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Quantum Field Theoretical Approaches to Consciousness 

Scott Hagan 
 

 

Introduction and Motivation 
 

Rather than attempting to find a role for consciousness in the interpretation of Quantum Mechanics, 

Quantum Field theoretical approaches instead use the standard machinery of contemporary quantum 

theory to attempt to understand, in particular, the unified wholeness characteristic of consciousness 

(James, 1890/1918) but nowhere in evidence in the classical world. 

 

From their earliest roots (Ricciardi and Umezawa, 1967), the picture of consciousness that has arisen 

in these quantum models has been intimately linked to memory.  It was an understanding of its 

enigmatic features that prompted the first model (Stuart et al., 1978, 1979) in which memory was 

envisioned as a macroscopic ordered state.  The suggestion was that the brain instantiates not one but 2 

mechanisms of memory -- that it constitutes a mixed Quantum-Classical system. 

 

Aspects of memory that elude understanding from a Classical view might be naturally explained in a 

Quantum picture and vice versa.  The view that a second mechanism might be operative in the brain -- 

responsible for non-local (in the neurophysiological, not the physical sense) properties of memory -- has 

long been advocated by Pribram (1971, 1991) who suggested dendritic nets as the locus for an encoding 

in terms of interference patterns analogous (not literally identical) to the storage mechanism in 

holograms. 

 

In the Quantum Field theoretical approaches to be discussed, consciousness is associated to specific 

imprinting and recall mechanisms.  Under the action of an external stimulus, the excitation of certain 

long-range correlation modes (called symmetron modes in the work of Stuart et al.) corresponds to the 

brain "consciously feeling" a complex pattern encoded in the vacuum (ground state) structure.  The 

conscious moment becomes a sort of "remembered present" (Edelman, 1990).  In contemporary models, 

memories are imprinted with widely varying decay times so that it may be necessary to refresh 

memories that decay more rapidly, lest they be forgotten (Vitiello, 1995) and some memories may be 

more difficult to excite than others (Hagan and Hirafuji, 1998). 

 

It was clear from the outset that neurons would not be the appropriate functional units in any 

realization of Macroscopic ordered states in the brain.  A picture of how theories of this kind might be 

physically instantiated in the brain has arisen from several quarters, following early suggestions by 

Frohlich (1968) that condensation in biological media can be mediated by a metabolic supply of energy 

above a threshold value.  Before discussing these, it will be helpful to digest some relevant concepts. 
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Spontaneous Symmetry Breaking 
 

All of these theories take the notion of spontaneous symmetry breaking as their founding principle.  

This is an idea (familiar in both high-energy and condensed matter physics) that allows a rich vacuum 

structure to be instantiated.  In Quantum Mechanics, there is always only one vacuum -- a unique lowest 

energy state -- a result known as the Equivalence Theorem.  In field theory, this need not be the case.  

And this fact allows inhomogeneous media to be encompassed by the theory.  Tthe dynamics in 

different regions of space may "act out of" different vacua and therefore describe radically different 

behavior in the same medium. 

 

Spontaneous symmetry breaking occurs whenever some certain symmetry of the dynamics of a 

system.  Some transformation of the variables that leaves the equations invariant is not also a symmetry 

of the vacuum.  To visualize an example of this, imagine an "energy landscape" associated with every 

point in space.  If the landscape were to have the shape of a bowl, then the dynamics would be invariant 

under 2-dimensional rotations about the axis of symmetry.  The vacuum (the unique lowest energy state 

at the bottom of the bowl) would likewise be invariant under such rotations. 

 

But imagine instead that the energy landscape has a dimple in it (see Figure 1).  Here the dynamics 

are likewise invariant under rotations.  But now the vacuum state might be any one of an infinite number 

of states lying along the bottom of a circular trough.  Whichever one is chosen will no longer be 

rotationally invariant -- a spontaneous symmetry breaking scenario.  We might even imagine this 

dimpled landscape with another dimple (in the opposite direction) at its center.  This would then have 

one ordinary, rotationally invariant vacuum and an infinite number of spontaneous symmetry breaking 

vacua.  The symmetry generally invoked in current models is the 3-dimensional rotational symmetry of 

electric dipoles (actually a related but not quite equivalent symmetry of molecular dipole fields).  

Though water (the most ubiquitous polar molecule in biological media) is an obvious candidate, many 

biomolecules are polar and might also be considered in this role. 
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Figure 1: An example of spontaneous symmetry breaking.  Both massive and mass-less modes are 

generically present. 

