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Abstract

A model of magnetoreception of birds in the picture of a three-dimensional quantum vacuum
defined by energy fluctuations corresponding to elementary processes of creation/annihilation of
virtual particles-antiparticles is proposed. In this approach, a quantum potential of the vacuum
and its corresponding Bell length of the vacuum emerge as the ultimate physical parameters
which generate the quantum correlations and thus the processes responsible of the avian quantum
compass.
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1. Introduction

Magnetoreception is the ability of some migrating species to navigate using the Earth’s magnetic
field. Although the precise mechanism used, and its features, vary greatly from animal to animal,
in the light of data we have got, it seems that quantum correlations help terrestrial creatures to
find the right path, providing them a sort of compass to orient themselves.

Since the pioneering works of Alexander von Middendorf at mid of XIX century as regards the
places and the dates of arrival of different species of migratory birds, which showed that these
animals oriented themselves by the Earth’s magnetic field, and of Yeagley in 1947 about the
sense of orienting of homing pigeons, many scientists have established that several animals have
an inner sensibility to the Earth’s magnetic field, which gives them a strong sense of orienting [1,
2]. If the capacity of the animals of feeling the Earth’s magnetic field is not in doubt, however
one does not know how they manage in this: at the beginning of the *70s nobody knew how
Earth’s magnetic field, so weak, could influence animals’ bodies and what were the place of the
body in which there was the sensorial organ responsible of magnetoreception. In this regard, in
the *70s an important discovery was the one of Wolfgang and Roswitha Wiltschko who showed
that the avian compass of robins did not look like to conventional compasses, but was only a
biologic inner compass “at inclination”, which always points towards the nearer pole, whether it
be [3]. Although at mid *70s nobody knew how a biological compass worked, in 1976 Karl
Schulten published a fundamental paper in which he proposed an explanation of the avian
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compass based on a mechanism of a couple of free radicals generated by a fast triplet reaction
which included the quantum correlation [4]. The radical-pair model suggested by Schulten can
be summarized as follows, although the exact details and steps involved can be quite complex: a
radical pair is (typically) a pair of bound molecules that each has an unpaired electron. These
pairs are created, by a photochemical process, in spin-correlated states; that is, singlets or triplets.
The state of these spins then evolves under the combined effect of the Earth’s weak magnetic
field and internal nuclear hyperfine interactions with the host nuclei. Finally, the rate of charge
recombination depends on the spin of the separated charges, directly influencing the reaction
products of these radical pairs. These differing reaction products are in principle biologically
detectable. Thus, if the relative weights of the singlet and triplet states are sensitive to the angle
of the external (geo-magnetic) field, the reaction products will be also, leading to a magnetic
compass.

The idea of the quantum correlation as the fundamental element which generates the processes
responsible of the avian compass, considered extravagant in the *70s, would have however
received a bigger physical consistence few years later, when in 1982 the Alain Aspect group in
Paris performed the first of a series of high-quality experiments which demonstrated in a clear
way that non-locality constitutes an essential and inescapable property of quantum processes,
that subatomic particles can communicate instantaneously information independently of their
distance [5]. Thus, there was a renowned interest towards Schulten’s theory and, in the light of
successive important experimental results on migratory birds and, above all, of the discovery in
1998 that in the eyes of animals a protein is present, called cryptochrome, having an intrinsic
ability to create couplet of radicals [6], Karl Schulten, Torsten Ritz and their group hypothesized
that the cryptochrome were just the elusive receptor for the avian chemical compass, publishing
their results in a magnificent 2000 paper which would become one of the classical references of
quantum biology [7]. Besides proposing cryptochrome as the candidate for the chemical
compass, the paper by Ritz and collaborators describes how the orientation of the bird with
respect the Earth’s magnetic field can influence what it sees. The key point of the theory is that,
as a consequence of the absorb of a blue photon by a molecule sensible to light inside the protein
cryptochrome, a couple of correlated electrons generates itself which can be in a superposition of
triplet-singlet states, which is very sensible to the force and the angle of the Earth’s magnetic
field. Therefore the direction in which the bird flies creates a difference in the composition of the
final chemical products generated in the reaction. Someway through a not better specified
mechanism this difference generates a signal, which is sent to the brain and indicates to the bird
where the nearer magnetic pole is.

Successively important proves accumulate that cryptochrome is implied in the perception of
quantum fields, producing couples of radicals, by fruit midges, monarch butterflies and chickens.
Experiments were performed too in order to verify if the ability of orientation of birds were
disturbed by the application of oscillating magnetic fields from various directions and different
frequencies.

But there remain many questions without answer yet. In particular, we do not have idea as
regards what birds feel during these processes, i.e. how they manage to “see” the magnetic field,
what allows their eyes to see the graphic of the Earth’s magnetic field. And we do not know why
the indigo compass have to be so ultra-sensible to oscillating magnetic fields, and how the free
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radicals act in order to remain in quantum correlation at long enough to make the difference from
the biological point of view [8].

In this paper we propose ourselves to provide a new key of reading of the processes of
magnetoreception of the birds on the basis of a model, proposed by the authors in some recent
papers, of a three-dimensional (3D) timeless quantum vacuum as a fundamental arena of the
universe, in which the quantum potential of the vacuum is the crucial entity which explains the
origin of the quantum correlations. If on the basis of the fundamental Ritz’s and Schulten’s work
the capacity of the animals to feel the terrestrial magnetic field is determined by the quantum
correlations associated to a couple of free radicals and, in our model, at a fundamental level, the
quantum correlations are linked with the action of the quantum potential of a 3D timeless
quantum vacuum, we expect ourselves that the 3D timeless quantum vacuum have a significant
role in the processes responsible of the avian compass. This is the main theme of this paper.

The structure of the paper is the following. In chapter 2 we will review the fundamental features
of our model of three-dimensional quantum vacuum in reference with quantum processes and
quantum correlations. In chapter 3 we will propose a toy-model about how the quantum potential
of the vacuum, and an opportune Bell length of the vacuum describing its fundamental geometry,
allow us to explain the origin of the avian compass regarding the motion of migratory animals. In
chapter 4 we will analyse the perspectives of this toy-model showing how it can answer some of
the questions mentioned above in a picture where the Bell length of the vacuum is the ultimate
parameter which allows us to explain the information which makes the bird realize where the
nearer magnetic pole is.

2. The three-dimensional timeless quantum vacuum, the quantum potential of
the vacuum and the Bell length of the vacuum

The 20" century theoretical physics replaced the notion of an “empty” space with the idea of a
unified quantum vacuum as a fundamental medium subtending the observable forms of matter,
energy and space-time and ruling the processes which take place in the micro- and the
macroworld, which manifests itself on all space-time scales. We explored recently the possibility
that the so called “empty space” is a type of energy “full” of itself by introducing, on the basis of
the Planckian metric emerging, for example, from loop quantum gravity [9-11], a model of a
three-dimensional (3D) timeless dynamic quantum vacuum which can create a bridge between
guantum mechanics and general relativity.

