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We discuss the predictions of the dissipative quantum model of brain in connection with the for-
mation of coherent domains of synchronized neuronal oscillatory activity and macroscopic functions
of brain revealed by functional brain imaging.
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I. INTRODUCTION

The mesoscopic neural activity of neocortex appears
consisting of the dynamical formation of spatially ex-
tended domains in which widespread cooperation sup-
ports brief epochs of patterned oscillations. These “pack-
ets of waves” have properties of location, size, dura-
tion and carrier frequencies in the beta-gamma range
(12−80 Hz). They re-synchronize, through a sequence of
repeated collective phase transitions in cortical dynam-
ics, in frames at frame rates in the theta-alpha range
(3 − 12 Hz). The formation of such patterns of ampli-
tude modulated (AM) synchronized oscillations in neo-
cortex has been demonstrated by imaging of scalp po-
tentials (electroencephalograms, EEGs) and of cortical
surface potentials (electrocorticograms, ECoGs) of ani-
mal and human from high-density electrode arrays [1]-[5].
The AM patterns appear often to extend over spatial do-
mains covering much of the hemisphere in rabbits and
cats [6, 7], and over the length of a 64 × 1 linear 19 cm
array [1] in human cortex with near zero phase dispersion
[8, 9]. Synchronized oscillation of large-scale neuronal as-
semblies in beta and gamma ranges have been detected
also by magnetoencephalografic (MEG) imaging in the
resting state and in motor task-related states of the hu-
man brain [10].

In this paper we compare the predictions of the dissi-
pative quantum model of brain [11, 12] with these neu-
rophysiological data [5, 13]. It turns out that the model
explains two main features of the EEG data: the tex-
tured patterns of AM in distinct frequency bands cor-
related with categories of conditioned stimuli (CS), i.e.
coexistence of physically distinct AM patterns, and the
remarkably rapid onset of AM patterns into (irreversible)
sequences that resemble cinematographic frames. Each
spatial AM pattern is indeed described to be consequent
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to spontaneous breakdown of symmetry (SBS) [14–16]
triggered by external stimulus and is associated with one
of the unitarily inequivalent ground states. Their se-
quencing is associated to the non-unitary time evolution
in the dissipative model, as discussed below.

Cellular and molecular models of neuronal function
have been formulated in the so-called K-set theory: a
hierarchical set of models based in studies of single neu-
rons embedded in populations of increasing size and com-
plexity [17, 18]. The purpose of the present paper is to
show that the dissipative quantum model may describe
the entire forebrain dynamics as it selects, adapts, and
elaborates generic intentional actions [5, 13].

In our presentation we closely follow Refs. [5, 13]. The
question concerning the mass action in the observed cor-
tical activity as originally pointed out by Lashley is con-
sidered in Section II. The dissipative many-body model
of brain is summarized in Section III and it is there dis-
cussed in relation to the evidence of a multiplicity of
ground states. The formation and recurrence of AM
oscillatory patterns are further discussed in Section IV.
Free energy and classicality of trajectories in brain space
are discussed in Section V. Final remarks and conclusions
are presented in Section VI.

II. LASHLEY DILEMMA

In the first half of the 20th century Lashley was led
to the hypothesis of “mass action” in the storage and re-
trieval of memories in the brain and observed: “...Here is
the dilemma. Nerve impulses are transmitted ...form cell
to cell through definite intercellular connections. Yet, all
behavior seems to be determined by masses of excita-
tion...within general fields of activity, without regard to
particular nerve cells... What sort of nervous organiza-
tion might be capable of responding to a pattern of ex-
citation without limited specialized path of conduction?
The problem is almost universal in the activity of the
nervous system” (pp. 302-306 of [19]). Many laboratory
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observations in the following years confirmed Lashley’s
finding. Pribram extended the concept of mass action by
introducing the analogy between the fields of distributed
neural activity in the brain and the wave patterns in
holograms [20]. Observational access to real time imag-
ing of “patterns of excitation” and dynamical formation
of spatially extended domains of neuronal fields of activ-
ity has been provided by magnetoencephalogram (MEG),
functional magnetic resonance imaging (fMRI), positron
electron tomography (PET), blood-oxygen level deletion
(BOLD) and single photon emission computed tomogra-
phy (SPECT). As already mentioned in the Itroduction,
observations [7] show that cortex jumps abruptly from
a receiving state to an active transmitting state. Spa-
tial AM patterns with carrier frequencies in the beta and
gamma ranges form during the active state and dissolve
as the cortex return to its receiving state after transmis-
sion. These state transitions in cortex form frames of AM
patterns in few ms, hold them for 80−120 ms, and repeat
them at rates in alpha and theta ranges of EEG [1–8]. In
such an activity neocortex appears to behave according
to four interrelated properties [21, 22]: the exchange-
ability of its ports of sensory input; its ability to adapt
rapidly and flexibly to short- and long-term changes; its
reliance on large-scale organization of pattern of neural
activity that mediate its perceptual functions; the incred-
ibly small amounts of information entering each port in
brief behavioral time frames that support effective and
efficient intentional action and perception.

