The Archimedes project: a feasibility study for
weighing the vacuum energy
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Archimedes is a pathfinder experiment aimed at verifying the feasibility of measuring the interaction of vacuum fluctuations with gravity. The future experiment should measure the force that the
earth’s gravitational field exerts on a Casimir cavity by using a balance as the small force detector. Archimedes analyzes the important parameters of the future experiment and experimentally
explores solutions to the most critical problems.
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1. Scientific motivations

2
~F = A π h̄ g ẑ = Ecas ~g,
(1.1)
720a3 c
c2
where A is the Casimir cavity proper area, a is the Cavity proper distance among the plates, c is the
speed of light,~g is the earth’s gravitational acceleration (g its modulus), the unit vector ẑ is directed
upwards, Ecas is the Casimir energy and the evaluation is performed to first order with respect to
the quantity gc2a . This force, directed upwards, can be interpreted as the lack of weight of the modes
that have been removed by the cavity, in similarity with the Archimedes buoyancy of fluid. Notice that, as expected (the calculation relying upon the assumption that vacuum energy gravitates),
the result is in agreement with the equivalence principle [4] and the force can also be interpreted
as the effect of the gravitational field on the negative mass associated to the Casimir energy [5].
From an experimental point of view, the critical points are essentially two: 1) the expected force
being quite small, the measurement must be performed modulating the effect; 2) a suitable device
must be studied to perform the measurement. As far as the first point is concerned, as has been
recently discussed [6], a possible way to modulate the vacuum energy contained in a cavity is by
performing a superconducting transition of the plates: when the plates become superconducting
the reflectivity changes and so it does the vacuum energy contained between the plates [7]. The
variation of Casimir energy could be particularly relevant in case of type II layered superconductors, like cuprates. Even though a complete study is still lacking, and it is one of the problems to
be faced inside the Archimedes project, order of magnitude expectations suggest that measuring
the weight of the transition energy of such materials could be a test of the weighing of vacuum
energy [6, 8]. The amplitude Fm of the modulation of weight turns out to be quite small, of the
order of Fm ≈ 10−16 N. This force is not out of reach of the presently most sensitive macroscopic
devices for the measurement of small forces, such as the Gravitational Wave detectors or torsion
pendulums [6]. In this paper we present the main choice exploited by the Archimedes project and
discuss the steps to be done to assess the actual feasibility of an experiment for the final measure
of such a force.
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One of the profound open questions of modern physics is the irreconcilability among the
quantum mechanical theory of vacuum and General Relativity. The enormous value of the energy density of vacuum fluctuations as foreseen by quantum mechanics, if inserted naively into the
energy-momentum tensor on the right-hand side of the field equations of General Relativity, is not
at all compatible with the observed radius of the universe, nor with the acceleration of expansion:
a problem known as the cosmological constant problem [1]. At present, in spite of a detailed and
important theoretical work [2], there is no general consensus on the theoretical solutions proposed
and on the fact that vacuum fluctuations do contribute to gravity [3]. Furthermore, even though the
common belief is that this should be the case [4, 5], no experiment has been performed to finally
verify or discard this assumption. In a recent paper we have shown that considering the present
technological achievements on small force detectors, on superconductors and on seismic isolation,
it is possible to foresee an experimental path towards such a measurement [6]. The principle of the
measurement is the weighing of a Casimir cavity. Indeed, it can be shown that if a Casimir cavity is
placed in the earth’s gravitational field and the vacuum energy does interact with gravity, it receives
a force directed upwards equal to [6]:
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2. Balance versus suspended masses interferometer
In a recent paper [6] it has been shown that both the Gravitational Wave Detector and balances
could be suitable for detecting the Archimedes force from a sensitivity point of view. In particular,
the third generation GW detectors, i.e. the planned Einstein Telescope, could reach a sensitivity of
p
about F̃ = 3 ∗ 10−15 N/ (Hz) in the low frequency region, corresponding to the detection of the
Archimedes force in tens of minutes of integration time. In order to choose the detection system
one experimental key point is the modulation of the effect, i.e. the periodical transition from normal
to superconducting state. In particular, it must be compatible with the bandwidth of the detectors.
The possible modulations of the transition are by temperature or external field. Both are favored
in the low frequency region. This motivation leads us to the choice of the balances as the system
to be experimentally used for the detection of the force. Indeed, in case of balances, the detection
bandwidth can be in the region of 1-100 mHz, comparable with torsion pendulums, while in case
of Gravitational Wave detectors it extends from 10 Hz to few KHz. The possibility to modulate at
so small frequency is seen as a decisive argument in favour of using balances, even though in the
long term the use of third generation GW detectors could be re-considered.

3. Seismic isolation and expected sensitivity
One of the main problems to be addressed in realizing a balance capable of measuring forces
of the order of few 10−16 N is the lack of an attenuation system in the very low frequency regime
of 1-100 mHz. The realization of such a system would allow the balance to reach a vertical force
sensitivity compatible with the torsion pendulums horizontal one, which can be as well of the order
p
of few 10−15 N/ (Hz) [9]. One possible strategy is to hang the balance to a seismic isolation
cascade formed by an inverted pendulum and blade-spring attenuator similar to the ones used in
the Virgo gravitational wave detector, and actively reduce the residual motion by sensing with
3
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Figure 1: Experiment scheme, expected signal and noises. Left: scheme of the balance suspended to the
inverted pendulum. Right: expected signal (blue curve) and main noises. The detection bandwidth is within
the resonance of the balance, limited by the read-out noise, dashed-line, indicated as Oro Noise.
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accelerometers and feed-backing on the top of the cascade [6, 10]. An alternative reduction of
residual noise is based on a mechanical resonator, placed on the top of the Inverted-Pendulum as
sketched in fig. 1; the absorber is coupled to the Inverted-Pendulum so as to have the complex-zero
of the transfer function tuned at the signal modulation frequency. In this way the seismic energy is
absorbed by the resonator at that frequency and the suspension motion at the frequency is reduced
by the attenuation transfer function of the Inverted-Pendulum and by the quality factor of absorber
resonance. The major sources of noise in this scheme will be represented by the thermal noise and
the seismic noise, as reported in fig. 1. The read-out system, as discussed in [6] and also reported in
fig. 1, can be an optical lever. As shown in the figure, with these choices the modulation frequency,
the seismic-resonant absorber frequency and the balance frequency must be carefully tuned to be
the same, and forced to lie in the low-noise seismic region. Furthermore, the experiment must be
performed in very low seismic noise sites, like the Sos-Enattos mine (Sardinia Island, Italy) [11].
These limitations should be compared with the use of an active seismic noise reduction scheme, that
in principle does not require such a quiet environment and relaxes the constraints on the bandwidth,
but at the price of a remarkably higher complexity [6]. The assessment of the passive reduction and
comparison of these two methods will be one of the major tasks of the Archimedes experiment.