In this model, the fundamental background space of physics is a 3D timeless quantum vacuum
where each elementary particle is determined by elementary reduction-state (RS) processes of
creation/annihilation of quanta (more precisely, of virtual pairs of particles-antiparticles)
corresponding to opportune changes of energy density of space [12, 13]. In the outer intergalactic
space, namely in the absence of material objects, the energy density of quantum vacuum is
defined by the Planck energy density (and corresponds to the total average volumetric energy
density, owed to all the frequency modes possible within the visible size of the universe):
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where m; is Planck’s mass, c is the light speed and | is Planck’s length, while the appearance

of material objects derive from opportune diminishing of the quantum vacuum energy density.
The Planck energy density (1) is the ground state of the vacuum: out of this fundamental energy
pool of the universe particles and antiparticles continuously appear and disappear. In fact, each
material particle is associated with fluctuations of the quantum vacuum which determine a
diminishing of the quantum vacuum energy density. In our model energy E of a given physical
object with mass m and volume V is proportional to the diminished energy density of quantum
vacuum p, . in the centre of a given physical object:

E=mc® = (pPE - quE) V (2)

where p_ . is the energy density of quantum vacuum inside the physical object, p is the Planck

energy density (given by (1)) and V is the volume of the physical object. In other words, the
mass of a physical object is produced by a variable quantum vacuum energy density on the basis
of relation:

_ (Pee — pqu) V (3)
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m

According to equation (3) there is a fundamental symmetry between the property of mass and the
changes of the quantum vacuum energy density [14].

In this model the laboratory non-locality represents the essential, ultimate visiting card of
quantum processes in the sense that it is an upper expression of the more fundamental 3D non-
local quantum vacuum. By considering the action of Bohm’s quantum potential inside the 3D
isotropic quantum vacuum defined by elementary processes of creation/annihilation of quanta
analogous to Chiatti’s and Licata’s transactions, our model provides an improvement and a
completion of quantum theory in the sense that the behaviour of the electron can be seen as the
effect of more elementary processes of formation and dissolving of quanta of the 3D quantum
vacuum.

In a series of recent papers [15, 16], Chiatti and Licata proposed the idea that in the physical
universe the ontologically primary events are the creation and annihilation of an elementary
qguantum, of an actualized transaction, and they correspond to a peculiar reduction of a state
vector (which is constituted of interaction vertices in which real elementary particles are created
or destroyed). In epistemological affinity with Chiatti’s and Licata’s transactional approach, our
model postulates that the appearance of baryonic matter derives from an opportune excited state
of the 3D quantum vacuum defined by opportune changes of the quantum vacuum energy
density and corresponding to specific reduction-state (RS) processes of creation/annihilation of
quanta [12]. The excited state of the quantum vacuum corresponding to the appearance of a
material particle of mass (3) is defined (in the centre of that particle) by a diminishing with
respect to the Planck energy density characterizing the ground state and its evolution is
determined by opportune RS processes of creation/annihilation of quanta described by a wave
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function C = (g) at two components satisfying a time-symmetric extension of the Klein-Gordon
quantum relativistic equation
10 C=0 4)
0 -H)

2

where H =[—h28”aﬂ+v—2(quvE)2j and  Ap,e =(ope —0,e) 1S the change of the quantum
c

vacuum energy density.

Moreover, the virtual particles-antiparticles corresponding to the RS processes of
creation/annihilation of the 3D quantum vacuum give rise to a total zero spin, thus constituting
an organized Bose ensemble, analogous to the superfluid helium [17]. As a consequence, in the
light of recent results obtained by Sbitnev in a series of recent papers [18-21], regarding the role
of the physical vacuum as a super-fluid medium containing pairs of particles-antiparticles which
make up a Bose-Einstein condensate, our model implies that, in presence of ordinary baryonic
matter, the 3D quantum vacuum — and thus the fundamental background which rules the
behaviour of subatomic particles — physically acts as a superfluid medium, and thus can be
characterized by the following Einstein energy-momentum tensor

T =(e+ pl“u’ + pn* (5)

In equation (5) ¢ and p are functions per unit volume expressed in units of pressure and the
metric tensor 7" has the spacelike signature (—,+,+,+). From the energy-momentum tensor (5),
one obtains the following conservation law

o, (vT# m)=0 (6)

where n is the number of the RS processes of virtual sub-particles characterizing the vacuum
medium. As a consequence of the motion of the virtual particles corresponding to the elementary
fluctuations of the quantum vacuum energy density, space-time is filled with virtual radiation
with frequency

2Ap,. NV
W= pqu (7)
an

In the light of equation (7), we can say that each elementary fluctuation of the quantum vacuum
energy density in a given volume produces an oscillation of the vacuum at a peculiar frequency.
This means that each material object given by mass (3) corresponds to oscillations of the vacuum
given by equation (7).

The total effect of the motion of the virtual particles produced by the amount of RS processes
characterizing a given region — in correspondence to changes of the quantum vacuum energy
density — is to generate a dragging, pushing effect of the 3D quantum vacuum. In particular, one
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may describe the pushing effect of a region of volume V of the quantum vacuum in a given point
at a distance R from the centre of that volume by defining a velocity of the 3D quantum vacuum
on the basis of equation
2ApquV
v, =—R 8
qv hn ( )

The quantum vacuum velocity (8) is defined with respect to the special rest frame of the vacuum
associated with the quantum vacuum energy density (1). In other words, the rest frame
corresponding to the Planck energy density is a special frame in which the quantum vacuum
velocity (8) is zero, all material objects (and thus all variations of the energy density of quantum
vacuum) correspond to regions of the quantum vacuum endowed with a velocity (8) with respect
to this special frame.

In our approach non-locality is embedded as the ultimate visiting card of processes by
decomposing the real and imaginary parts of the fundamental equation ruling the RS processes,
namely the Klein-Gordon equation (4) after writing the two components of the wave function in
polar form. In fact, in this way one obtains a couple of quantum Hamilton-Jacobi equations in
which the fundamental entity is a time-symmetric quantum potential of the vacuum given by

1 6%
(vz —CZatz]\V/Q,i\
_ n*c? ‘V/Qvi‘ 9
QQ'i_\m [vz_lasz ] ©)
CZ 5’[2 Q,i
o

The non-locality characterizing laboratory subatomic processes can be thus considered as an
upper effect of a more fundamental quantum potential of the vacuum (9), which represents the
fundamental entity which guides the occurring of the processes of creation or annihilation events
in space. In other words, according to our model, the quantum potential of ordinary quantum
mechanics can be considered a consequence of the more fundamental quantum potential of the
qguantum vacuum (9). In particular, as regards the creation events, the quantum potential
associated with the virtual particles of the RS processes of the 3D quantum vacuum may be
written also as

P, + P h?c’n? 1 &2
Q=V 1n 2:_4Ap T VZAquE—C—ZEAPqVE +
qvE
h%c?n? , 1(0 ?
8A,0 WZ{(VquVE) _C_z EquvE (10)
qvE

where n is the number of virtual particles-antiparticles of the RS processes in the volume V of
the 3D quantum vacuum into consideration [22]. Equation (10) shows that the quantum potential
of the vacuum describes the geometry via the pressures p, and p, that arise by the collisions
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between the virtual particles-antiparticles populating the vacuum and corresponding to the RS
processes.

