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We review experiments and theoretical models about the possible mutual interplay
between the gravitational field and materials in the superconducting state or other
macroscopic quantum states. More generally, we focus on the possibility for quantum
macrosystems in a coherent state to produce local alterations of the gravitational field in
which they are immersed. This fully interdisciplinary research field has witnessed a
conspicuous progress in the last decades, with hundreds of published papers, and yet
several questions are still completely open.

Keywords: gravitation, macroscopic quantum coherence, superconductivity, Ginzburg-Landau equations, gravito-
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1 INTRODUCTION

It was in the 1960’s that physicists began to wonder if it was possible to use superconductors as
sensitive gravity probes, especially for detecting new effects predicted by General Relativity, like
gravitational waves and gravitomagnetic fields [1-3].

In the 1970’s, S. Hawking proved that quantum effects in classical spacetime had an important
back-reaction on spacetime itself, leading to the evaporation of black holes. At the time, the quantum
theory of gravitation was still in its infancy, but in the following 50 years it has grown into a very
active research field (maybe hyperactive), with essential applications at least to early cosmology and
to scattering processes at very high energy [4].

The progress in superconductivity has been even more impressive. High-T. superconductors
comprise today a variety of materials and microscopic structures. Josephson junctions, like other
mesoscopic systems, have become important elements in quantum computing ([5] and refs.) arrays
of intrinsic Josephson junctions in high-T. materials work as synchronized THz emitters [6],
etc.—just to mention a few practices well beyond the initial field of application of superconductors.

Over the years it has become clear that the traditional geometro-dynamical scheme employing
classical Einstein field equations plus a matter tensor T, might be inaccurate when matter is in a
macroscopic quantum state. Since the mechanism of superconductivity in high-T. superconductors
cannot be described by the BCS theory, the use of an effective wave equation (the time-dependent
Ginzburg-Landau equation) is very important in this context (see Section 4.7). On the other hand,
quantum properties of gravitation could also play a role in interactions between gravity and
superconductors (Section 4.6).

Are there for these interactions any observational consequences of the quantum nature of matter,
or of gravity, or both? Can we obtain some information from existing experiments? In this review we
will actually start by collecting the experimental evidence (Section 2), then after a brief treatment of
gravitational antennas (Section 3), we will review theoretical models (Section 4).

The only pre-existing review on this subject is the article by Kiefer and Weber from 2005 [7],
which in the present work is updated and extended in a substantial way, especially concerning the
experimental part. Another related review (actually a volume with thematic chapters) was published
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in 2012 [8]; besides obviously missing all the later developments,
it does not cover the theoretical subjects treated in Section 3 of
this review and only a minor part of those in Section 4.

The macroscopic quantum systems addressed in this work are,
as most frequently understood, superconductors and superfluids.
Nevertheless, general theoretical techniques involving the
gravity-induced quantum phase (Section 4.4) and the
Ginzburg-Landau formalism (Section 4.7) can be applied also
to other macroscopic quantum systems, like, e.g., Bose-Einstein
condensates.

2 EXPERIMENTAL RESULTS

The late 1980’s had seen the publication in the mainstream
literature of new claims of non-conventional gravitational
effects, possibly requiring modifications of standard theoretical
approaches based on General Relativity. On one side there were
measurements of gravitational forces in the sub-millimeter range,
leading to the so-called “fifth force” hypothesis (see [9] for an
early review and [10] for very recent measurements and an
update on the current status). On the other side observations
were reported of an anomalous weight reduction of rotating
gyroscopes [11].

These claims, plus the idea of a possible amplification role of
macroscopic  coherence in  superconductors, probably
contributed to motivate the work of Podkletnov and, later, of
Tajmar. Actually the specific results of [11] were soon
contradicted by other experiments and later a new wealth of
data about rotating gyroscopes were obtained, e.g., in the Probe-B
experiment [12]. It is still true today, however, that the Newton
gravitational constant is known with lower precision than any
other fundamental constant. This might partly be due to some
dependence of the force upon setups and materials used in the
measurements, a dependence that is not accounted for by General
Relativity. See about this, e.g., [13] and refs., and the review [14];
the latter also covers early claims of possible weak gravitational
screening effects due to interposed bodies (compare recent work
in [15, 16]).

2.1 The 1990’s: The First Experiment By
Podkletnov and Weight Anomalies at the

Superconducting Transition

The experiments by E. Podkletnov with YBCO superconductors
have considerably modified the scenario of the search for gravity-
superconductors interactions, even though his results have been,
until now, neither confirmed nor disproved. These experiments
involve a complex setup and their theoretical modelling is also
inevitably complex, thus substantial research investments would
be required to exit from the present stalemate.

YBCO (Yttrium Barium Copper Oxigen) is a high-T.
superconductor with a critical temperature of about 93K,
which can be easily manufactured in films or small sintered
disks and operated at liquid nitrogen temperature. In
Podkletnov’s experiments, however, large disks with more
complex crystal structure were used (up to 27 cm diameter)
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and cooled below 70K wusing liquid helium. By “first
experiment” we mean the one with rotating and levitating
disks, in the two versions of 1992 and 1997. By “second
experiment” we mean the experiment of 2002 with high-
voltage discharges through a superconducting electrode
(Section 2.2).

In the first version, published in 1992 [17] a large YBCO disk
(with 145mm diameter and 6 mm thick) was magnetically
levitated using a single coil operated at frequencies of
50-100 Hz. The disk was maintained at temperatures below
60 K in the vapours of liquid helium. It was a sintered single-
layer disk with relatively small grains. In most trials the disk was
also irradiated with a radio-frequency field and spun to several
thousands rpm using additional magnets.

The original purpose of the experiment was to test the material
under those conditions. It was noticed, however, that small test
masses suspended above the disk were apparently losing a small
fraction of their weight, up to 0.05%. The measurement
procedure was criticised by some authors [18, 19], who
dismissed the reported effect as due to systematic errors.

In 1997 Podkletnov published an improved version. After
being accepted by J. Phys. D, the article was withdrawn due to a
controversy between the author and the university of Tampere,
and subsequently posted in the Los Alamos physics database
[20]. The new experiment featured a larger YBCO disk in a ring
configuration (27 cm outer diameter, 8 cm inside diameter and
1 cm thick). The material had a bi-layer structure as described
below. The disk levitated inside a steel cryostat thanks to
several coils operated in a two-phase mode to drive it up to
5,000 rpm.

The material had been prepared using a ceramic sintering
technique followed by partial melt-texturing, in which the upper
surface was heated to 1,200°C using a planar high-frequency
inductor. As a consequence, the upper part of the disk (6-7 mm
thick) had an ortho-rhombic structure typical of the quench and
melt growth process, with T, = 94 + 2 K and J. = 15000 A/cm?,
while the transition temperature of the lower layer was 60 + 10 K.
The operation temperature was slightly below 70 K. The best
results were obtained under an applied radio-frequency of the
order of 3.2-3.8 MHz.

Samples of different materials were hung over the cryostat and
weighed using sensitive balances. They all appeared to lose the
same fraction of their weight, typically 0.3 to 0.5%. The external
boundary of the “shielding cylinder” was quite clear (no more
than 2 cm). A detailed analysis of possible systematic errors is
given in the paper, ruling out several spurious effects.

2.1.1 Replication Attempts
(For a more detailed historical description see [21, 22]).

In a joint effort between the University of Alabama in
Huntsville and NASA Marshall Space Flight Center, several
single-layer superconducting disks were fabricated in 1999
[23]; shortly thereafter, Podkletnov was hired as a consultant
and a bi-layer disk was fabricated. As concerns measurements of
gravity effects, however, only static tests on a commercially
purchased 4-inch single-layer disk were published, with
limited results [24].
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In 2001, Woods et al. reported an unsuccessful replication
attempt with disks of diameter up to 3 inch [25]. The authors
argued that many of the conditions for a gravity effect had not
been fulfilled, including conditions on the disk material structure
and the levitating and rotating system.

It should be mentioned that no visual evidence (pictures or
video) of the original experiments exists, and this has represented
an obstacle for the replication attempts.

The replication attempt by Hathaway et al. [26] came closer to
Podkletnov’s setup, still some major differences remained; in
particular, the disk was sustained and rotated only mechanically,
at lower velocity and lower temperature. No weight modifications
or gravity-like forces were detected down to the 0.001% level.
According to a discussion by Robertson in [21], the lack of a
proper power input into the superconductor could have been key
for the missing effect.

Also contained in [21] is a phenomenological analysis of the
first Podkletnov experiment, discussing its incompatibility with
classical General Relativity, energetic balance, properties of the
field configuration associated to the reported cylindrical “partial
shielding region”, relations to the equivalence principle and to the
London field in rotating superconductors.

2.1.2 Transient Weight Modifications at the
Superconducting Transition

In 1996 the American engineer and inventor J. Schnurer reported
claims of transient anomalous gravitational effects caused by
small melt-textured YBCO disks [27]. The disks had a typical
diameter of 2 cm and a thickness of 5 mm. They were cooled
down below T and then pinned in levitation above a permanent
magnet, at room temperature. After a while the disks returned
normal and fell down slowly on the magnet, the fall lasting
approximately 1 to 3s. At that moment, small target glass
rods hung on the vertical of the disk (with an insulating plate
in between) exhibited temporary weight changes of the order of
1%. The weight was measured with an electronic balance
connected to the target by a rod and a counterweight.
Approximately 10% of the total 400 trials gave positive results,
clearly distinguished from the noise, signalling that some of the
parameters triggering the effects were not under control.