 

In the case of a spontaneously broken symmetry, the so-called "normal" modes comprise both 

massive and mass-less modes.  A massive mode describes the possible effect on the system when it is 

excited by an input of energy.  In our dimpled example, these are modes that take the system point up 

the walls of the trough.  The mass-less modes describe the movement of the system point along the 

trough and can be excited with no energy input since every point in the trough is equally a state of 

lowest energy. 

 

These mass-less modes (known as Nambu-Goldstone bosons) are the symmetron modes of Stuart 

et al. (1978, 1979) and are components of the system only in a rather odd sense.  They would not be 

listed in any inventory of parts if one were to disassemble the system but rather appear in the system 

only dynamically.  Their existence allows the system to effect a sort of restoration of the spontaneously 

broken symmetry.  Through the exchange of these bosons, it is ensured that a coherent choice for the 

vacuum is made throughout the scope of the system (long-range correlation).  And because the modes 

are mass-less, this requires no energy.  Each vacuum choice is associated with a Macroscopic phase. 

 

In the case of a closed system, the enforcement of a particular choice for the vacuum is in fact so 

rigid that it is impossible to move between them (they are unitarily inequivalent).  In the model of 

memory encoding proposed by Stuart, Takahashi, and Umezawa, (1978, 1979) this would suggest, for 

instance, that it should be impossible to forget.  While this is clearly not the case, the brain is clearly not 

a closed system. 
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In field theory, a closed system is, in effect, treated as one of infinite extent -- the boundary between 

system and environment is moved out to infinity so there is no possibility of interaction.  The realistic 

case of an open, dissipative system (Vitiello, 1995) amends this to a finite volume.  In the process, one 

loses some of the rigid stability of the vacuum in the infinite volume case so it becomes possible to 

move between vacua and, hence, forget.  The Nambu-Goldstone bosons also acquire a very small mass, 

generally indicated by referring to them as "pseudo-Goldstone bosons".  The smallness of this mass 

allows very weak perturbations to play a role in effecting phase transitions between vacua and     . 

 

Condensation 
 

According to a quantum field theoretical model, memory is established and coded by the 

condensation of these modes in particular vacua.  Condensation is a phenomenon that results from the 

"sociable" character of bosons.  Unlike "anti-social" fermions which never deign to appear in the same 

state as any other fermion, bosons will -- under particular conditions -- cluster in the ground state, acting 

as a unified whole.  When -and-where this behavior will occur is controlled by a balance of several 

parameters -- most notably temperature, condensate density and the mass of the condensing species 

(other factors like pressure also come into play to a lesser degree). 

 

In the most famous example of condensation -- superconductivity -- the operative species is not the 

electron, which is a fermion and hence loath to participate.  At very low temperatures, however, 

electrons can overcome their mutual repulsion sufficiently to form pairs (Cooper pairs) that then act like 

bosons.  It is these pairs that condense.  The temperature below which this will occur is inversely 

proportional to the mass of the Cooper pair which -- in condensation terms -- is relatively high so that 

the temperature is generally extremely low.  It is not currently well-understood why the so-called "high-

Tc" superconductors can undergo this transition at much higher temperatures (still much below 

biologically relevant temperatures). 

 

On the other hand, a similar phenomenon is believed to occur in neutron stars where the 

temperatures are vastly greater and the condensing species no less massive.  Here, the crushing gravity 

of the neutron stars forces a very high condensate density, pushing up the critical temperature well 

above the core temperature of the star.  But these conditions are obviously not biologically relevant 

either. 

 

What might be relevant to biology is a very light condensing species like the Nambu-Goldstone 

bosons.  And this is, in fact, what is postulated in the Quantum Field theoretical approaches.  The 

condensate density is then a free parameter in terms of which the vacuum phase and the degree of long-

range order might be manipulated.  The existence of such a parameter is likely to be crucial in 

determining how Quantum and Classical mechanisms in the brain might communicate such that -- for 

instance -- perceptual and cognitive discriminations might pass from instantiation in networks of 

neurons to a quantum encryption, and motor action might ultimately be influenced from the quantum 

subsystem. 