In the model here analysed, the evolution of each subatomic particle (such as the electron in a
double-slit  interference) emerges from opportune elementary RS processes of
creation/annihilation of quanta guided by the quantum potential of the vacuum. The behaviour of
a subatomic particle as described by Bohm’s approach to quantum mechanics can thus be seen as
the result of a more fundamental evolution of fluctuations of the quantum vacuum energy density
corresponding to elementary RS processes of creation/annihilation of quanta and ruled by the
non-local quantum potential of the vacuum [23].

In virtue of the fundamental features of the 3D quantum vacuum, in our approach one can throw
new light as regards the problem of the existence, in quantum physics, of different descriptive
levels of physical reality, whether formal analogies exist between them or there is a deeper
meaning. In fact, by using a Bohmian terminology, the reality constituted by the RS processes
and their evolution through the non-local action of the quantum potential of the vacuum can be
defined as the background from whose differentiation the foreground constituted by the events of
a given subatomic particle or system (governed by the well-known laws of quantum theory)
emerges. In this picture, the ordinary spacetime, as well as the background associated with the de
Broglie-Bohm pilot-wave theory but also of Bohm’s implicate order and Hiley’s pre-space can
be seen as manifolds deriving from this more fundamental arena represented by the three-
dimensional non-local timeless quantum vacuum, are someway “materialized” by RS processes.
In synthesis, our approach introduces a deeper meaning about the relationships between the
different descriptive levels of physical reality, in the sense that here the ordinary quantum
mechanics emerges directly from the 3D timeless non-local quantum vacuum [23].

In particular, as regards the fundamental non-local geometry of the 3D timeless quantum
vacuum, it can be characterized by introducing an appropriate Bell length of the 3D quantum
vacuum given by relation

_ 2ApP e W (11)

1(0 ? ) 1 8?2
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The Bell length of the vacuum (11) can be considered the ultimate parameter that indicates the
grade of non-locality of the fundamental level of the quantum reality, namely the 3D quantum
vacuum defined by RS processes of creation/annihilation of virtual particles-antiparticles
corresponding to fluctuations of the quantum vacuum energy density. And the laboratory non-
locality here represents only a special case of the global non-locality and atemporality of the 3D
quantum vacuum whose correlation degree is described by the Bell length of the vacuum (11).

quantum

Since, on the basis of recent research [24], the maximum value of the Bell length of the 3D
quantum vacuum (11), which implies the maximum de-localization of a quantum system, is 1,
one obtains the following simple relation satisfied by the number of virtual particles-antiparticles
of the RS processes of the 3D quantum vacuum in the condition of maximum entanglement, of
the maximum grade of non-locality and de-localization in a quantum system having the mass
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produced by the fluctuations of the quantum vacuum energy density corresponding

to the same RS processes:
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Another relevant merit of the introduction of the Bell length of the vacuum lies in the possibility
to provide a new key of re-reading of the well-known Bell inequalities investigating correlations
between two particles who share a quantum state [25-27]. As regards the quantum dynamics of a
general two qubits state, with vanishing total angular momentum projections, given by the
following equation

|w>=cos§‘T¢>+e‘¢’sin§‘¢T> (13)

where ‘T~L> corresponds to the state of the system when the first qubit is in the “up” state and the

second qubit is in the “down” state, while ‘¢T> corresponds to the state of the system when the

<

first qubit is in the “down” state and the second qubit is in the “up” state, in a bohmian

framework the quantum potential is
B !I\?If +M? !R 14
Q= IR (14)

where M, =iM,S and M, =iM,S are the angular momenta of the two qubits 1 and 2

respectively, S being the phase of the wave function of the system. The grade of non-locality in
this system may be characterized by considering the following Bell length

L - (15)

quantum ~ ~
((Mf n MZZJR)

In our approach, since each quantum system is the evolution of opportune RS processes of
creation/annihilation of quanta corresponding to elementary fluctuations of the 3D quantum
vacuum, the Bell length (15) regarding a system of two qubits in the entangled state (13) derives
from a more fundamental Bell length of the vacuum (11). More precisely, one can say that the
behaviour of a system of two qubits in the entangled state (13) described by the quantum laws is
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ultimately determined by RS processes of creation/annihilation of quanta corresponding to
elementary fluctuations of the 3D quantum vacuum on the basis of equation:

2A \Y
1 _ LPove W (16)

EYE 1(0 ? 1 82
2
((Ml +M2 )R) n|:_(VquvE)z+Cz(at pqu] _quvE(v quvE_CzatzquvEJ:|
R

Now, in the light of these considerations, by following the philosophy underlying the approach
of Hall’s correlation distance developed in [28], in our model we can suggest that the standard
Bell inequality in the form derived by Clauser, Horne, Shimony, and Holt (CHSH)

CHSH =(AB)+(AB)+(A'B)—(A'B) <2 (17)
may be generalized as
<AB>+<AB'>+<A‘B>—<A‘B'>Sﬁ (18)

quantum

where "2 =1 is the maximum value of the Bell length of the vacuum, that here is directly

quantum
determined by opportune fluctuations of the quantum vacuum energy density on the basis of
equation (11). By substituting equation (11) into equation (18) one obtains:

(AB)+(AB)+(AB)—(AB) <

2 (19)
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where here Apgz* are the opportune quantum vacuum energy fluctuations determining the
maximum degree of non-local correlations in a quantum system. Therefore on the basis of the
Bell length of the vacuum (11), a quantum vacuum inequality can be introduced of the form

CHSH .cum <0 (20)
where
CHSH, o = (AB) +(AB') +(A'B)— (A'B') —
2 (21)
A/quE\/\7
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In our approach, the violation of the quantum vacuum inequality (20) essentially coincides with
the one of the standard CHSH inequality. However, the measurements that maximize the

violation of CHSH are not the ones which give the maximal violation of CHSH ... In general,

for the standard Bell-CHSH scenario, the violation of the standard inequality (17) is a necessary
but not sufficient condition for the violation of (20). The advantage of the quantum vacuum
inequality (20) lies in the fact that the results depend causally on the Bell length of the vacuum
which emerges directly as the ultimate parameter determining, at the fundamental level of the 3D
quantum vacuum defined by RS processes of creation/annihilation of quanta corresponding to
elementary fluctuations of the quantum vacuum energy density, the correlation degree in
quantum systems [29].

3. A toy-model about the link between the three-dimensional quantum
vacuum and the avian compass in animals’ motions

As regards the use of Earth’s magnetic field for orientation and navigation by birds, insects and
mammals, it was recently demonstrated in spin chemistry experiments that a photochemical
reaction can act as a compass even in a magnetic field as weak as the geomagnetic field [30].
The underlying mechanism in such a chemical compass turns out to be of quantum mechanical
nature but the specific role of quantum interactions, in determining entanglement and (de-
)coherence, are little understood [31]. In the recent paper “Quantum control and entanglement in
a chemical compass”, Cai, Guerreschi and Briegel show that several quantum control protocols
can be applied to study the magnetoreception of certain animals, in order to either enhance or
suppress the function of a chemical compass [32]. Cai’s, Guerreschi’s and Briegel’s calculations
demonstrate that the radical pair mechanism firstly proposed in the pioneering work by Schulten
et al. in 1976, can not only detect weak magnetic fields, but it is also sensitive to quantum
control even without the presence of a static magnetic field. In Cai’s, Guerreschi’s and Briegel’s
model quantum entanglement, rather than mere quantum coherence, is the contributing factor
that allows the avian compass to achieve its high level of sensitivity. Recently, Kominis [33] also
argued that spin-selective radical-ion-pair reactions are able to offer an exquisite magnetic
sensitivity. In the light of these results, the following questions become natural: does the duration
of the entanglement last long enough to impact biological processes and is the duration of
entanglement sensitive to the inclination of the radical pair with respect to the earth’s magnetic
field? To answer these questions, after revisiting the standard radical-pair mechanism with the
candidate chemical reaction [34], we take under consideration a model recently proposed by
Pauls, Zhang, Berman and Kais in which the entanglement displays both directional sensitivity
and a sufficiently long duration of entanglement [35].

