Using the alternate form for the lagrangian term in eq. (2.2), the Hamiltonian can be
written as,

H ẽe = ∇m̃.σ2me
+ ˙̃m p.σ

2m2
e

(6.3)

in the non-relativistic limit. The above terms can be probed by different experimental
techniques described below.

Electron spin resonance. The first term is eq. (6.3) very similar to the interaction
of an electron spin with an external magnetic field, with ∇m̃/me playing the role of the
magnetic field. As first proposed in ref. [128], this term can be probed by collective spin
excitations in magnetic materials. The QUAX proposal [129] aims to utilise this effect. We
show bounds from the 2018 [130] and 2019 runs [131] of the QUAX experiment and the
results from ref. [132] in figure 6.

Atomic transitions. The second term can also lead to an electronic transition between
two energy levels [133]. The energy difference between the levels can be tuned using the
Zeeman effect. The AXIOMA project [134, 135] has begun feasibility studies to realise this
idea. In the lighter shade of green, we show expected bounds from ref. [133] in figure 6.

Polarised torsion pendulums. Torsion pendulums can also probe the second term
above with polarised electrons [136, 137]. The existing bounds [138] on m̃(ω) are, however,
too weak and not shown in figure 6. Note, however, that if ALP dark matter induces an
effective, m̃ = gφ̃e〈φ̃〉, interesting bounds on gφ̃e can still be obtained at low masses because
of a significant value for the oscillation amplitude, 〈φ̃〉 =

√
2ρDM/mφ̃ [138].
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Figure 6. Bounds on m̃(ω) from VEC, experimental and observational probes. Bounds that only
require the TV to be present in recent times (in the last 50 years) are shown in solid colours, whereas
hatched lines show bounds that require us to assume TV throughout cosmological history. See text
for details.

Penning traps. Penning-trap experiments, like ATRAP [139] can measure cyclotron
frequencies of a confined particle or antiparticle that interacts with electromagnetic fields.
The dominant effects arise from the interaction of the confined particle or antiparticle with
the constant magnetic field of the trap.7 For ω . 10−23 eV, ∂µm̃(x) would effectively be
constant over the time period of the ATRAP experiment where a single measurement took
about an hour. Still, the final result was an average of nine measurements over a 6-month
period [139]. In this regime the term, ∂µm̃(x)ψ̄γµγ5ψ/2me generates different shifts in the
cyclotron frequency for e+ and e−. The theoretical expressions for these shifts have been
computed in ref. [140]. The ATRAP experiment is sensitive to these differential shifts,
which can be used to obtain the following bound:

ω m̃(ω)
me

. 10−8eV (6.4)

which unfortunately does not result in a meaningful bound on m̃(ω) in the relevant region,
ω < 10−23 eV.

7There is a quadrupole electric field to provide the axial confinement. This, however, only generates
effects suppressed by a factor of E/B ∼ 10−5.
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7 Comparison with wave-like dark matter scenario

In this section, we compare our results with previous literature on spacetime-dependent
couplings. As we consider only breaking of time translation invariance, our results can be
compared to models with a time variation of fundamental constants [10]–including those
that aim to explain dark energy [24–26]- or wavelike dark matter (WLDM) models [28, 29]
where such time variation arises dynamically from an underlying (pseudo-)scalar field. The
first category of models involves slow time variation on scales of the order of the age of
the universe, and thus the main probe for these is the comparison of the present values
of the fundamental constants with inferred values from the past, such as the BBN, CMB
quasar and Oklo bounds shown in figure 3 and figure 5. As far as the WLDM models are
concerned, the relevant frequency range, or equivalently the mass range, for the WLDM
models is 10−22 eV < ω < 10 eV. We will discuss the lower bound on the frequency below.
The upper bound arises from requiring that the occupation number of dark matter quanta
is large enough for it to be considered a classical field. As we discuss below, while some
analogues of the VEC bounds discussed in our work exist even for these dynamical models,
the previously discussed kinematical considerations push many VEC effects to frequencies
higher than 10 eV. VEC bounds have, therefore, usually not been discussed in the literature
on these dynamical models. In upcoming work, we will also consider the spatial variation
of couplings which will lead to qualitatively very different probes from those for the above
dynamical models.