Four material agencies have been then proposed to
account for the processes involving large populations of
neurons. None of them, however, appears to be able to
explain the observed cortical activity [23]:

- Nonsynaptic neurotransmission [21] has been pro-
posed as the mechanism for implementation of volume
transmission to answer the question on how that broad
and diffuse chemical gradients might induce phase lock-
ing of neural pulse trains at ms intervals. Although non-
synaptic transmission is essential for neuromodulation,
diffusion of chemical fields of metabolites providing man-
ifestations of widespread coordinated firing is, however,
too slow to explain the highly textured patterns and their
rapid changes [23]. The observed high rates of field mod-
ulation are not compatible with mediation of chemical
diffusion such as those estimated in studies of spike tim-
ing among multiple pulse trains (e.g. [24–26]), of cerebral
blood flow using fMRI or BOLD (e.g. [27, 28]), and of
spatial patterns of the distributions of radio-labeled neu-
rotransmitters and neuromodulators as measured with
PET, SPECT and optical techniques.

- Weak extracellular electric currents have been pos-
tulated as the agency by which masses of neurons link
together [29]. They have been shown to modulate the
firing of neurons in vitro. However, the current densities
required in vivo to modulate cortical firing exceed by
nearly two orders of magnitude those currents that are
sustained by extracellular dendritic currents across the
resistance of brain tissue [17, 30]. The passive potential

differences are measured as the EEG.
- The intracellular current in palisades of dendritic

shafts in cortical columns generates magnetic fields of
such intensity that they can be measured 4−5 cm above
the scalp with MEG. The earth’s far stronger magnetic
field can be detected by specialized receptors for naviga-
tion in birds and bees [31], leading to the search for mag-
netic receptors among cortical neurons (e.g. [32, 33]), so
far without positive results.

- Radio waves propagating from the combined agency
of electric and magnetic fields has also been postulated
[34]. However, neuronal radio communication is unlikely,
owing to the 80 : 1 disparity between electric permittivity
and magnetic permeability of the brain tissue and to the
low frequency (< 100 Hz) and kilometer wavelengths of
e.m. radiation at EEG frequencies.

The conclusion is that Lashley dilemma remains still
to be explained: neither the chemical diffusion, which is
much too slow, nor the electric field of the extracellular
dendritic current nor the magnetic fields inside the den-
dritic shafts, which are much too weak, are the agency
of the collective neuronal activity. An alternative ap-
proach is therefore necessary. The dissipative quantum
model of brain has been then proposed [5, 11–13] to ac-
count for the observed dynamical formation of spatially
extended domains of neuronal synchronized oscillations
and of their rapid sequencing.