The basic idea of the radical-pair approach is the following: there are molecular structures in the
bird’s eye which can each absorb an optical photon and originate a spatially separated electron
pair in a singlet spin state, and then the avian neurons react to the signal. More precisely, inside
the radical-pair model the process of magnetoreception may be divided into three fundamental
stages. In the first stage, the photons with enough energy activate a certain type of molecules
located in the birds’ eye, inducing an electron transfer reaction and generating the radical pairs in
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their excited singlet states. After the pair is generated, under the influence of the external
magnetic field (the geomagnetic field) and the internal magnetic field (the hyperfine coupling
effect), the state of the pair can remain a singlet state or become a triplet state. This means, in
other words, that, by virtue of the differing local environments of the two electron spins, a
singlet-triplet evolution takes place. This evolution is strictly tied with the inclination of the
molecules with respect to the Earth’s magnetic field. Different inclination angles, associated with
the external magnetic field, can induce different ratios of the singlet and triplet states. These
molecules give rise to a pattern, discernible to the bird, which indicates the orientation of the
field. Recombination happens either from the singlet or triplet state, yielding different chemical
end products. The concentration of these products forms a chemical signal correlated to the
Earth’s field orientation. In the last stage, the molecules in different states will generate different
chemical products which can induce a detectable signal that the birds can use to recognize the
direction they need to go [36].

The predictions of the radical-pair mechanism are consistent with behavioral findings: the
reaction yield is independent of the polarity of the magnetic field [37, 38], reception of magnetic
information takes place in the eye [39, 40], reception is strongly influenced by the environment
light conditions [41-45], and reception turns out to be coherent with the postulated function of
ocular photoreceptors in generating magnetosensitive radical pairs [46]. As regards the specific
biological magnetosensitive radical pairs which can satisfy and reproduce these processes,
according to the current approach cryptochrome la (Cryla) seems a promising candidate [36,
47-52]. Although the matter of the electron transfer path has been studied [53, 54], the neural
path is still unknown, even if a vision-based hypothesis was put forward by Ritz et al. in the
classic 2000 paper [7].

Despite all of the theoretical arguments, the ultimate goal of studying the mechanisms of bird
navigation is to learn from nature and to design highly effective devices that can make biological
systems to detect weak magnetic fields, and to use the geomagnetic field to navigate. On the
basis of previous literature, it seems that the anisotropic hyperfine coupling plays a crucial role in
the magnetic field sensitivity of the avian compass, allowing also the design of biologically
inspired magnetic compass sensors [55-64]. Scientists have exploited many practical methods to
realize a device based on the avian chemical compass.

The Hamiltonian of a radical pair is of the form [65]
H=gup Xy Si- (B+4; 1) (22)

where the first term accounts for the Zeeman interaction and the second term reproduces the
hyperfine interaction, uz is the Bohr magneton of the electron, A; denote the hyperfine coupling
tensor (a 3X3 matrix) and §i, fl are the electron and nuclear spin operators respectively and the
g-values are chosen to be g=2 for both radicals. The radical-pair dynamics is ruled by a Liouville
equation of the form

9(t) = —=[H, ()] - 2{Q%, (0} — L{Q", (1)} (23)
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where H is the Hamiltonian of the system, Q5 is the singlet projection operator, QT is the triplet
projection operator, ¢(t) is the density matrix for the system, and ks and k are the decay rates

for the singlet state and triplet states, respectively. Moreover, the external weak magnetic field B
, representing the Earth’s magnetic field in equation (22), depends on the angles ¢ and ¢ with

respect to the reference frame of the immobilized radical pair, ie, B =
B (sindcosg,sindsing,cosd), where B, = 0,5G is the magnitude of the local geomagnetic field
(and where, without losing the essential physics, ¢ can be assumed to be 0).

By utilizing the standard Ritz’s model, the authors Pauls, Zhang, Berman and Kais have recently
found that the dynamics of entanglement does not change with angle, namely that entanglement
IS not sensitive to the angle between the z axis of the radical pair and the Earth’s magnetic field
(and this seems to be in contrast with the expectations because in order for entanglement to also
act as a signal of direction, the entanglement must be angle dependent). This physically means
that the entanglement of the radical pair of Ritz’s model cannot provide the same information as
the vision-based signal, namely that inside Ritz’s model the entanglement of the system cannot
directly influence the birds’ ability to orient themselves. In the light of these results, Pauls,
Zhang, Berman and Kais have considered what happens by replacing the symmetric hyperfine
tensor with an asymmetric hyperfine tensor, finding that the dynamics of the entanglement in this
way turned out to be clearly dependent on the system’s orientation. As a consequence they have
proposed a new model in which each electron interacts with additional local magnetic fields B;
rather than with the hyperfine interactions. The Hamiltonian for Pauls’, Zhang’s, Berman’s and
Kais” model is then given by equation (22), but with A, -fl- replaced by §i , the local magnetic
field for the ith electron spin, and thus is of the form:

H=gug %%, S (§ + §i) (24)

In this picture by taking the local fields to be §1:(O,O,5) and §2:(0,5,0), we assume to consider
the violation of the quantum vacuum inequality (20) as the metric of entanglement and thus as
origin of the correlations generating the avian compass in animals’ motions. In the light of the
quantum vacuum inequality (20), we can say that, for the opportune changes of the quantum
vacuum  energy density which make the quantity (AB)+(AB)+(AB)-(AB)-
2 exceeding 0, then the

quvE\/\7

max 1(0 max ’ max 10° max
\/nl:—(VA,D aqu)2+Cz(atA,D aquj —A,quE[VzAp aqu—?ﬁAp aqu]:|

correlations between the two spins can no longer be explained classically, so the system is
entangled. In other words, we can say that the correlations responsible of the avian quantum
compass in animals’ motion as regards the magnetoreception are determined by the opportune
values of the Bell length of the vacuum, ultimately associated with the quantum potential of the
vacuum and associated with specific values of the quantum vacuum energy density, which
satisfy the following relation:

(AB)+(AB)+(A'B)—(A'B') -
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2 (25)
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The condition (25) determined by opportune energy fluctuations of the 3D timeless quantum
vacuum allows us to explain what is the ultimate origin, at a deep level of physical reality, of the
ability of orientation of birds Earth’s magnetic field. It allows us to introduce suggestive
perspectives of explanation of the problem regarding how birds manage to “see” the magnetic
field, what allows their eyes to see the graphic of the Earth’s magnetic field: the ultimate key of
reading lies just in the fundamental properties of the 3D non-local timeless quantum vacuum,
namely its elementary fluctuations acting in a non-local way described by the Bell length of the
vacuum.