A more accurate replication was done in 1998-99 in a master
thesis at the Polytechnic of Turin, Italy [28]. The observed weight
changes were smaller, of about 107*¢g = 107 m/s’, but
measurements were more reliable, because the target was the
plastic plate of a precision analytical balance encased in a glass
box and placed on an anti-vibration table, 1 m above the
superconductor. The weight modification quoted above was
estimated from the oscillations of the balance plate assuming
that the perturbing force lasted 1 s; if the actual duration was
shorter, then the inferred strength should increase in inverse
proportion.

In 1997 H. Reiss made accurate measurements of the weight of
sintered YBCO pellets contained in a plastic capsule while the
sample passed through its critical temperature [29, 30]. Such
experiments are difficult because the whole sample is first cooled
by immersion in liquid nitrogen, and then the evaporation of
nitrogen residues causes a slow change of weight, while the
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supposed anomalous effect is evidenced by some sudden
spikes around this background. Measurements performed with
this technique clearly differ from those of Schnurer because their
aim is to detect possible weight changes of YBCO itself, not of
separated suspended targets. Later Tajmar et al. published null
results of related measurements performed with liquid nitrogen
[31] and without liquid nitrogen [32]; these results have been in
turn examined by Reiss and Hathaway in further work [33, 34].

2.2 The 2000’s: The Second Podkletnov
Experiment and Those By Chiao, Tajmar,

Poher
In 1997-2002 E. Podkletnov built in Moscow a low pressure gas

chamber in which high voltage discharges occurred between and
YBCO cathode and a copper anode, at temperatures between 50
and 70 K [35]. The discharge circuit comprised a Marx generator
with a capacitor array and was able to produce voltages up to
2000 kV and peak currents of 10 kA. The discharge chamber had
a diameter of 1 m and length of 1.5m. The cathode (diameter
80-120 mm, thickness 7-15 mm) consisted of two layers. The
internal layer (the one not facing the anode) was not
superconducting at the operation temperature, because a rare-
earth element was included into YBCO. Both layers were
fabricated by sintering using seeded oxygen-controlled melt-
texture growth. A large solenoid allowed the application of a
magnetic field to the chamber, and a smaller coil could be used to
trap a field in the cathode.

The shape of electric discharges at low pressure (less than 1 Pa)
depended on the voltage, changing from a single direct spark to a
more diffused discharge at voltage above 500 kV, lasting less than
107 s. In coincidence with such “flat” discharges, the emission of
an anomalous non-e. m. radiation was observed, which
propagated in a focused beam along the axis of the chamber,
towards the anode and beyond it, reaching large distances
without attenuation. From the impulse transferred by this
radiation to small targets it could be determined that the
energy E carried by the beam was of the order of 1 m], but its
momentum was much larger than E/c (the momentum carried by
e. m. or gravitational waves). In fact, it looked more like a short-
lasting force beam, suggesting a comparison with the small (but
longer-lasting) lifting force generated by the YBCO disks of the
previous experiment.

2.2.1 Replication Attempts and Further Developments
A replication attempt with a 50% scaling in size was conducted
by T. Junker starting in 2004 at the Inst. fir
Gravitationsforschung (Germany) [36]. The technical
challenges encountered were immense, and the theoretical
modelling also very difficult [37]. The results were
inconclusive. For a brief description see [21]. A
phenomenological analysis is given in [38].

Another scaled-down replication attempt was reported by
Tajmar and Lorincz [39]. In fact, their device is more similar
to that of C. Poher (see 2.2.5), since the discharge is not in vacuum
and the maximum voltage is 2.2 kV. In an improved follow-up
work of 2016 [40] the same authors came to the conclusion that
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with good e. m. shielding the accelerometer effects can be
attributed to acoustic noise.

In 2012 Podkletnov reported measurements of the effect of the
anomalous radiation beam on a laser beam crossing it with an
angle of 0.1 degrees, giving an interaction region approx. 57 m
long [41]. The intensity of the laser spot was measured to decrease
by 7-10% during the discharge. An attempt was also described of
measuring the propagation speed of the anomalous radiation
using two piezoelectric sensors connected to synchronized atomic
clocks and placed along the radiation beam at a distance of
1,211 m.

2.2.2 The Experiment By R. Chiao et al

R.Y. Chiao conducted in the early 1980’s, also in collaboration
with J. Anandan, studies on the possibility of constructing
antennas for gravitational radiation using superconductors and
superfluids [42-44]. In 2003 he published with W.]. Fitelson and
A.D. Speliotopoulos the results of a new experiment aiming to test
the efficiency of conversion of e. m. waves into gravitational
waves and viceversa, mediated by YBCO as a possible quantum
transducer. Theoretically, the concept was based on a new
minimal coupling rule for the coupling of electron spin to
curved spacetime in general relativity, mediated by a quantum
fluid. (This coupling has been discussed in detail by Kiefer and
Weber in their review [7], with the conclusion that it is
“questionable”).

The experiment was performed at the Univ. of California in
Berkeley and was not conclusive, setting an upper limit of 1.6 -
107 on the conversion efficiency of YBCO ar liquid nitrogen
temperature. The work is carefully described and discussed in
an arXiv preprint [45]. This was however not published in a
journal. A related paper appeared in a Conference Proceedings
in 2006 [46]. For related proposals by Chiao et al. see also
[47-50].

More in detail, the idea of the experiment was to use a YBCO
sample to convert microwave e. m. radiation into gravitational
radiation and then use a second sample to back-convert its far-
field component into e. m. radiation. The two samples were
contained in two separated closed metallic containers, whose e.
m. coupling was measured to be extremely small. In order to
prevent transitions out of the macroscopically coherent
superconducting quantum state, the frequency of the
microwaves was chosen to be below the gap frequency of
YBCO. The conservation of angular momentum in the
conversion process was satisfied by first converting the e. m.
field into a quadrupolar far-field radiation pattern with angular
momentum 2.

In the analysis of the experiment, the authors discussed if there
may exist quantum many-body enhancements to the classical
conversion efficiency. A further question was, how does a broken-
symmetry ground state like that of a superconductor interact with
a dynamically changing spacetime, such as that associated with a
gravitational wave; such question has never been explored
experimentally. Finally, the authors conclude that since one of
the conditions for a good coupling of a quantum antenna and
transducer to the gravitational wave sector is extremely low
dissipative losses, the choice of YBCO as the material medium
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for an Hertz-type experiment may have not been good, given its
D-wave character.

2.2.3 Other Works on High-Frequency Gravitational
Waves

It seems appropriate to cite here other papers concerning the
possible generation through superconductors of high-frequency
gravitational waves (called HFGWs in the literature; see [51-54]).

The works by R.C. Woods [55-57] do not describe
experiments, but contain sophisticated phenomenological and
feasibility studies.

Articles by G. Fontana look at possible quantum gravitational
emission in pair tunnelling between type-I and type-II
superconductors [58, 59].

Landry and Paranjape have analyzed the possible features of a
graviton laser [60].

2.2.4 The Experiments By Tajmar and Collaborators
The main experiments by Tajmar et al. were performed in the
period 2006-2011 [61-64] using detectors placed near rotating
superconductors maintained at various temperatures. Standard
“spring” accelerometers were used, along with fiber optical
gyroscopes, which measure rotating gravitational fields
affecting the phase of light beams traversing closed paths. The
idea behind the experiments and their interpretation was that
rotation generates gravitomagnetic and gravitoelectric fields
obeying equations of the Maxwell-Einstein type, but including
large amplification factors of the sources [65].

According to the detailed review of Lewis [66], another
motivation for the experiments was the discrepancy found in
the tests of superconducting gyroscopes for the Gravity Probe-B
experiment (see also the theoretical model of Hauser and
Droscher cited below). Tajmar and De Matos [65]
hypothesized that such discrepancy might be explained by a
very large increase of the gravitomagnetic field in a rotating
superconductor. According to standard General Relativity, their
observed gravitomagnetic field would be equivalent to one
produced by a white dwarf star!

Independent measurements performed by Graham et al. in
2008 [67] with a lead disk and one ring-laser gyroscope gave
results declared within 1o from a null result. For the results of the
Tajmar group the figure would be 110.

In agreement with the Tajmar group (working in Austria), also
the Graham group (in new Zealand) reported a phenomenon of
“parity violation”, namely that gravitomagnetic fields produced
by the disk have different strengths, depending on the rotation
sense. For a detailed discussion see [66].

The rotating Nb ring employed by Tajmar in 2007 [61] had a
radius of 69 mm, thickness 6 mm, height 15 mm. Its angular
acceleration could reach 1,000rad/s*>, and the deceleration
5,500 rad/s>. Depending on the various conditions of
acceleration and temperature, the fields detected by the
accelerometer had strenghts in the range from 10™* to 10~ m/s>.

In the experiments of 2008 [62] Tajmar used a set of 4
gyroscopes mounted in 3 positions. Signals were observed
from Al, Nb and YBCO disks, but only for clockwise rotation.
The experiments of 2009 [63] showed that liquid and superfluid
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helium rotating with the superconductors had an effect on the
results. Finally, in 2011 Tajmar et al. [68] re-interpreted their
results, attributing the anomalous effects to some kind of acoustic
noise. The reason was that new experiments with modified
equipment measured gyroscopes signals about 2 orders of
magnitude lower compared to earlier results.