 

Models 
 

The model of Del Giudice et al. (1985, 1986) derives from earlier suggestions by Frohlich (1968) 

that the critical parameter for condensation in biological media might be given in terms of a supply of 

energy.  Indeed, they observe that a polarization is induced in the water surrounding microtubules by 

even very low amplitude, low frequency electric fields when a supply of energy nourishes the 

biomolecule.  They further note that the required activation energy has approximately the same 

magnitude as actual metabolic supplies. 
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The associated spontaneous breakdown of the dipole rotational symmetry yields Nambu-Goldstone 

modes (dipole wave quanta).  Because these modes have such a small mass, they can condense (actually 

the tranverse optical modes of these quanta mix with photons to produce polaritons, which are the true 

condensing species) at critical temperatures in a biologically relevant range. 

 

Both these authors and Jibu et al. (1994) show that this triggers a collective emission mode known as 

super-radiance (Dicke, 1954) that bears some similarity to (but should not be confused with) stimulated 

emission in a laser.  The time scale for long-range correlations that maintain this quantum optical 

coherence phenomenon is in the range of about 10-14 seconds -- much faster than that for thermal 

processes.  Jibu and Yasue (1997) further show that the phenomenon can be protected from 

thermalization over longer time scales when energy is delivered to the system above a critical pumping 

rate. 

 

As only one kind of symmetry has been invoked in these models, it may appear that they suffer from 

an overprinting problem.  That is, once a vacuum encoding has taken place, no other vacua are 

accessible for new information without erasing the prior encoding.  This was explicitly acknowledged in 

the papers of Stuart et al. (1978, 1979) who suggested that a realistic model would involve a great 

multiplicity of symmetries. 

 

It turns out, however, that overprinting is another problem that evaporates when one moves away 

from the context of a closed system.  In an open, dissipative system like the brain, Vitiello (1995) 

demonstrates that even a single symmetry leads to a vast number of superposed vacua with a capacity 

unconstrained by overprinting.  Moreover, this opens the way for an understanding of associative 

memory in terms of "superposition" and "interference" of different vacuum codes and may begin to 

realize something akin to Pribram’s (1971, 1991) suggestions alluded to in the introduction. 

 

As previously mentioned, the condensing species acquires a small, effective mass in a dissipative 

context.  This entails that a supply of energy above a certain threshold will be required in addition to the 

external stimulus (or "replication signal") to excite the mode into recall.  

 

The spontaneous breakdown of the dipole rotational symmetry leaves a phase symmetry that is in 

turn spontaneously broken (Del Giudice et al.1986).  In interaction with electromagnetic field, the global 

phase symmetry becomes a local symmetry, generating an effective mass for the photon by means of the 

Anderson-Higgs-Kibble mechanism. The resulting, so-called evanescent photons are thereby restricted 

in their range of propagation. 

 

Depending on the relative size of the coherence length and the penetration depth, this can lead to 

filamentation of the electric field.  The field is restricted to cylindrical tubes due to damping in 

directions perpendicular to the axis of cylindrical symmetry.  This then protects coherence outside the 

tubes by channeling external fields that are not strong enough to overcome the correlation of the 

condensate (similar circumstances apply, for instance, in Type II superconductors).  Photons impinging 

on the system that do not have sufficient energy to generate the prescribed effective mass are unable to 

traverse the system, but their energy might be stored on the network as a polarization mode.  When 

enough energy has been accumulated, the field can escape the region and revert to ordinary (Maxwell) 

propagation in terms of mass-less photons.  The phases of these photons will, however, be correlated by 

passage through the system, transferring the coherence of the Nambu-Goldstone modes to the 

electromagnetic field. 

 

Finally, some suggestions concerning the mechanism by which the Quantum and the Classical 

interface in the brain have also been put forward.  Jibu and Yasue (1997) have proposed that 

condensates inside and outside the neural membrane in dendritic nets may weakly couple, sandwiching 
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the membrane and forming a Josephson junction.  Rather than its oft-cited sensitivity to imposed 

magnetic fields, they draw attention to an electric Josephson effect (Feynman et al., 1965) and 

demonstrate that the potential difference across the membrane has self-excited oscillations that produce 

a small, oscillating current across the junction. 

 

If many such Josephson junctions span the membrane in an area smaller than the coherence length of 

the spontaneous symmetry breaking phenomenon, a collective plasmon mode emerges and propagates 

along the membrane as a soliton.  Since the soliton wave retains its form, it may propagate over long 

distances, potentially to macroscopic effect.  The Josephson currents across the membrane initiate 

charge density waves in neurons, suggestive of the depolarizing waves operative at the classical level of 

neural networks and perhaps pointing to the link that would allow Quantum and Classical mechanisms 

to interface.  
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