Now, if one studies the quantum vacuum inequality as a function of time for various orientations
of the system in a magnetic field of 0.5 G, one finds that, as # increases from 0° to 180°, the time
for which the electron pair is entangled increases from roughly 60 ns to nearly 90 ns, while for ¢
from 0° to 150° the variation of time of entanglement is restricted to an interval of less than 10
ns, and that changing the relative angles and strengths of the local magnetic fields has a dramatic
impact on the angular sensitivity, in the sense that a change in the field strength of the first
electron from 4 G to 5 G is enough to dramatically increase both the azimuthal and angular
sensitivity of the entanglement.

If indeed magnetoreception is caused in part by a protein such as cryptochrome, a directional
orientation of the protein should play an important role, which could be provided by embedding
within the membrane layers of photoreceptor cells. This form of embedding leaves the protein
free to rotate about one axis [66], but greatly restricts the rotation about its second axis [51]. For
this reason the radical-pair compass must be sensitive to rotation about one axis, while the
rotation about the second axis should not influence it.

At the present time little is known about how cryptochrome is situated within the retina, in
particular how it embeds onto or within the cell membrane [67]. There is no reason to assume
that the z axis of the radical-pair model coincides with the fixed rotational axis of the embedded

protein. As a consequence, a configuration such as §1:(O,O,4) and §2:(0,5,0) might still produce
a strong directional response under a coordinate transformation to the axis of protein rotation.

It should be pointed out that the angular dependence of entanglement in this model is not
invariant under a reversal of the external magnetic field and that the net signal generated by the
cryptochrome cannot discern the polarity of the geomagnetic field. In this picture, one obtains
therefore that, once the radical pair is generated in a spin-correlated state, its singlet and triplet

states will be interconverted by the local magnetic fields §i appearing in equation (24). This
singlet-triplet interconversion, representing the second step in the radical-pair reaction scheme,
can be influenced by a magnetic field B too. Then, singlet and triplet pairs will react to provide
distinct products, thus depleting the population of radical pairs with respective recombination
rates kg and k; with k; < ks.
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The charge recombination of the radical pair follows different channels, which depend on the
electron-spin state (singlet or triplet). In particular, by considering [65] the yield of products
formed by the reaction of singlet radical pairs can be computed as

NOENNAGHOED (26)

where 7.(t) is the radical re-encounter probability distribution, and f(t) = (S|@(t)|S) is the
fidelity between the electron spin state ¢.(t) at time t and the singlet state. According to the
model of Ritz et al., the ultimate activation yield ®.(t) = ®,(t » o) in cryptochrome is
believed to influence the visual function of animals [7]. In our approach, we assume that the re-
encounter probability distribution 7. (t) appearing in the function (26) is directly determined by
the Bell length of the vacuum, and thus by opportune elementary fluctuations of the quantum
vacuum energy density, on the basis of equation (11). In other words, since here the violation of
the quantum vacuum inequality (20) represents the metric of entanglement and thus the origin of
the correlations generating the avian compass in animals’ motions, the re-encounter probability
distribution 7. (t) can be associated to the distribution of probability that the CHSH .., €xceeds

zZero:

1.(t) =P(CHSH ..., > 0) (27)
Equation (27) provides the fundamental condition which generates the strong quantum
correlations which are responsible of the generation of the ultimate activation yield &, (t) =
@ (t - o) which in cryptochrome is invoked to explain the visual function of animals.

As a consequence of the role of the distribution of probability that the CHSH ., €xceeds zero

as the radical re-encounter probability distribution, the magnetic field sensitivity of the radical
pair reaction, which in the original model by Ritz et al. [7] is measured by the derivative of the

activation yield (26) with respect to the magnetic field strength B, here can be expressed as

9D

AB) =75

= [2% P(CHS Hyaerm > 0) 52 (28)
According to equation (28), the magnetic field sensitivity is ultimately generated by the
distribution probability of the exceeding of the quantum vacuum inequality. Therefore, in this
model, the avian compass in animals’ motions turns out to be ultimately produced by opportune
energy density fluctuations of a fundamental 3D timeless quantum vacuum which determine an
exceeding of a fundamental quantum vacuum inequality describing the origin of quantum
correlations.

According to a recent study by Cai and Plenio, by introducing the viewpoint of chemical
magnetoreception as a quantum interferometer, a direct relation between the global electron-
nuclear spin coherence and the magnetic sensitivity of chemical magnetoreception for general
molecules emerges, and this allows the development of a quantitative connection between
compass sensitivity and the global coherence with respect to the eigenbasis of the hyperfine
Hamiltonian of the combined system of radical pair electrons and the surrounding nuclei [60].
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Therefore, since in our approach the hyperfine Hamiltonian of the combined system of radical
pair electrons and the surrounding nuclei must be replaced by the Hamiltonian (24) in which

each electron interacts with the additional local magnetic fields B;, Cai’s and Plenio’s result may
be conveniently re-read and generalized by considering that the link between global coherence
and magnetic sensitivity in a chemical compass for general molecules is directly determined by

the local magnetic fields §i as well as by the distribution probability of the exceeding of the
quantum vacuum inequality on the basis of equation (28).

Moreover, it must be remarked that, since a chemical compass shall work under ambient
conditions, the noise from the environment of the core system (namely the radical pair and the
surrounding nuclear spins) will inevitably influence its function: quantum effects, such as
coherence and entanglement, can be easily destroyed by interactions with the environment. In
this regard, there is a rule, the kg argument, which states that when the interaction energy is
smaller than ambient temperature, then quantum coherent phenomena cannot persist. As regards
biological systems, since the temperature is around 300K, which is hot, the quantum coherent
effects are then destroyed by thermal fluctuations. However, for living systems like birds the kg
argument can break down because it is true only for the equilibrium state, which the system
approaches for relatively long times. If the system reaches equilibrium rapidly, coherent quantum
effects can survive (at equilibrium) even at room temperatures [68—75]. Another possibility is
that the quantum coherent effects, including the quantum entanglement, are used before the
system approaches the equilibrium with the surrounding environment, which is the situation
which happens in the radical pair mechanism of the avian compass.

On the other hand, dephasing noise can only influence the coherences between singlets and
triplets. Many papers discuss the effects of dephasing noise on the radical pair mechanism in
terms of Lindblad operators, showing that the effect of the dephasing noise depends on the model
[58, 76, 77]. For example, in Gauger’s model, the compass mechanism is almost immune to pure
phase noise [77]. Cai showed that correlated dephasing noise could even enhance the chemical
compass in their model [75]. Both models give us positive perspectives concerning dephasing
noise. In our approach, we propose that the noise effects can be described by the generalized
Lindblad type quantum master equation of the following form

op = =ilH,pl = 2[Qs,ply = Q1. pl+ + L(p) (29)

where L(p) is a dissipator representing the environmental noise and H is the Hamiltonian given
by equation (24). In the light of equation (29) as well as of Cai’s and Plenio’s results, the concept
of global coherence turns out to offer a unified perspective to predict the magnetic sensitivity of
a chemical compass in a picture where the Hamiltonian (24) and the distribution probability of
the exceeding of the quantum vacuum inequality are the ultimate physical elements.