Hauser and Droscher maintain that in their theoretical
description of Tajmar’s experiments these different results can
be explained by different thermal environments in which the
detectors operated. They have proposed a new geometric
approach for describing physical interactions, called Extended
Heim Theory [69-72]. This approach predicts the existence of
three gravitational fields (both attractive and repulsive), of stable
neutral leptons and of particles of imaginary mass, which might
be a component of dark matter. According to [69], anomalous
gravitomagnetic fields similar to those reported by Tajmar et al.
might have been generated in orbit during the Gravity Probe-B
experiment and might be partially responsible for the observed
gyroscope misalignment.

2.2.5 Further Claims of Anomalous Gravitational
Effects

In this Section we mention other peer-review experimental works
describing effects that can be interpreted as due to anomalous
gravitational interactions.

The experiments by C. Poher [73, 74] display some
similarities with the second Podkletnov experiment, because
they involve high voltage discharges through YBCO electrodes.
The voltage is much lower than in Podkletnov’s discharge
chamber; actually there is no gas chamber, and the discharge is
triggered by a solid-state switch. The discharge currents are of
the order of several kA and cause a violent recoil of YBCO
electrodes (but not of dummy metal electrodes used as
benchmark, and also not for YBCO above T.). The
discharges also appear to generate a force or radiation beam
with high energy/momentum ratio, similar to that observed by
Podkletnov in his second experiment, but the beam is weaker
and diverging. The force has been measured with
accelerometers. Similarities and differences between the
experiments have been discussed in detail in [75], whose
author has personally witnessed many demonstration of
Poher’s device in France, while this was not possible with
Podkletnov’s experiment, hosted in a restricted area in
Moscow.

The experiment by Godin and Roshchin [76] is a careful
reconstruction and adaptation of a Searl machine with rotating
magnets. It does not employ any superconductors. Possible
connections with the first Podkletnov experiment and the
Tajmar experiments arise from the presence of rotating
materials containing strong trapped magnetic fields, which
in turn produce high-frequency induced electric fields. A
number of anomalous effects were observed, including a
reduction in the weight of the rotating multi-magnets (core
plus “rollers”). This effect may be connected to results
obtained by another group using an accurate accelerometer
connected to falling magnets [77]. Weak unexpected changes
in the local gravity acceleration were observed, indicating the
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possible influence of a generalized quantum entanglement
phenomenon.

3 GRAVITATIONAL ANTENNAS

The direct observation of quantum gravity effects in condensed
matter, involving gravitons dynamical interactions with other
quantum fields at the microscopic level, is in general a very
difficult task. A different approach could originate from the study
of unconventional, macroscopic states of matter. In this regard,
one should consider quantum macrosystems existing in nature,
like superconductors and superfluids. The latter can be thought as
large systems featuring a macroscopical coherent phase, suitably
described by order parameters. It could be then possible to
formulate (and observe) a possible interplay between the
extended, coherent system and the surrounding gravitational
field [1-3, 7, 17, 26, 78-96]. The coupling with the current
flow without resistance in superconductors was exploited to
use the latter as a sensitive detection systems, in particular for
gravitational waves [43, 49, 50, 53, 97-109].

The first studies about gravitational (super) conducting
detectors considered the possibility of converting gravitational
in electromagnetic radiation [97]. When acted upon by a
gravitational wave, the material would emit electromagnetic
radiation of the same frequency of the incoming wave, thus
behaving as a device transforming part of the gravitons into
photons. The efficiency of this kind of detector depends on the
ratio of the power absorbed by the receiver to the radiated
gravitational power per unit area, averaged over a sphere.

3.1 Resonant Detectors

A simpler proposal for the detection of gravitational waves, in
normal and superconducting devices, relies in the analysis of the
associated vibrations in the detecting system.

A normal antenna can be considered as a standard resonant
structure where positive ions and electrons are bound and
vibrate together under the influence of the wave. If we denote
with w, the bar natural frequency of vibration, we obtain a
damping time.

Ty > i (1)
Wo

A resonant eigenmode of the detector can be represented by a
damped simple harmonic oscillator and the device response can
be in general obtained from the equations of motion of the
various mass elements of the antenna, moving under the
influence of the gravitational wave, the elastic force and
possible dissipative forces [110].

d*x 1 dx 5 .

——+— —+wyx’=ae’’, 2

e 1y dt @
Where x(¢) represent the distance from the center of mass, and a
e’ “"is the gravitational driving acceleration that results from

projecting the tidal force due to the gravitational wave onto the
antenna. It is then possible to obtain the displacements as
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x(t) = -aG(w)e ', (3)
with

, ww
Gw)'=w -w)+i QO

in terms of the response function Q = wq 7o.

Let us now study superconductive materials. Superconducting
devices are promising systems for the detection of gravitational
waves because of their distinctive properties, namely zero resistance
and perfect diamagnetism. The latter give rise to some important
effects, like the presence of induced electric fields in the interior.
Moreover, cooling the detection device below the critical
temperature is also a good strategy in order to reduce one of the
most important sources of noise, the random thermal fluctuations.

In a superconducting antenna, once the material is cooled
below the critical temperature, negative charge carriers exhibit
independent responses to the gravitational wave (no resistance is
offered to superelectrons), while the ions still vibrate as damped
harmonic oscillators. We then find different oscillations modes
for ions and superelectrons, determining the appearance of a net
current (including both ion and London supercurrent) giving rise
to a time-dependent magnetic potential A (r, t). The latter induces
in turn an electric field E (r,t) = —aa—‘;‘ which reacts on ions and
superelectrons, decreasing the displacements of ions vibrations
(especially in the w ~ wy case) and increasing those of
superelectrons. In addition, this time-dependent internal field
plays an important role in ensuring that the Meissner effect is not
violated: magnetic fields produced respectively by the net current
induced by the gravitational wave and the one generated by E (r,
t) are cancelled out such that the total field in the interior
vanishes, ie., the vibrations of the magnetic field die away
within the penetration depth. Also the ions contribute to
cancel the time-dependent magnetic field: in the thin surface
layer ions will vibrate differently from superelectrons, so that a
screen current appears expelling the magnetic field from inside
the antenna. Part of the energy of the gravitational wave will be
transformed to electromagnetic energy, leading to a decrease in
the vibrational energy.

Let us now assume that gravitational waves penetrate the
antenna without attenuation and that the tiny vibrations of
ions will not destroy superconductivity. According to a two-
fluid model [111], we should consider the presence of positive
ions, normal electrons and Cooper pairs. We still represent the
induced ions motion by damped simple harmonic oscillators, and
their equations of motion in the detector’s proper reference frame
read

. )

d’x; 1 dx 5 . e .
+— twox;=ae’''+—E(x)e’"", 5
a2 1, dt 0 m; (*) (5)
While the equations of motion of the Cooper pairs are written as
d*x. ior € ;
=age’’' - — E(x)e’", 6
— o EG) ©)

m; and x, being the masses of the ion and electron, respectively.
The displacements of ions and superelectrons then read
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xi(t) = (—a - % E(x))G(w)e'”“ ,
el 1 @)

Xe (1) = (—a +— E(x)) — e’
M, w

the ions equation reducing to the one of a normal antenna in the
absence of induced electric field. The ion-current and electron-
current are given by

Ji =2ne%=}i(g) +J¥ =i2newG(wya+J?,
8)
Te =2ne%=]e(g) +]e(s) = —i2newG(a))a+]e(S),

Where the first contributions depend on the gravitational driving
acceleration and where the ion and London electron
supercurrents are given by

2ne* mew® G(w)

== A1),
e i 9

o 9)

]e = A (-x) t))
me

n being the number of Cooper pairs per unit volume. The net
current induced by the incoming gravitational wave turns then
out to be a combination of electron and ion supercurrents, the
latter determined by the presence of a varying magnetic vector

potential. The total net current can be schematically expressed as
]=]e+]i+]n) (10)

Where J, is the normal current density.

As we already mentioned, the Meissner effect is preserved. In
this regard, the total net current split in a surface screen current,
which only exists in a very thin layer near the sample surface, and
another contribution in the interior of the superconducting
antenna. The same happens for the induced electric field, the
consequent vibrations of ions and superelectrons adjusting such
that there is no magnetic field inside the superconductor.

In [104, 105] Peng and Torr consider a Weber-type detector
[112], consisting in a superconducting bar antenna, a
transducer that converts information about the antenna’s
vibrations into an electrical signal and a DC
superconducting quantum interference device (SQUID)
coupling system. For this kind of apparatus, we expect the
electric field in the interior to decrease the ion-current and the
displacements of ions, while increasing the electron-current
and displacements of superelectrons [104]. In particular, it is
possible to evaluate the differences between superconducting
and normal antennas: if we consider the displacements of ions
in the two cases, we find for a non-resonant situation (w # w,)

X = X, (11)
Which implies a similar behaviour. If we focus instead on a

resonant case (w = wy) the ratio between the ions displacements in
the superconducting and normal device gives

|ﬁ - %’ (12)
x 1+ (m.Q/my)
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implying that the behaviour of the superconducting device
depends on how we choose the quality factor Q. For a normal
antenna, the sensitivity is determined in terms of the ratio of the
burst squared signal (depending on the mean change |x|) to the

mean-square  Gaussian  noise  (depending on  the
temperature) [113].
|x*
R, — 13
< T (13)

T, being the “noise temperature”, determined by thermal noise in
the antenna and in the sensors. The behaviour of latter parameter

can be approximated as
Ty oc \T./Q (14)

Where T, is the temperature of the antenna. Therefore, to
minimize thermal noise, the possibilities are a reduction in the
system temperature or an increase of the quality factor Q.