For frequencies ω < 10 eV, there is, of course, a lot of overlap between the probes of
spacetime translation violation considered here and the observational/experimental probes
already considered for the dynamical models. Even then, there are crucial differences
between our scenario and dynamical models. These differences originate from the fact that
in the dynamical scenarios, the observed effects arise from the expectation value of an
actual dynamical field that has particle excitations, respects an equation of motion and
carries energy and momentum that, in turn, have gravitational effects. We now discuss
these differences in detail.

Absence of particle excitations. Some of the most potent constraints in the scenario
with a dynamical (pseudo-)scalar, such as — fifth force constraints, astrophysical bounds,
helioscope bounds, bounds from beam dump experiments etc. — are not relevant for TV
probes as these arise from the exchange of the particle excitations. For instance, in figure 3
and figure 5 if δZ and δm originated from a background scalar field, fifth force constraints
will be the most powerful constraints for ω . 10−24 eV or ω & 10−16 eV. In the TV scenario,
however, these constraints are absent, making Cs and I2 spectroscopy and experiments
utilising interferometry and acoustic oscillations the most sensitive probes in the 10−16 eV
. ω . 10−7 eV region.

Similarly, suppose δZ̃ and δm̃ originated from a background pseudoscalar field. In that
case, some of the most dominant bounds in different frequency ranges, such as — helioscope
bounds, astrophysical bounds from star cooling, the supernova SN1987a and cosmological
bounds from a thermal population of the particles — are absent in the TV case.
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Absence of gravitational effects. A second crucial distinction is that if the TV cou-
plings in eq. (2.3) do not arise from a (pseudo-)scalar field that carries energy density, there
are no corresponding gravitational effects. This spacetime variation is thus not subject
to standard constraints on dark matter or dark energy. In fact, for the WLDM case,
dark matter masses .10−22 eV are ruled out by Lyman-α constraints [141, 142] and other
astrophysical and cosmological considerations [143, 144]. These arguments, however, do not
apply to our TV couplings. Thus our plots can extend to frequencies as small as 10−32 eV,
which corresponds to the inverse of the age of the universe (we have not covered this full
allowed range of frequencies in figures 4 and 6 for presentation purposes).

Difference in cosmological evolution. Another essential difference is that in the
WLDM scenario, the amplitude for the oscillations cannot be assumed to be constant as in
the TV scenario. This is because the underlying scalar/ field will experience a damping
φ ∼ a−3/2 as the universe expands. This results in a difference in the bounds, which depend
on cosmological history (hatched in our plots). This includes bounds which depend on
the difference in the time-dependent couplings between the present moment and a past
time. Such bounds will be much stronger in the dark matter scenario owing to the larger
amplitude in the past. For instance, cosmic birefringence implies strong bounds in the DM
scenario [145] but weak constraints in the TV scenario. This fact also makes an important
distinction for the spontaneous particle production bounds. This effect, interpreted as a
decay of the condensate in the coherent dark matter scenario, results in a stronger bound
at earlier times once the a−3/2 scaling of the oscillation amplitude is taken into account (see
ref. [34]). In contrast, the best bounds typically arise today in the TV violation scenario
(we assume that the amplitude and frequency of the TV oscillation are constant).

Absence of backreaction from particle production. For the WLDM case, there is
an important difference between its decay to photon or electron pairs and spontaneous
particle production.8 In the WLDM case, there is a backreaction on the DM. The energy
density of the dark matter and, thus, its oscillation amplitude must get depleted. There
is no such backreaction or depletion of the couplings in our scenario, as now we have a
genuine violation of energy conservation. Thus one of the conditions used to derive our
spontaneous particle production bounds — that the energy density of the decay products
should not exceed the critical density — would not be relevant in the dark matter scenario.
This is because the energy density of the decay products would, in any case, never exceed
the dark matter energy density by conservation of energy. Instead, the bound in the dark
matter case would arise from requiring no appreciable depletion of dark matter [34].