4. Some perspectives of this toy-model

As regards the investigation of a possible primary magnetoreception in animals, according to the
original model proposed by Ritz et al in [7], the following essential criteria must be satisfied by a
good candidate for a photoreceptor-based magnetoreceptor:
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- the magnetoreceptor should contain a pair of molecules capable of a radical-pair reaction
that can be influenced by weak magnetic fields;

- the magnetoreceptor should be linked to a photoreceptor that starts the radical-pair process
upon excitation. In addition, the magnetoreceptor has to be connected to a nervous
transduction chain, such as, e.g., the visual transduction chain;

- the receptors have to be arranged in an ordered way to provide the orientational
dependence necessary for the compass to work, namely their orientation should vary over
a wide angular region.

Whether an amplification of this primary magnetoreception effect is then needed to provide
magnetic compass information depends not only on the strength of the effect, but also on the way
the primary reception process is connected to the nervous system. By considering, in line with
the original Ritz’s proposal, that a photoreceptor in the visual pathway, such as retinal, is part of
the radical-pair system involved in the magnetoreception, we suggest that, as regards the
modulation of the sensitivity of a visual receptor, the Hamiltonian (24) and opportune behaviours
of the distribution probability of the exceeding of the quantum vacuum inequality play a crucial
role.

As regards the role of the radical pair mechanism in the birds’ navigation, in the recent paper
[78] Y. Zhang, G. P. Berman, S. Kais conclude their analysis with the following sentences: “The
radical pair mechanism is a promising hypothesis to explain the mystery of the navigation of
birds. This theoretical study has demonstrated the role of weak magnetic fields play in the
product yields of the radical pairs. In addition, this type of study has inspired scientists to design
highly effective devices to detect weak magnetic fields and to use the geomagnetic fields to
navigate. [...] By studying the role of intensity of the magnetic field in avian navigation, we find
that birds could be able to detect the change of the intensity of geomagnetic fields and the
approximate direction of parallels instead of sensing the exact direction. However, the
mechanism in which birds can utilize the signal remains unknown at this time”. In the light of the
treatment made in this paper, here we emphasize that suggestive perspectives are opened as
regards the problem of the mechanism in which birds use the change of the intensity of the
geomagnetic fields: the turning key is represented by the Bell length of the vacuum associated
with opportune fluctuations of the energy density of a 3D quantum vacuum and thus on the
probability distribution of the exceeding of the quantum vacuum inequality. As regards the
precise mechanism through which the fluctuations of the quantum vacuum energy density and
thus the probability distribution of the exceeding of the quantum vacuum inequality act in
reference to the use of birds of the change of the intensity of the geomagnetic fields, further
research will give you more information.

Received September 6, 2020; Accepted October 18, 2020

Prespacetime Journal WWW.prespacetime.com
Published by QuantumDream, Inc.



Prespacetime Journal| October 2020 | Volume 11 | Issue 6 | pp. 518-537 534
Fiscaletti, D., The Quantum Potential & the Bell Length of the 3D Quantum Vacuum as the Parameters Generating the
Avian Compass

References

1. A. von Middendorff, “Die Isepiptesen Russlands”, Mem. Acad. Sci. St. Petersbourg VI, Ser. Tome 8,
1-143 (1859).

. H.L. Yeagley, “A Preliminary Study of a Physical Basis of Bird Navigation”, Journal of Applied
Physics 18, 12 (1947).

. W. Wiltschko and R. Wiltschko, “Magnetic compass of european robins”, Science 176, 62-64 (1972).
. R. Stanesky, M. Kaneko, P. Emery, B. Beretta, K. Wager-Smith, S.A. Kay, M. Rosbash and J.C. Hall,
“The cryb mutation identifies cryptochrome as a circadian photoreceptor in Drosophila”, Cell 95, 5,

681-692 (1998).
. A. Aspect, J. Dalibard e G. Roger, “Experimental tests of Bell’s inequalities using time-varying
analyzers”, Physical Review Letters 49, 25, 1804-1807 (1982).

A~ W N

93]

6. K. Schulten, H. Staerk, A. Weller, H-J. Werner e B. Nickel, “Magnetic field dependence of the
geminate recombination of radical ion pairs in polar solvents”, Zeitschrift fur Physikale Chemie 101,
371-390 (1976).

7. T. Ritz, S. Adem and K. Schulten, “A model for photoreceptor-based magnetoreception in birds”,
Biophys. J. 78, 707-718 (2000).

8. J. Al-Khalili and J. McFadden, La fisica della vita. La nuova scienza della biologia quantistica
(Bollati-Boringhieri, Torino, 2015).

9. C. Rovelli, “Loop quantum gravity”, Physics World 7, 11, 1-5 (2003).

10. C. Rovelli, “Loop quantum gravity”, <http://relativity.livingreviews.org/Articles/Irr-2008-5/> (2008).

11. C. Rovelli, “A new look at loop quantum gravity”, <arXiv:1004.1780v1 [gr-gc]> (2010).

12. D. Fiscaletti and A. Sorli, “Perspectives about quantum mechanics in a model of a three-dimensional
quantum vacuum where time is a mathematical dimension”, SOP Transactions on Theoretical Physics
1, 3, 11-38 (2014).

13. D. Fiscaletti and A. Sorli, “Space-time curvature of general relativity and energy density of a three-
dimensional quantum vacuum”, Annales UMCS Sectio AAA: Physica LXIX, 55-81 (2014).

14. D. Fiscaletti, “About dark energy and dark matter in a three-dimensional quantum vacuum model”,
Foundations of Physics 46, 10, 1307-1340 (2016).

15. L. Chiatti, “The transaction as a quantum concept”, in Space-time geometry and quantum events, Ed.
by I. Licata (Nova Science Publishers, New York, 2014), pp. 11-44; e-print arXiv.org/pdf/1204.6636
(2012).

16. L. Licata, “Transaction and non-locality in quantum field theory”, European Physical Journal Web of
Conferences 70, 00039 (2014).

17. G.E. Volovik, The Universe in a Helium Droplet (Clarendon Press, Oxford, 2003).

18. V. Sbitnev, “From the Newton’s laws to motion of the fluid and superfluid vacuum: vortex tubes,
rings, and others”, arXiv:1403.3900v2 [physics.flu-dyn] (2014).

19. V. Sbitnev, “Hydrodynamics of the physical vacuum: dark matter is an illusion”, arXiv:1507.03519v1
[physics.gen-ph] (2015).

20. V. Sbitnev, “Physical vacuum is a special superfluid medium”, in Selected Topics in Applications of
Quantum Mechanics, Ed. by M.R. Pahlavani (InTech, Rijeka, 2015), Chapter 12, pp. 345-373;
doi:10.5772/59040.

21. V. Sbitnev, “Navier-stokes equation describes the movement of a special superfluid medium”,
http://arxiv.org/abs/1504.07497 (2015).

22. D. Fiscaletti and A. Sorli, “About a three-dimensional quantum vacuum as the ultimate origin of
gravity, electromagnetic field, dark energy ... and quantum behaviour”, Ukrainian Journal of Physics
61, 5, 413-431 (2016).