If the antenna is cooled below the critical temperature T, the
normal antenna becomes a superconducting one with the
different properties we have previously described. However, we
expect the above relations for the sensitivity to still approximately
hold true even for a superconducting device, x being replaced by
x;. We then find

|3€i|2 1
= Ri=R, ————, (15)
T, 1+ (m.Q/my)

R, <

having also used (12). We then obtain that, in the resonant case w
= wy, a superconducting antenna with optimized quality factor Q
has a signal-to-noise ratio R, that is reduced with respect to the R,,
one of a normal antenna, with a correspondent decrease in the
elements displacements. On the other hand, the distinctive
properties of a superconducting material would determine
separated oscillations for ions and superelectrons in response
to a gravitational wave, giving rise to peculiar currents in the
sample, also responsible for preserving the Meissner effect. In
particular, the induced internal electric field can provide a higher
sensitivity with respect to the usual mechanical vibration
detection.

3.2 Moving Superconductors

In order to provide a description of the electrodynamics of
moving superconductors, Anandan proposed the covariant
equation [99]

2e 2¢
—ha#¢+TAM =Tuw (16)
Where u, is the four-velocity of the superconductor and the

function £ is determined requiring agreement with the Josephson
equation. The above expression assumes that, in the interior of a
superconductor, the current density is directly proportional to the
velocity of the superconductor itself.

In [106, 107] the authors tried to develop a
phenomenologically-covariant formalism to investigate the
interaction between an arbitrarily moving superconductor and
surrounding electromagnetic, gravitational and gravito-Maxwell
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fields, also considering the effects deriving from the presence of
gravitational waves. Starting from a set of generalized Einstein-
Maxwell equations, the authors study the electrodynamics of
arbitrarily moving superconductor. They obtain that both the
motion of ions and the presence of forces acting on
superelectrons determine the dynamics of a moving
superconductors. The forces acting on ions affect the
expression for the ions velocity, which turns out to be case
dependent. The formalism also predicts the presence of
induced currents and fields in the interior of a vibrating
superconductor, validating the principle for a gravitational
wave antenna.

3.3 Charge Separation and Dynamical
Casimir Effect

In [49, 89] the authors consider the occurrence of a possible
charge separation effect in the interior of a superconductor, as a
result of the interaction with an incident gravitational wave. The
situation is characterized describing the Cooper pair density in
the superconductor by a Ginzburg-Landau theory, while the
ionic lattice is modeled by harmonic oscillator sites coupled to
the gravitational wave. This would give rise to a difference in
motion of the negatively-charged Cooper pairs (condensed into a
non-local quantum mechanical eigenstate) and the positively-
charged lattice ions, locally responding to the gravitational wave
(the ionic lattice thereby oscillating in its deformation
accordingly). In particular, the response to the gravitational
wave is far less for the Cooper pairs than for the lattice: this
would determine the charge separation effect, which can in turn
be used to detect the passage of the wave itself. The charge
separation also induces an electric field which opposes the
supercurrents induced by the gravitational wave, the resulting
Coulomb interaction acting as a strong restoring force making the
superconductor extremely stiff to the gravitational radiation.
Therefore, the incoming wave will be radiated back out, and
the superconductor will act as a mirror to gravitational waves
[49], see also Section 4.7.4.

The described behavior can be associated to a quantum
rigidity (associated with the BCS energy gap) exhibited by the
Cooper pairs, which makes them relatively non-responsive to the
gravitational wave. By contrast, the phonon modes of the ionic
lattice dominate the response to the gravitational wave. This
formulation is shown to predict a dynamical gravito-phonon
Casimir effect [89], since the zero-point energy of the ionic lattice
is modulated by the gravitational wave (increase in the
occupation number of the lattice phonon modes), in a
quantum mechanical analog of a Weber-bar effect. The
interaction of the gravitational wave with the phonon modes
clearly breaks the spatial isotropy of the system: in this regard, the
coupling with the zero-point energy of the harmonic oscillators
also breaks the isotropy of the vacuum energy associated with the
ionic lattice.

By relating the gravitational strain of space to the strain of
matter, in [50, 108] the charge separation is described in terms of
a different response of the ionic lattice and Cooper pair density to
a gravitational wave. This difference in strain has a quantum
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mechanical origin, namely, the difference between the BCS
energy gap (preserving the Cooper pairs) and the zero-point
energy of the lattice phonon modes. Therefore, it is a macroscopic
quantum effect which has no classical analog. The phenomenon
could be used to quantify how gravitational waves interact with
superconductors, giving rise to a situation where the former may
be expelled from the interior of the latter in a gravitational
Meissner-like effect.

4 INTERACTION OF THE GRAVITATIONAL
FIELD WITH COHERENT MACROSYSTEMS

4.1 Generalized Fields and Potentials

Schiff and Barnhill [114] have shown that the electric field inside
of a conductor does not vanish when a gravitational field is
present. If the conductor is immersed in the weak Earth
gravitational field, the quantity which vanishes in its interior is
not the electric vector E but rather the sum

E’=E+?g, 17)

Where m and e are the mass and charge of the charge carriers. A
similar phenomenon holds for magnetic fields inside of
superconductors. Whenever matter is in motion near a
superconductor, so that a Lense-Thirring field is present, the
Meissner effect requires the vanishing not of the magnetic field B
but of the field [1].

G =B +mh,, (18)
with

hy = (hou, hoa, hos), hij = gij - Mij- (19)
Moreover, it is the flux of the latter combination, through any
superconducting ring, which gets quantized in units of h/2e rather
than the magnetic field alone. Experimentally, if a
superconductor is a uniform circular ring surrounding a
concentric, axially symmetric, quasirigid mass. Suppose the
mass, initially at rest, is set in motion until a constant final
angular velocity is reached. If B is initially zero then so is G.
Because of the flux quantization condition the flux of G through
the superconducting ring must remain zero. But since V xhy is
nonvanishing in the final state, a magnetic field must be induced.
Then the magnetic field must arise from a current induced in the
ring. The current arises from an induced motion of electrons on
the surface of the superconductor.

4.2 Josephson Effect Induced By Gravity
Ummarino and Gallerati proposed a simple theoretical model to
investigate the interplay between gravitation and a
superconductivity [92]. Exploiting the above description in
terms of generalized fields, they examined the possibility of a
Josephson-like effect induced by the weak-static Earth’s
gravitational field.

The Josephson effect consists in the transmission of
supercurrents between two superconductors separated by thin
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insulating barrier (thickness of the order of nanometer) by means
of quantum-mechanical tunnelling of Cooper pairs [115]. A
simple manifestation of the Josephson effect can be observed
in a circuit closed on a superconductor-insulator-superconductor
(SIS) junction, to which a constant potential difference AV is
applied. The voltage, in turn, produces a sinusoidal
superconductive current across the junction with pulsation
[116] w=2¢2Y" A corresponding AC supercurrent then
appears in the weak link, due to the existing finite potential
difference in the junction. The supercurrent density turns out
to be

) 2e AV
Js=To sm<y0+ eh t>, (20)

Where y, is an integration constant and J, is the density current
amplitude.

To study the interplay between the gravitational field and the
supercondensate, generalized electric fields and potential are
introduced

E=E +— E, V=Vt 2V, 1)
e e
E, and V; being the standard electric field and potential. If it is

present only the Earth’s static gravitational field (Eq = 0), the latter
generalized field reduces to

g=-"g-" 22)
_e g_eg’

While the corresponding potential difference reads
m ¢ om m
AV=2AV, = [ dz = g=2 g6, 23
e 8 J 0 fe9TeY 23)

having chosen the z-axis along the direction of the gravitational
field. The resulting induced Josephson current has then the
form [92]:

I, (t) =1, sin(ﬂt+(p) = I, sin(wt + ). (24)
Obviously, the effect disappears when the junction is rotated in a
position where the normal vector to the surface is perpendicular
to the gravitational field direction.

For a junction involving high-T,. superconductors, the
thickness £ of the insulating layer must satisfy € < &, since the
coherence length & is of the order of 10 m. The pulsation

2eAV. 2mgt
w = = y
h h

(25)

for a junction with an insulating layer of thickness £ = 1 nm would
result in w = 1.7 x 10~ s, determining a corresponding period
for the Josephson current T= 27/w = 3.7 x 10* 5. This implies that
the distinctive oscillatory behaviour can be observed only in very
stable junctions, since a reasonable duration of the experiment
turns out to be longer than 1 day.

4.3 Covariant London Equations
Continuing on this path, Hirakawa rewrote the classical London
equations in a covariant form at 0 K for a superconductor in a
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curved space-time, that is, in the presence of the gravitational field
[78]. The described situation gives rise to an alternating electric
field in the sample interior. The latter field is generated when a
superconducting body of mass m and density p, rotating with
angular speed w, is forced to vibrate with an amplitude dx. The
resulting induced charge density on the surface of the body is of
the order of
m ey w?