Absence of inhomogeneties and differences in frequency spread. Another critical
difference in the WLDM case is the formation of halos. The energy density of WLDM
near Earth would be many orders of magnitude higher than its average density in the
universe. This is one of the reasons that the particle production bounds in the dark matter
scenario are relatively less sensitive when compared to other probes, such as haloscopes or

8The relevant frequencies for models with a slow variation of fundamental constants are far below the
pair production thresholds.
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experiments testing the variation of fundamental constants [34]. In the TV case, on the
other hand, these probes are closer in sensitivity as the TV couplings have been assumed to
be spatially constant. Even if we relax our assumption of spatial uniformity, there is no
reason to expect that the spatial inhomogeneities in the TV couplings will be correlated to
gravitational dynamics.

The velocity spread of virialized dark matter can also be determined and implies a
typical frequency spread ∆ω/ω ∼ 10−6 [146]. This frequency spread can actually be easily
resolved in haloscopes [146]. For models involving slow variation of fundamental constants,
it is again not expected that only a single frequency would be present. That said, our
simplifying assumption of having one sharp frequency mode will provide a much narrower
signal than these scenarios. If we go beyond our assumption of a single-mode being turned
on, the frequency dependence of the four TV couplings, αTV

i (ω), in eq. (2.3) would be
arbitrary and in general not match the DM frequency spread ∆ω/ω ∼ 10−6.

8 Conclusions

In this paper, we have taken the first step of putting one of the most fundamental assumptions
of physics to a test: the independence of fundamental physical laws concerning time
translation. This is an essential part of the larger Poincare symmetry and, of course, the
origin of energy conservation. While this is deeply ingrained in physics, putting it to strict
and highly precise tests is nevertheless non-trivial. To have a concrete realisation, we needed
to make assumptions on how the fundamental laws would now explicitly depend on time.
For the present paper, we chose a simple, periodic variation and specified the limits in
frequency and amplitude for various couplings of the electromagnetic sector. This simple
choice allowed us to adopt a wide range of existing experimental results, particularly from
searches for “wave-like” bosonic dark matter. We stress, however, that despite similarities to
the dark matter scenario, there are potentially also important differences because such a time
translation violation will not necessarily be bound by the same constraints as dark matter,
such as fulfilling the energy density requirement, cosmological evolution, gravitational
clumping etc., discussed in more detail in section 7.

We have considered TV effects in couplings of electrons and photons. We have shown
that at the level of operators with dimension ≤ 4, a general parametrisation of such
effects can be done with the four couplings, δZ(x), Z̃(x), δm(x), m̃(x) in eq. (2.1). These
couplings have been assumed to have temporal but no spatial variation in the FRW frame
(see eq. (2.3)). The three main kinds of constraints on these couplings arise from (1)
observational and experimental probes of this time variation, (2) effects, such as gradient
forces, due to the spatial variation of the couplings in the earth frame of reference and (3)
conservation of energy violating scattering processes such as spontaneous pair production
of electrons and photons from the vacuum, the e→ eγ process etc. . . Our main result is the
constraints on these couplings presented in figure 3–6.

Our present investigation is simplistic in two important ways. The first is our focus on
the time translation invariance. An obvious path is considering spatial variations and the
corresponding momentum conservation. Second, we have taken a specific single-frequency
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violation of the time translation invariance. Improving this may be non-trivial. One
way would be to consider alternative spectra of violations, such as e.g. a white noise
form. More generally, one can also hope to set a limit at the spectral density such that
limits on any spectral form of the violation can be obtained by integrating the violation
“signal” with the limiting “noise” curve. Building on the current setup and developing a
framework to coherently investigate general violations of Poincare invariance (much akin to
the Standard Model Extension for Lorentz invariance violations [6]) seems a logical next
step for a thorough investigation of the experimental and observational foundations of
Poincare invariance.
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