Prespacetime Journal WWW. prespacetime.com
Published by QuantumDream, Inc.


http://relativity.livingreviews.org/Articles/lrr-2008-5/
http://arxiv.org/abs/1504.07497

Prespacetime Journal| October 2020 | Volume 11 | Issue 6 | pp. 518-537 535
Fiscaletti, D., The Quantum Potential & the Bell Length of the 3D Quantum Vacuum as the Parameters Generating the
Avian Compass

23. D. Fiscaletti, “What is the actual behaviour of the electron? From Bohm’s approach to the
transactional interpretation to a three-dimensional timeless non-local quantum vacuum”, Electronic
Journal of Theoretical Physics 13, 35, 1-26 (2016).

24. D. Fiscaletti and I. Licata, “Bell length in the entanglement geometry”, International Journal of
Theoretical Physics 54, 7, 2362-2381 (2015).

25. J.S. Bell, “On the Einstein Podolsky Rosen Paradox”, Physics 1, 3, 195-200 (1964).

26. J.F. Clauser, M.A. Horn, A. Shimony and R. A. Holt, “Proposed experiment to test local hidden-
variable theories”, Physical Review Letters 23, 880 (1969).

27. J.F. Clauser and M.A. Horne, “Experimental consequences of objective local theories”, Physical
Review D 10, 526 (1974).

28. M.W. Hall, “Correlation distance and bounds for mutual information”, Entropy 15, 3698-3713 (2013).
29. D. Fiscaletti and A. Sorli, “Quantum relativity: variable Energy density of quantum vacuum as origin
of mass, gravity and quantum behaviour”, Ukrainian Journal of Physics, submitted for publication

(2017).

30. K. Maeda et Al., “Chemical compass model of avian magnetoreception”, Nature 453, 387-390 (2008).

31. Recent work even claims that the quantum Zeno effect is vital for avian magnetoreception: 1.K.
Kominis, “Quantum Zeno effect explains magnetic-sensitive radical-ion-pair reactions”, Phys. Rev. E
80, 056115 (2009); see also J.A. Jones, P.J. Hore, “Spin-selective reactions of radical pairs act as
quantum measurements”, Chem. Phys. Lett. 488, 90-93 (2010).

32. J. Cai, G.G. Guerreschi and H.J. Briegel, “Quantum control and entanglement in a chemical
compass”, Phys. Rev. Lett. 104, 220502 (2010).

33. I.LK. Kominis, “Magnetic sensitivity and entanglement dynamics of the chemical compass”, Chem.
Phys. Lett. 542, 143-146 (2012).

34. I.A. Solov’yov, D. E. Chandler, and K. Schulten, “Magnetic field effects in Arabidopsis thaliana
Cryptochrome-17, Biophys. J. 92, 8, 2711-2726 (2007).

35. J.A. Pauls, Y. Zhang, G.P. Berman and S. Kais, “Quantum coherence and entanglement in the avian
compass”, Physical review E 87, 062704 (2013).

36. C. A. Dodson, P. J. Hore, M. I. Wallace, “A radical sense of direction: signalling and mechanism in
cryptochrome magnetoreception”, Trends Biochem. Sci. 38, 435-446 (2013).

37. W. Wiltschko, R. Wiltschko, “Magnetic compass of European robins”, Science 176, 62-64 (1972).

38. C.R. Timmel, U. Till, B. Brocklehurst, K.A. McLauchlan, P.J. Hore, “Effects of weak magnetic fields
on free radical recombination reactions”, Molecular Physics 95, 71 (1998).

39. W. Wiltschko, J. Traudt, O. GEunt€urk€un, H. Prior, R. Wiltschko, “Lateralization of magnetic
compass orientation in a migratory bird”, Nature 419, 467-470 (2002).

40. K. Stapput, O. GEunt€urk€un, K. P. Hoffmann, R. Wiltschko, W. Wiltschko, Curr. Biol. 20, 14, 1259-
1262 (2010).

41. W. Wiltschko, U. Munro, H. Ford, R. Wiltschko, “Red Light Disrupts Magnetic Orientation of
Migratory Birds”, Nature 364, 525-527 (1993).

42. W. Wiltschko, R. Wiltschko, “Migratory orientation of European Robins is affected by the
wavelength of light as well as by a magnetic pulse”, J. Comp. Physiol. A 177, 3, 363-369 (1995).

43. W. Wiltschko, R. Wiltschko, “Pigeon homing: Effect of various wavelength of light during
displacement”, Naturwissenschaften 85, 164-167 (1998).

44. W. Wiltschko, R. Wiltschko, “The effect of yellow and blue light on magnetic compass orientation in
European robins, Erithacus rubecula”, J. Comp. Physiol. A 184, 3, 295-299 (1999).

45. K. Stapput, P. Thalau, R. Wiltschko, W. Wiltschko, “Orientation of birds in total darkness”, Curr.
Biol. 18, 8, 602-606 (2008).

46. T. Ritz, R. Wiltschko, P. J. Hore, C. T. Rodgers, K. Stapput, P. Thalau, C. R. Timmel, W. Wiltschko,
“Magnetic compass of birds is based on a molecule with optimal directional sensitivity”, Biophys. J.
96, 8, 3451-3457 (2009).

Prespacetime Journal WWW. prespacetime.com
Published by QuantumDream, Inc.


https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=7&cad=rja&uact=8&ved=0ahUKEwiikN_5t_rWAhWMNxQKHaPrDKwQFghSMAY&url=https%3A%2F%2Farxiv.org%2Fabs%2F1002.2377&usg=AOvVaw3BjTgwrI6iXbwvEZ9nRlxr
https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=7&cad=rja&uact=8&ved=0ahUKEwiikN_5t_rWAhWMNxQKHaPrDKwQFghSMAY&url=https%3A%2F%2Farxiv.org%2Fabs%2F1002.2377&usg=AOvVaw3BjTgwrI6iXbwvEZ9nRlxr

Prespacetime Journal| October 2020 | Volume 11 | Issue 6 | pp. 518-537 536
Fiscaletti, D., The Quantum Potential & the Bell Length of the 3D Quantum Vacuum as the Parameters Generating the
Avian Compass

47. H. Mouritsen, U. Janssen-Bienhold, M. Liedvogel, G. Feenders, J. Stalleicken, P. Dirks, R. Weiler,
“Cryptochromes and neuronal-activity markers colocalize in the retina of migratory birds during
magnetic orientation”, Proc. Natl Acad. Sci. 101, 39, 14294-9 (2004).

48. T. Ritz, T. Yoshii, C. Helfrich-Foerster, M. Ahmad, “Cryptochrome: A photoreceptor with the
properties of a magnetoreceptor?”, Commun. Integr. Biol. 3, 1, 24-27 (2010).

49. C. Niebner, S. Denzau, K. Stapput, M. Ahmad, L. Peichl, W. Wiltschko, R. Wiltschko,
“Magnetoreception: activated cryptochrome la concurs with magnetic orientation in birds”, Journal of
the Royal Society Interface 10, 88, 20130638 (2013).