05~ ox. (26)
e

For weak fields and small velocities, this theory reduces to the first
order relations obtained by Dewitt.

4.4 Gravity-Induced Quantum Phase

Papini studied in detail the behaviour of superconductors in the
presence of a weak stationary gravitational field [2, 3, 117-122].
The latter induce a peculiar quantum phase that can be explicitly
characterized [123]. Starting from an action of the form (& =

c=1)
S=-m st =-m J’dxoﬂg,w XX, (27)

Where xt = %, the Lagrangian reads

L= —m\/g,'j 2%+ 2 gio X+ 9oo> (28)

with 4, j = 1, 2, 3. From L, we get the conjugate momenta

pi=2 e m CLLA (29)
0x \/gjkfcfa'ck+2gjofc1+goo
and the Hamiltonian
H = Gio X + Goo (30)

m
Lok .
\/gjkxfx +2gjo X' + goo

In the weak field approximation g, = 7, + h,,, the Hamiltonian
reads [123].

’700) 1 hpip i

= pem(1+29) - BB 40,
n p+m<+2+2\/mp"’°
In presence of electromagnetic fields and in the low-velocity
regime, this Hamiltonian leads to Schrédinger equation

0y (x,t) 1

= > b).
! ot <2m(pi—eAi+mh0i)2—eA0+%mh00>w(x )
(32)

In normal units, the solution of this generalized Schrodinger
equation reads

(31)

.mc .. e ;
y(x,t) = exp(z T,[hw dx' —i h—chi dx) v, (x,1), (33)

Where y, (x, t) is the solution of the field free Schrodinger
equation. If the electron-lattice interaction is added to (32),
then the resulting equation can be applied to the study of BCS
superconductors in weak stationary gravitational fields
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[118-120, 122]. The above discussion led to some
remarkable conclusions.
1) The resulting relation.
m c?
\% AO e hoo =0 (34)
2e

implies that the gravitational field generates an electric field inside
the superconductor, in opposition to the gravity-free case, where
hgo = 0. In principle, one could therefore detect a gravitational
contribution by means of the electric field produced inside the
sample. In the Newtonian limit, E; = mg/e, which is exactly the
field predicted by Schiff and Barnhill [114].

2) Inside the superconductor one finds.
mc? ;
B+ - €ijk aJhOk =0, (35)
2e
Where B is known to vanish in the absence of gravitational fields.
3) It is the total flux.

. mc? nhc
i Ay - gy ) = BRE
(j)dx( 0 e I’l01> Je (36)

that is quantized, rather than just the flux of B. This again means
that hg; could be measured, if the magnetic field it generates is
sufficiently large.

When the superconductor rotates,

oy = (“’ a r), (37)
c i
and we find
2
B- Z’C ®, (38)

Which is the London moment of rotating superconductors.
Furthermore a  gravitationally-induced time-independent
Schiff-Barnhill field can give rise to a Hall effect in type I
superconductors [118].

Time-dependent gravitational fields induce a time-dependent
electromagnetic field in superconductors and normal metals; for
sinusoidal variations, the frequency is the same for both fields. It
also follows that the dielectric constants of superconductors and
normal metals are affected by gravity [120]. Furthermore, a
current can be induced in a cylindrical shell of a thin
superconductor of the first type, immersed in a static external
magnetic field and static scalar gravitational potential. Such
current is proportional to the generalized chemical potential of
the superconductor [124, 125].

Always by keeping on to study the effect of gravitational field
on condensed matter systems Papini observe that gravity can play
a role in critical phenomena. Topological singularities induce
ground state degeneracy and break the continuum symmetry of
the vacuum. They also generate momenta oscillations about an
average momentum and a positive gravitational susceptibility.
Gravitational analogues of the laws of Curie and Bloch have been

Frontiers in Physics | www.frontiersin.org

June 2022 | Volume 10 | Article 941858


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Gallerati et al.

found for a one-dimensional model. The critical temperature for
a change in phase from bound to unbound vortices has also been
calculated in [126]. Papini deals also with the extension of the
Berry phase to relativistic quantum systems represented by
known wave equations. Solutions that are exact to first order
in the metric deviation h,, are given for Klein-Gordon,
Maxwell-Proca, Dirac and spin-2  equations. The
corresponding Berry phases are expressed in terms of h,, [127].

4.5 Mesoscopic Quantum Systems and
Gravity

In [7] Kiefer and Weber discuss the different aspects of the interaction
of mesoscopic quantum systems with gravitational fields. The authors
consider the non-relativistic expansions of the Klein-Gordon and
Dirac equations in the post—Newtonian approximation. After a short
overview of classical gravitational waves, they discuss the possible
interaction of gravity with quantum fluids, the latter acting as
generators and/or detectors of gravitational waves in a laboratory
system. Finally, they consider interaction processes involving weak
gravitational fields coupled to rotating superconductors, also
proposing connected experimental settings.

4.6 Role of Local Vacuum Energy Terms in

Quantum Gravity

In [81] it was proposed that the coupling of gravitation with
coherent condensed matter could give an effective local
contribution to the vacuum energy density (also called the
“cosmological term” in General Relativity). This might in turn
generate instabilities in the gravitational field [82]. Such
instabilities could be enhanced by “dipolar fluctuations” which
are present in quantum theories of gravity based on the Einstein
action [128-130]. This can be seen as an alternative realization of
the Casimir effect, which has been proven to exist also in
gravitation [89]. For example, if coherent matter is described
in flat space by a scalar field with action

Sy = J d'x Ly = J d“x(%a”gb Db - %mégbz ik ¢4) (39)
the gravitational coupling introduces a /g volume factor. We
suppose that the dynamics of ¢ is driven by external forces, so the
coupling amounts to an external perturbation H,. We call Hy a
local vacuum energy term generated by coherent matter and
described by a macroscopic wavefunction ¢ that is equivalent to a
classical field:

1
H, (t,x) = ﬁ g, x)A(t,x) = e \g(t,x)Lg (t,x) (40)

It is reminiscent of the photon mass term induced in QED by the
coupling of the e. m. field to the wavefunction of the pairs in a
superconductor. (A modified gauge theory of gravity which might
account for anomalous effects in superconductors has been
proposed by Wu [88].)

The local A term is much larger than the cosmological
background. The currently accepted value for the cosmological
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background is of the order of Ac*/G = 107" J/m’, while for
instance one typically has Ac*/G = 10° 108J/m® in
superconductors. These values are obtained from a relativistic
version of the Ginzburg-Landau Lagrangian which yields the
following expression of A as a function of the pairs density p [87]:
1 2 2 2 2 4
At x) = “m [h (Vp)" + W’pVip —mPp ] (41)
Here m is the pair mass and f is the second Ginzburg-Landau
coefficient. Oscillations of p in time can have typical frequencies
in the MHz-GHz range, while spatial variations occur on a scale &
(the superconductor coherence length).

4.6.1 Virtual Masses, Their Interactions and Coupling
With the A Term

In a paper from 2007 [131] it was shown the existence in quantum
gravity of a special set of vacuum fluctuations, called “zero-modes
of the Einstein action”, which are equivalent to virtual masses
with a continuum spectrum. In [132] an approximate calculation
of the pair interactions of zero-modes was given, based on the
Einstein-Maxwell approximation of General Relativity and on
Fermi’s Golden Rule. According to this calculation, a couple of
virtual masses with the same mass can form a symmetrical bound
state W (ground state) and an antisymmetric bound state ¥,
(first excited state). Excitation transitions ¥ — ¥4 can occur via
coupling to a time-dependent vacuum energy term A(t), while
decays W4 — ¥ lead to spontaneous or stimulated emission of
virtual gravitons of spin 1. The energy difference AE between the
first excited state and the ground state depends on the mass of the
virtual pair; knowing the characteristic frequency of the “pump”
A(t)  (typically 107 10°Hz in experiments  with
superconductors) one can estimate the virtual masses involved
at ~ 10713 Kg. The virtual gravitons emitted in a transition ¥, —
WY can propagate at macroscopic distance, depending on their
energy/momentum ratio, and can account in principle for some
aspects of the phenomenology observed in the second Podkletnov
experiment and also in the first-supposing that in the latter the
superconducting disk emits a weak, quasi-stationary force beam,
as compared to the strong and brief impulse observed in the
second experiment.

It can be proven that only a A-term can excite transitions of
virtual masses efficiently, while the probability of excitation by an
incoherent material source is very small. Actually, with the local
strength of A mentioned above for superconductors, the
excitation time of the transition Wg — W, is so short (107 s)
that the overall efficiency of the process is probably limited by the
rate at which pumping energy can be supplied through the
superconductor [37]. It is known that a superconductor near
equilibrium is not a good match for power transfer.

Some recent numerical results on virtual masses in quantum
gravity call for an adjustment of this model. Through
Metropolis-Monte Carlo simulations of the path integral of
Einstein gravity stabilized with an R term, it was found [133]
that the zero-modes analytically derived in [131] are present but
not widespread. Instead, the entropically prevalent virtual masses
do not have a continuum spectrum but are quantized and equal to
the Planck mass Mp = 10~® Kg. They also have a short lifetime 7.

Frontiers in Physics | www.frontiersin.org

June 2022 | Volume 10 | Article 941858


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Gallerati et al.

Their action scales as S ~ 7TL, being T the equivalent temperature
of the Metropolis algorithm and L the spatial size of the masses. It
follows that pair states cannot be relevant for dynamics as it
happens for the almost-stationary zero-modes, because the
associated transition energies would be too large. One needs to
consider the interaction of the A-term with collective states
comprising many virtual masses. This is more complicated
and will require further numerical simulations.

4.7 Exploiting Ginzburg-Landau Formalism
In order to obtain a generalization of theoretical
superconductivity =~ that  includes not only the
electromagnetic field but also the gravitational one, Dinariev
and Mosolov proposed a minimal generalization of the
Ginzburg-Landau phenomenological equations in curved
spacetime [134, 135]. In the absence of electromagnetic
fields, the authors found that the solution of the new time
dependent Ginzburg-Landau equations is different with
respect to the standard ones. The difference is related to the
fact that, in the non relativistic theory, the electrons energy is
usually computed with respect to the bottom of the potential
hole in which they move, rather than with respect to the
vacuum energy. The authors also shown that a variable
non-uniform weak external gravitational field can generate
electric currents in a superconducting sample.

4.7.1 Rotating Reference Frame

Tate and others in their famous experiment [136] found that the
mass of Cooper pairs m' in a Niobium superconductor is not
exactly twice that of an electron (2m,). In particular, they find that
the ratio is given by

= 1.000084 (21). (42)

me

A possible explanation was provided by M. Tajmar and C.J. de
Matos [65, 137, 138]: applying the Ginzburg-Landau theory
including frame dragging effects to a rotating superconductor,
they were able to express the absolute value of the involved
gravitomagnetic field, the interpreting the Cooper pair mass
anomaly previously reported by Tate. Following the
Ginzburg-Landau theory, they integrated the current
density of Cooper pairs around a closed path, including the
effects of a rotating reference frame and any gravitomagnetic
fields (neglected by Tate). They obtained:

m

2
a- " JB-dS - TJBg-ds - sy,
2e e e

Sr Sr

ezns 1"]
(43)

Where j is the density of current of Cooper pairs, ng the
Cooper—electron number density, Sy the area bounded by the
closed line T inside the superconductor, w the angular velocity
and B = -2 @ the London moment. Combining this equation
with the same expression without gravitomagnetic fields and
calling m* the Cooper-pair mass measured by Tate, they found
that the gravitomagnetic field B, can be expressed as
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m*—m 1 .
- )(“mﬁ"‘“) (49

In a superconductor of thickness much greater than the London
penetration depth, the current integral in the above equations can
be set to zero, as there is always a path inside the superconductor
in which no current is flowing (outside the London penetration
depth). The gravitomagnetic field is then just a function of the
angular velocity and of the mass difference of the Cooper-pairs.
According to Tate’s results, the gravitomagnetic field for a thick
rotating niobium superconductor would be

Bg:2w<

B,=184x%x10" w, (45)
8

Which is very large, even for small angular velocities, if compared
to the gravitomagnetic field produced by the Earth (about
10" rad s™"). The authors then discuss a possible explanation
for this B, value, which is so large that it must be experimentally
verified [65].

4.7.2 Dark Energy Contribution

C.J. De Matos and C. Beck discuss recent laboratory experiments
with rotating superconductors and show that some unexplained
experimentally observed effects could be physically interpreted in
terms of a possible interaction of dark energy with Cooper pairs
[138, 139]. In particular they focused on anomalous acceleration
signals [61], anomalous gyroscope signals [62], Cooper pair mass
excess [136].

The existence of dark energy in the universe, as indicated by
numerous astrophysical observations, represents one of the most
challenging problems in current theoretical physics. A great
variety of different models exist for dark energy
chracterization, but none of these models can be regarded as
entirely convincing so far. In particular, the cosmological
constant problem (smallness of the cosmologically observed
vacuum energy density) remains an unsolved issue.

A possible solution of this puzzle is represented by Beck and
Mackey’s model [140], a Ginzburg-Landau description of
electromagnetic dark energy where gravitationally active
photons acquire mass in a superconductor. This
Ginzburg-Landau model is constructed to generate a cutoff
for the gravitational activity of vacuum fluctuations. In this
model, the authors assumed that vacuum fluctuations of any
particle can exist in two different phases: a gravitational-active
one (contributing to the cosmological constant A) and a
gravitationally-inactive one (not contributing to A). The
model exhibits a phase transition at a critical frequency, which
makes the dark energy density in the universe small and finite.

The above approach has many analogies with the physics of
superconductors, and in particular it allows for a possible
interaction between dark energy and Cooper pairs. In the Beck
and Mackey’s model, dark energy couples to superconducting
matter only (and not to matter in the normal state): if dark energy
can interact with superconducting matter only, there are no
contradiction from cosmological observations, since almost all
the matter in the universe is not in a superconducting state. The
properties of superconductors can be then understood from the
spontaneous breaking of electromagnetic gauge invariance, when
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the material is in the superconductive phase. In quantum field
theory, this symmetry breaking leads to massive photons via the
Higgs mechanism. In this case the Maxwell equations transform
to the so-called Maxwell-Proca equations, which are given by

1 0E A (0

VXB:[/loj+C—2 E_A_i
Here E is the electric field, B is the magnetic field, ¢, is the vacuum
electric permittivity, u, = (czeo)_1 is the vacuum magnetic
permeability, ¢ is the scalar electric potential, A is the
magnetic vector potential, p, is the Cooper pair charge density,
j is the Cooper pair current density, A, = -2 is the photon’s
Compton wavelength which is equal to the London penetration

depth [141].
m
S
Wo ner 7

Where ; is the density of Cooper pair and m,, is the photon mass.
Taking the curl of the above equation and neglecting the term
coming from the displacement current, we get the following
equation for the magnetic field:

B 1 m,

VB-= = 5 —2a.
von e

A= (47)

(48)

The solution of this equations for the one-dimensional case gives
a magnetic field with an exponentially decaying term, together
with a contribution proportional to the rotation frequency w. The
latter terms correspond to the Meissner effect and the London
moment, respectively, with [137]:

C exp<—;> - % 2w,
Y

Where C is an arbitrary constant.

In analogy with the electromagnetic fields produced by a
Cooper pair condensate, described by a set of Maxwell-Proca
equations, it is possible write equations for the gravitational
interaction in the weak field approximation. These generate

B= (49)

gravitoelectromagnetic  fields, according to a set of
Einstein-Maxwell-Proca  equations  with ~a  massive
graviton [142]:
voE - % V.B, =0,
& A,
U E — OBy U B 1 0B, A
X = -, X = — L __=°
SR T Hedn T2 G TR
(50)

Here Eg is the gravitational field, B is the gravitomagnetic field, ¢,
= (47G)™" is the vacuum gravitational permittivity, y, = 47G/c” is
the vacuum gravitomagnetic permeability, ¢ is the scalar
gravitational potential, A, is the gravitomagnetic vector
potential, g, is the mass density of the gravitational
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condensate and j, the mass current density, Ay = % is the
graviton Compton wavelength and m, is the graviton mass.
The Einstein-Maxwell-Proca equations are then coupled to
the electrodynamics of Cooper pairs.

A non-vanishing cosmological constant A can be interpreted
in terms of a vacuum energy density of expression

C4

= 5 A 51
QV&C 87.[G ( )

Which corresponds to a dark energy contribution with equation
of state w = —1. The small astronomically observed value of the
cosmological constant A = 1.29 x 107> m > remains a deep
mystery, since, at the Planck scale, the expected vacuum
energy density from quantum field theories should be larger
by a factor of the order of 10'?’, in complete contradiction with
the observed value. To solve this problem, Beck and Mackey [140]
suggested a model of dark energy that is based on bosonic vacuum
fluctuations, the latter creating a small amount of vacuum energy
density. In particular, they assumed that photons (or any other
boson), with zero-point energy € = h /2, can exist in two
different phases: the first is a gravitationally-active phase,
where the zero-point fluctuations contribute to the
cosmological ~ constant ~ A;  the  second @ is a
gravitationally-inactive phase, where they do not contribute to
A. This behaviour can be suitably described in terms of a
Ginzburg-Landau formulation.

The above dark energy model can lead to measurable effects in
superconductors, through a possible interaction between the
bosons with the Cooper pairs in the sample. In
superconductors, the density of superelectrons is described by
the square of a macroscopic wave function as |¥,|>. Similarly, in
the dark energy model, the number density of gravitationally
active photons is described by the square of a different wave
function, |‘I’g|2. Both theories are described in terms of a
Ginzburg-Landau free energy of the form

FS:a‘I’:+b‘I’:, (52)
Fy=a' ¥, +b'¥,.
Both models exhibit a phase transition, the first at the critical
temperature T, of the superconductor, the second at a critical
frequency v, above which vacuum fluctuations are gravitationally
inactive. The finite dark energy density, generated by
gravitationally active vacuum fluctuations, leads to an
accelerated expansion of the universe at large scales, as a
consequence of the Friedmann equations. Furthemore, the
model allows to observe the effects of dark energy on much
smaller laboratory scales, where some responses could be
observed in the interior of coupled superconductors, exploiting
the mutual influence of two Ginzburg-Landau potentials.
Additional hypotheses, with respect to the original model,
consistent with the experimental observations, were then
considered for rotating superconductors.