50. S.-R. Harris, K. B. Henbest, K. Maeda, J. R. Pannell, C. R. Timmel, P. J. Hore, H. Okamoto, “Effect
of magnetic fields on cryptochrome-dependent responses in Arabidopsis thaliana”, Journal of the
Royal Society Interface 6, 1, 1193-1205 (2009).

51. L.A. Solov’yov, H. Mouritsen and K. Schulten, “Acuity of a Cryptochrome and Vision-Based
Magnetoreception System in Birds”, Biophys. J. 99, 1, 40-49 (2010).

52.J.C.S. Lau, C. T. Rodgers, P. J. Hore, “Compass magnetoreception in birds arising from photo-
induced radical pairs in rotationally disordered cryptochromes”, Journal of the Royal Society Interface
9, 3329 (2012).

53. 1. A. Solov’yov, K. Schulten, “Reaction Kinetics and Mechanism of Magnetic Field Effects in
Cryptochrome”, Journal of Physical Chemistry B 116, 3, 1089-1099 (2012).

54. K. Maeda, A. J. Robinson, K. B. Henbest, H. J. Hogben, T. Biskup, M. Ahmad, E. Schleicher, S.
Weber, C. R. Timmel, P. J. Hore, “Magnetically sensitive light-induced reactions in cryptochrome are
consistent with its proposed role as a magnetoreceptor”, Proc. Natl Acad. Sci. 109, 3, 4774-4779
(2012).

55. C. R. Timmel, F. Cintolesi, B. Brocklehurst, P. J. Hore, “Model calculations of magnetic field effects
on the recombination reactions of radicals with anisotropic hyperfine interactions”, Chem. Phys. Lett.
334, 387 (2001).

56. K. Maeda, C. J. Wedge, J. G. Storey, K. B. Henbest, P. A. Liddell, G. Kodis, D. Gust, P. J. Hore, C.
R. Timmel, “Spin-selective recombination kinetics of a model chemical magnetoreceptor”, Chem.
Commun. 47, 23, 6563-6565 (2011).

57. H. J. Hogben, T. Biskup, P. J. Hore, “Entanglement and Sources of Magnetic Anisotropy in Radical
Pair-Based Avian Magnetoreceptors”, Phys. Rev. Lett. 109, 220501 (2012).

58. J. Cai, F. Caruso, M. B. Plenio, “Quantum limits for the magnetic sensitivity of a chemical compass”,
Phys. Rev. A 85, 040304 (2012).

59. C.Y. Cai, Q. Ai, H. T. Quan, C. P. Sun, Phys. Rev. A, 85, 022315 (2012).

60. J. Cai and M.B. Plenio, “Chemical compass model for avian magnetoreception as a quantum coherent
device”, Phys. Rev. Lett. 111, 230503 (2013) ; e-print arXiv:1304.4143v2 [quant-ph] (2013).

61. O. Efimova and P. J. Hore, “Evaluation of nuclear quadrupole interactions as a source of magnetic
anisotropy in the radical pair model of the avian magnetic compass”, Molecular Physics 107, 665-671
(2009).

62. B. M. Xu, J. Zou, J. G. Li and B. Shao, “Estimating the hyperfine coupling ... considering the
available experimental results”, Phys. Rev. E 88, 032703 (2013).

63. H. Lee, N. Yang and A. E. Cohen, “Mapping Nanomagnetic Fields Using a Radical Pair Reaction”,
Nano Lett. 11, 12, 5367-5372 (2011).

64. G. G. Guerreschi, M. Tiersch, U. E. Steiner and H. J. Briegel, “Optical switching of radical pair
conformation enhances magnetic sensitivity”, Chem. Phys. Lett. 572, 106 (2013).

65. U.E. Steiner and T. Ulrich, “Magnetic field effects in chemical kinetics and related phenomena”,
Chemical Reviews 89, 1, 51-147 (1989).

66. P. Serra, A.F. Stanton and S. Kais, Phys. Rev. E 55, 1162 (1997).

67. G. Panitchayangkoon, D. Hayes, K. A. Fransted, J. R. Caram, E. Harel, J. Wen, R. E. Blankenship and
G. S. Engel, “Long-lived gquantum coherence in photosynthetic complexes at physiological
temperature”, Proc. Natl Acad. Sci. 107, 129, 12766-12670 (2010).

Prespacetime Journal WWW. prespacetime.com
Published by QuantumDream, Inc.



Prespacetime Journal| October 2020 | Volume 11 | Issue 6 | pp. 518-537 537
Fiscaletti, D., The Quantum Potential & the Bell Length of the 3D Quantum Vacuum as the Parameters Generating the
Avian Compass

68. P. Rebentrost, M. Mohseni, I. Kassal, S. Lloyd and A. Aspuru-Guzik, “Environment-assisted quantum
transport”, New J. Phys. 11, 033003 (2009).

69. M. Mohseni, P. Rebentrost, S. Lloyd and A. Aspuru-Guzik, “Environment-assisted quantum walks in
photosynthetic energy transfer”, J. Chem. Phys. 129, 174106 (2008).

70. A. Ishizaki and G. R. Fleming, “Theoretical examination of quantum coherence in a photosynthetic
system at physiological temperature”, Proc. Natl Acad. Sci. 106, 17255 (2009).

71. C. Li, N. Lambert, Y. Chen, G. Chen and F. Nori, “Witnessing Quantum Coherence: from Solid-State
to Biological Systems”, Sci. Rep. 2, 885 (2012).

72. A. S. Fokas, D. J. Cole and A. W. Chin, Photosynth. Res. 122, 3, 275-292 (2014).

73. F. Caruso, A.\W. Chin, A. Datta, S.F. Huelga and M.B. Plenio, J. Chem. Phys. 131, 105106 (2009).

74. A. W. Chin, A. Datta, F. Caruso, S. F. Huelga and M. B. Plenio, “Noise-assisted energy transfer in
guantum networks and light-harvesting complexes”, New J. Phys. 12, 065002 (2010).

75. S. Shim, P. Rebentrost, S. Valleau and A. Aspuru-Guzik, “Atomistic Study of the Long-Lived
Quantum Coherences in the Fenna-Matthews-Olson Complex”, Biophys. J. 102, 3, 649-660 (2012).

76. M. Tiersch and H. J. Briegel, “Decoherence”, Phil. Trans. R. Soc. A 370, 4517-4540 (2012).

77. E. M. Gauger, E. Rieper, J. J. L. Morton, S. C. Benjamin and V. Vedral, “Sustained Quantum
Coherence and Entanglement in the Avian Compass”, Phys. Rev. Lett. 106, 040503 (2011).

78. Y. Zhang, G.P. Berman and S. Kais., “The Radical Pair Mechanism and the Avian Chemical
Compass: Quantum Coherence and Entanglement”, Int. J. Quantum Chem. 115, 1327-1341 (2015).

Prespacetime Journal WWW.prespacetime.com
Published by QuantumDream, Inc.


https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiLuN_Tm__WAhUHkRQKHStRC8UQFggmMAA&url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpubmed%2F19045332&usg=AOvVaw2WZ2cfx4b9XjDYRs1czaWG
https://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiLuN_Tm__WAhUHkRQKHStRC8UQFggmMAA&url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpubmed%2F19045332&usg=AOvVaw2WZ2cfx4b9XjDYRs1czaWG