1) Like normal photons with energy € = h
gravitationally-active =~ photons  (graviphotons)  with
zero—point energy € = h v/2 acquire mass in a

Frontiers in Physics | www.frontiersin.org

June 2022 | Volume 10 | Article 941858


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Gallerati et al.

superconductor due to the spontaneous breaking of gauge
invariance.

The transition between the two graviphoton’s phases
(gravitationally-active, ~ versus  gravitationally-inactive)
occurs at the critical temperature T, of the superconductor,
which defines a cutoff frequency v, of zero—point fluctuations,
specific for each superconductive material: h v, = k;, T..
Graviphotons can form weakly bounded states with Cooper
pairs, slightly increasing their mass from m to m'. The binding
energy is €. = ‘ucz andm' =m + m,, — u. Since graviphotons are
bound to Cooper pairs, their zero—point energies form a
condensate with gravito—electrodynamic properties, similar
to superconducting cavities.

2)

3)

The formal attribution of a temperature T to the graviphotons
is done by comparing their-zero point energy with the energy of
ordinary photons in a thermal bath at temperature.

@_ hv
2 exp(khB—;) -1

This condition is equivalent to hv = In (3 kyT'). Substituting the

(53)

critical transition temperature T, specific for a given
superconducting material, it is possible to find the
corresponding characteristic critical frequency:
3k,T
vc=1n< ;) (54)

Some preliminary, experimental evidences suggest that one might
be on the right track with these type of theoretical models. The
graviphotonic effect, the gravitomagnetic London moment and
the non-classical inertia in rotating superconductive cavities are
three different and experimentally observed effects, which can all
be explained in terms of the proposed dark energy model,
qualitatively and quantitatively. The theory ultimately relies on
the simultaneous, spontaneous breaking of gauge invariance and
general covariance principle in the interior of superconductors.

The above considerations imply that the dark energy of the
universe produces different measurable effects, not only on
cosmological scales, but also in the interior and in the vicinity
of superconductors. This opens up the way for a variety of new
possible laboratory experiments, testing the nature of dark energy
and constraining its interaction with Cooper pairs. In this model,
the gravitationally-active vacuum fluctuations underlying dark
energy lead to a strong enhancement of gravitomagnetic fields, in
quantitative agreement with the anomalies observed in the
experiments of [61, 62, 136].

4.7.3 Superfluidity

The measurement of the Cooper pairs inertial mass by Tate et al.
revealed an anomalous excess of mass. It is possible to interpret
these experimental results in the framework of the discussed dark
energy electromagnetic model for a superconductor physical
vacuum. Being the latter associated with a preferred frame, the
speed of light is variable in superconductors vacuum, giving rise
to a possible breakdown of the weak equivalence principle for
Cooper pairs [143].
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A similar situation also occurs in the presence of superfluids.
Due to the breaking of gauge symmetry in rotating superfluid
Helium, the inertial mass of a vortex diverges logarithmically with
the vortex size. The vortex inertial mass is therefore much higher
than the classical inertial mass of the vortex core. An equal
increase of the vortex gravitational mass is then questioned.
The vortices in a rotating superfluid could break the weak
equivalence principle in relation to a varying speed of light in
this superfluid vacuum [144, 145].

4.7.4 Gravitational Waves Mirroring

Other ideas and techniques were also developed, exploiting the
predictions of general relativity and quantum mechanics to study
peculiar situations in which gravitational radiation exhibits some
kind of interplay with coherent quantum fluids. A minimal rule
for coupling the electron spin to curved spacetime in general
relativity implies the possibility of a related coupling between
electromagnetic and gravitational radiation, mediated by the
coherent superfluid.

Thin superconducting films are predicted to be highly
reflective mirrors for gravitational waves at microwave
frequencies [49]. The quantum mechanical non-localizability
of the negatively-charged Cooper pairs, which is protected
from the localizing effect of decoherence by an energy gap,
causes non-geodesic motion in the presence of a gravitational
wave. The latter motion is an accelerated motion through space,
leading to the existence of mass and charge supercurrents inside
the superconducting film. On the other hand, the
decoherence-induced localizability of positively charged ions
in the lattice causes a geodesic motion, as they are carried
along with space in the presence of the same gravitational
wave. The resulting separation of charges leads to a virtual
plasma excitation within the film, enormously enhancing its
interaction with the wave compared to a neutral superfluid or
normal matter. The existence of strong mass supercurrents inside
a superconducting film, in the presence of a gravitational wave,
implies the specular reflection of a gravitational microwave by a
superconducting film of thickness much smaller than the London
penetration depth of the material, in close analogy with
electromagnetism.

Classical gravitational fields, which obey Maxwell-like
equations, interact with quantum matter, which is described
using the BCS and Ginzburg-Landau theories of
superconductivity, as well as a collisionless plasma model
[49]. In the same way, starting from Maxwell-like equations
for a weak gravitational field, it is possible to demonstrate the
existence of a gravitational Aharonov-Bohm effect [47, 146]. A
connection is then established between the gravitational,
vectorial Aharonov-Bohm effect and the principle of local
gauge for non-relativistic quantum matter
interacting with weak gravitational fields. The compensating
vector fields, necessary by this local gauge principle, are shown
to be incorporated by the DeWitt minimal coupling rule. The
non-relativistic Hamiltonian for weak, time-independent
fields interacting with quantum matter is then extended to
time-dependent fields, and applied to problem of the
interaction of radiation with macroscopically coherent

invariance
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quantum systems, including the problem of gravitational
radiation interacting with superconductors.

The Cooper pair density can be described by means of the
Ginzburg-Landau free energy density embedded in curved
spacetime, while the ionic lattice is modelled by quantum
harmonic oscillators coupled to gravitational waves and
characterized by quasi-energy eigenvalues for the phonon
modes. The formulation predicts the possibility of the
dynamical Casimir effect presented in Section 3.3, the zero-
point energy of the ionic lattice phonons being modulated by the
gravitational wave.

4.7.5 Gravitational Field Outside the Sample
Fluctuations Regime

Inspired by the experimental effects of gravitational fields on
superfluids and supercurrents, Ummarino and Gallerati
considered the possible back-reaction of the latter on the
surrounding local gravitational field in some specific,
favourable situations [90, 91, 93, 94, 147]. In particular, they
analysed how the local gravitational field can be affected by the
presence of a supercondensate, exploiting the time-dependent
Ginzburg-Landau equations [148] in the regime of fluctuations
[91] and in a more general situation [93, 94]. Physical situations
which cannot be consistently described in terms of the
quasiparticle method or the mean field approximation are
called fluctuations [149]. The regime in which the fluctuations
come into play is, in general, a very narrow temperature range
around the critical temperature' In particular, many effects on the
superconducting phase occur while the system is still in the
normal phase (just above the critical temperature) and
originate from the appearance of the superconducting
fluctuations themselves.

In [91] the authors consider a superconducting sample near its
critical temperature, where the thermodynamic fluctuations of
the order parameter y(x, t) are predominant. From a physical
point of view, ¥ can be thought as the pseudowavefunction
characterizing the motion of the center of mass of the Cooper
pairs. More precisely, the sample is put at a temperature T slightly
greater than T, but sufficiently far from the transition point,
where the system can be described in terms of linearized time-
dependent Ginzburg-Landau equations being the order
parameter very small [150-152]. From the calculated
supercurrent density ji(¢), it is possible to extract the
generalized electromagnetic fields and potentials characterizing
the physical evolution of the system. The vector potential A (x, y,
z, t) is obtained from

i.(t") dx'dy' dZ’'
x—xY+ (y-y)+(z-2)

A(x,y,2,t) = Z—;J \/(

(55)

'For high temperature cuprate superconductors, organic superconductors, iron
pnictides, low dimensional and amorphous superconducting systems, the situation
changes radically due to the very small value of the coherence length, so that the
temperature range of fluctuation is considerably larger.
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Where ' = t — r/c is the retarded time, while the gravito-electric
field is obtained from:

E(x,y,2,t) = —W + g g (56)
The final generalized field then features two contributions: the
second term is the standard constant weak Earth’s gravity
contribution, while the unconventional first term originates
from the presence of the (non-constant) supercurrent density
and can determine a local, additional contribution to the
gravitational field g [91]. The final result clearly depends on
the superconducting sample shape and dimensions, as well as on
the space point (outside the sample) where the gravitational
fluctuation is measured [153, 154].

From a preliminary qualitative analysis, it is possible to show
that the maximum perturbation value A of the local field is
proportional to inverse of the coherence length, A o ET)7", while
it is easily demonstrated that the maximal effect occurs after a
time interval 7y o« (T —T.)'. In light of the above discussion, an
optimized experimental settings should involve a large high-T.
superconducting sample at a temperature very close to T.. The
latter condition could help in extending the time range in which
the effect takes place, while choosing an high-T.. superconductor
would determine an enhanced local alteration due to the short
intrinsic coherence length. Finally, large dimensions for the
sample give a larger integration range and a resulting stronger
contribution.

4.7.6 Gravitational Field Inside the Sample
In [90, 93] Ummarino and Gallerati consider the possible
alteration of the local static gravitational field in the region
inside the superconductor. To this end, they exploit the time-
dependent Ginzburg-Landau equations for the supercondensate
order parameter, looking for analytic solutions in the weak field
condition in the simple case of isolated isotropic superconductor,
immersed in the Earth’s gravity.

The dimensionless TDGL equations in a bounded, smooth
and simply connected domain in R" can be written as [155, 156]:

oy . .
a—lf+z¢w+x2(|w|2—1)w+(1V+A)21//=0,

VXVXA—VXB:jn+jS:—;1<aa?+V¢> (57)

=5 vy —yvy) - [ul'A

While the boundary and initial conditions in the dimensionless
form read
(iVy+Ay)-n=0
VxA-n=B-n ondQ x (0,¢) ;
A-n=0 (58)
¥(x,0) =y, (x
on ()
A(x,0) = A (x)
For a superconductor in the Earth’s static gravity and in the
absence of external EM fields, one can write
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g="
e

E, B=0, (59)

-
having also set to zero the B, contribution, that is negligible in the
Solar system [102, 157].

The authors tried to solve the above dimensionless TDGL in
the convenient gauge choice ¢ = 0, i.e. the vanishing of the scalar
potential. Moreover the order parameter y = y(x, t) is a complex
function that can be written as

Y=y, +iy, (60)

So that one has distinct equations for the real and imaginary parts
y; and y,. If we restrict to a one-dimensional configuration, the
equations reads

0 o 0
Y (R A7
oy, vy aw aA

g;: o _aAaxl‘ Vg~ Al vl - s
_A__ 9y, Vo (2 2

1’] at - <‘/’2 ax VII ax> (1//1 ‘H//z)A

(61)

Then, the authors considered an half-infinite superconducting
region immersed in the Earth’s uniform and static gravitational
field. The latter is captured by the gravito-electric component
E""t =-g Uy g being the standard gravity acceleration, while the
dzmenszonal form of the gravitoelectric field inside the superfluid
region is E; = = % az ) The external (outszde) gravitational vector
potential is expressed as AegXt (t) = g(C + t) uy, Cbeing a constant,
and the generalized external potential in the 1D dimensionless
form reads A™ = gu (c; +1), with gx < 1. It is possible to
express ¥, ¥, and A as:

u/l (x’ t) = l//10 (x) + g* )’1 (x) t) >
Y, (%,8) = ¥y (%) + g ¥, (%, 1) (62)
A(x,t) = gx B(x,1),

Where v and y,o characterize the unperturbed system. The
sample transition to the superconducting state occurs at £ = 0 and,
before the transition, no alteration of the gravitational field takes
place (material in the normal state), the gravitational field
assuming the same value inside and outside the sample region
for t < 0. The final form for (x, t) away from borders (y9=1,¢; =
1) turns out to be:

0y, (x,t)
T) 63)

t 1t
Bx,t) =€ <11+ — Jdt el
n Jo
from which one obtains the ratio

E _ _aﬁ (x,1) 1 et <17 Jtdt a)’z (%, t)) _ % a)’za(j:: t)'
(64)

o 7

Jx

The discussed formulation characterize more explicitly the
proposed interplay between gravity and supercondensates in
the presented, simplified setup. First, the external gravitational
vector potential seems to play a role in the superconducting
transition: in particular, the external constant ¢, tends to assume
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fixed values depending on the specific properties of the sample
undergoing the superconducting transition. On the other hand,
the back-reaction on the local gravitational to take place only after
the transition itself, when the vector potential begins to “perceive”
the presence of a superfluid phase. The above (64) for the ratio Eg/
gx can be used to estimate the value of gravitational field inside
the superconductor just after the superconducting phase
transition:

t=0": E
Ix

t layz(xO)

= 1--oo s (65)

In the superconducting state, the alteration of the local field
depends on physical characteristic of the involved sample. In
particular, (65) shows that the relevant quantities are #, and the
spatial derivative of y,.

In order to enhance the interaction, the variation ayz has to be
maximized, an effect than can be achieved by introducing suitable
disorder in the material sample. A maximized effect would also
require small values for 7. The latter is proportional to the
product of the diffusion coefficient D times the conductivity
just above T.. This would suggest to consider materials that are
bad conductors in the normal state and have low Fermi energies
(for example, cuprates [158, 159]). Performing measurements at a
temperature close to T. would give rise to enhanced effects: for
example, in the case of Bi,Sr,CaCu,Og (T, = 109 K) there is a
reduction of the local gravitational field of the order of 2 x 107>,
see Eqn. 65 neglecting the last term. The above analysis shows
how a perceptible affection of the local field inside the sample is
possible even in this simplified setup.

4.7.7 Switching on EM Fields Vortex Lattice
A more general situation was studied by Ummarino and Gallerati
in [94], considering a superconducting sample with finite
thickness L and very large dimensions along the other
orthogonal directions. The sample is immersed in an external
magnetic field By = By 4, and has a square lattice of vortices,
whose axes are directed along the magnetic field, and a constant
external (standard) electric field Eq = E, ux with the same
direction of the gravitational field. The system also features a
vector potential of the form A = By x u y . Given the simultaneous
presence of the Earth’s static gravity, the situation gives rise to a
generalized static field Eg of the form Ej = Eo + 2 g (see (17)) and
a related scalar potential ¢, = —E{ x.

Working in the Coulomb gauge, it is possible to write a first-
order expression for the dimensionless order parameter,
satisfying linearized dimensionless TDGL equations, as [94]:

S . Eg
v(x, y,t) = Z|c,,| exp(zqn<y+ B t))

n=—oco

) , (66)
K 2 . EO
exp(—?(x —nxg) +1i ~ (x - nx0)>,

in terms of the external magnetic field By < B, and material-
dependent coefficients c,. The solution describes the behaviour of
an ordered vortex lattice moving under the influence of the
external field Ej.
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In high-T, superconductors, the formation of a square lattice
seems to be energetically favourable and the authors restrict to
this case. The general ¢, coefficients could be then replaced by 1‘[he
correspondent expression for the square lattice co = (8m)ix,
i.e., a constant function of x = A/ » 1. The equations for the
vector potential components read.

2 !
Mod)  LIALD (4n-)e Vs R,
ot n  ox? K nK
(67a)
0A, (x,t) 1 asz (x,t) , VI
3 = E ErC I Ay (x,t) cg W d(x), (67b)
0A, (x,t) 1 %A, (x,1) , VI
T e o) (670)
with initial conditions
A (x,0)=0, A, (x, 0) = By x, A, (x,0)=0,
(68)

and the generalized electric field E inside the superfluid is given by
(69)

To obtain analytical approximate solutions for the vector
potential, the authors consider the effects of spatial-averaged
[160] fields inside the supercondensate region. The analysis of
these averaged effects gives rise to some interesting predictions.

The first effect is the emergence of a new component of the
(generalized) electric field, parallel to the superconductor surface
and directed along the external applied magnetic field. The value
of this new contribution in dimensional units reads

_47B.(T)D

E,
nL

(70)

For example, in the case of a sample of Bi,Sr,Ca;Cu30;¢ of
thickness L = 15 cm at a temperature T= 102 K (T, = 107 K, 1 =
24x107mt, & =1nm, 0 ' =3.6x 10°Q mt, D = 1073 mt?/s,
B(T) = 0.32 Tesla [161, 162]), this would correspond to a
resulting field

_4nB(D)D _4nB(T) _
=L e ~

A%

E, —. (71)
mt

oo L

The Second expected effect is affection of the local gravitational
field along the x direction in the supercondensate region, where
the generalized field can be expressed as

t>, (72)

2\2 7w > < 242 mk
+1 | exp| —
n nL
from which it is possible to extract the predicted, temporary
alteration and reduction of the local field [94].
Sample dimensions and chemical composition play a key
role in maximizing the effects on the local gravitational field.

g:%—%(

Macroscopic Quantum Systems and Gravity

Larger samples (i.e., larger values of L) and disordered material
or bad metals (small #) would determine an increase of the
time scales in which the effect manifests itself. Moreover, if the
system is put at temperatures very close to T, there is an
increase of the A parameter (as with the disorder) and related
larger time scales. In the latter case, however, the effects of
thermal fluctuations should also be taken into account [163].
In order to maximize the effect a crucial role would be played
by suitable samples geometry, external electromagnetic fields
of adequate frequency and appropriate characteristics of the
material.

5 CONCLUDING REMARKS

A deeper intertwining of different scientific areas has always
proved to be a powerful tool for improving our understanding
of many fascinating physical aspects of our universe. By
intersecting outcomes from condensed matter, general
relativity, quantum mechanics and high energy physics,
many developments can be found in a multidisciplinary
environment, see e.g., [164-186]. The existence of an
interplay between gravity and superconductivity has been
investigated by many researchers in the last decades, due to
the enormous conceptual implications and many possible
applications. In particular, the interaction has been
theoretically predicted by numerous authors, with very
different approaches and techniques.

In this review, we have presented some of the most remarkable
results in the field, covering different topics like gravity/
superfluids interplay, superconducting gravitational detectors
and interaction of the gravitational field with coherent
macrosystems, also providing many experimental results. An
intriguing field of research turns out to be the possible back-
reaction exerted by the superfluid on the surrounding
gravitational field: in this regard, there is still much to be done
to achieve a complete understanding and characterization of the
proposed effect.
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