III. THE DISSIPATIVE MANY-BODY MODEL
AND THE EVIDENCE OF A MULTIPLICITY OF

GROUND STATES

A. The many-body model

The dissipative quantum model of brain is the exten-
sion to the dissipative dynamics of the many-body model
proposed in 1967 by Ricciardi and Umezawa [35, 36].
They suggested that the extended patterns of excita-
tions observed in the neurophysiological research might
be described by means of the SBS formalism in many-
body physics. The fact that the brain is an open system
in permanent interaction with the environment was not
considered in the many-body model. It has been there-
fore extended in a way to include the intrinsically open
dynamics of the brain. This led to the dissipative many-
body model [11, 12]. Umezawa explains the motivation
for using the quantum field theory (QFT) formalism of
many-body physics [37]: ”In any material in condensed
matter physics any particular information is carried by
certain ordered pattern maintained by certain long range
correlation mediated by massless quanta. It looked to
me that this is the only way to memorize some informa-
tion; memory is a printed pattern of order supported by
long range correlations...” In QFT long range correlations
among the system constituents are indeed dynamically
generated through the mechanism of SBS. These correla-
tions manifest themselves as quanta, called the Nambu-
Goldstone (NG) boson particles or modes, which have
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zero mass and therefore able to span the whole system.
At a mesoscopic/macroscopic scale, due to such correla-
tions in this way established, the system appears in an
ordered state. One expresses this fact by saying that
the NG bosons are coherently condensed in the system
lowest energy state (the system ground state) according
to the Bose-Einstein condensation mechanism. The den-
sity of the condensed NG bosons provides a measure of
the degree of ordering or coherence. One arrives thus
to the definition of the order parameter, a classical field
specifying the ordered patterns observed in the system
ground state. This is the way the dynamical formation
of extended ordered patterns is described in many-body
physics. Laboratory observations allow to detect the NG
quanta or particles by means of their scattering with ob-
servational probes; for example, one can use neutrons
as probe to observe their scattering with phonons in a
crystal. The phonons are the NG particle responsible
for the crystalline ordering. They are the quanta as-
sociated to the elastic waves. Other examples of NG
particles are the magnons in the ferromagnets, namely
the quanta of the spin waves. In the case of the brain,
the quantum variables are identified [11, 38, 39] with the
electrical dipole vibrational field of the water molecules
and of other biomolecules present in the brain structures.
The associated NG quanta are named the dipole wave
quanta (DWQ). These do not derive from Coulomb in-
teraction. They are dynamically generated through the
breakdown of the rotational symmetry of the electrical
dipole vibrational field. Water is more than the 80%
of brain mass and in the many-body model it is there-
fore expected to be a major facilitator or constraint on
brain dynamics. The theoretically and experimentally
well established knowledge of condensed matter physics
thus suggested to Umezawa that memory storage might
be described in terms of the coherent Bose condensa-
tion process in the system lowest energy state. It has
to be remarked that the neuron and the glia cells and
other physiological units are not quantum objects in the
many-body model of brain.

In the many-body model the external input or stim-
ulus acts on the brain as a trigger for the spontaneous
breakdown of the symmetry with the consequent long
range correlation established by the coherent condensa-
tion of NG bosons. In the dissipative model it becomes
clear that the stimulus action may trigger the symme-
try breakdown only provided the cortex is at or near a
singularity (see below), predicting indeed the laboratory
observations [40]. The density value of the condensation
of DWQ in the ground state acts as a label classifying the
memory there created. The memory thus stored is not a
representation of the stimulus. This reflects a general fea-
ture of the spontaneous breakdown of symmetry in QFT:
the specific ordered pattern generated through SBS by an
external input does not depend on the stimulus features.
It depends on the system internal dynamics. The model
thus accounts for the laboratory observation of lack of
invariance of the AM neuronal oscillation patterns with

invariant stimuli.
The recall of the recorded information occurs under the

input of a stimulus able to excite DWQ out of the corre-
sponding ground state. In the many-body model such a
stimulus is called “similar” to the one responsible for the
memory recording [36]. In the model similarity between
stimuli thus refers not to their intrinsic features, but to
the reaction of the brain to them; in other words, to the
possibility that under their action DWQ are condensed
into or excited from the ground state carrying the same
label.

The many-body model, however, fails in explaining the
observed coexistence of AM patterns and also their irre-
versible time evolution. Indeed, one shortcoming of the
model is that any subsequent stimulus would cancel the
previously recorded memory by renewing the SBS pro-
cess with the consequent DWQ condensation, thus over-
printing the ’new’ memory over the previous one (’mem-
ory capacity problem’). In order to solve these problems,
considering that the brain is an open system, the original
many-body model has been extended [11] to the dissipa-
tive dynamics.

B. The dissipative many-body model

The mathematical structure of QFT provides the pos-
sibility of having different vacua with different symmetry
properties. Indeed, infinitely many representations of the
canonical commutation relations (CCR’s) exist in QFT.
They are, with respect to each other, unitarily inequiv-
alent (i.e there is no unitary operator transforming one
representation into another one of them) [41]. Thus they
are physically inequivalent: they describe different phys-
ical phases of the system (it is not so in Quantum Me-
chanics where all the representations are unitarily (and
therefore physically) equivalent) [15, 42, 43]. The exis-
tence of infinitely many representations of the CCR’s is
fully exploited in the dissipative quantum model of brain,
which is therefore not a quantum mechanical model but
a QFT model [43].

In the dissipative model the environmental influence
on the brain is taken into account by performing a suit-
able choice of the brain vacuum state (the brain ground
state) among the infinitely many of them, each other
unitarily inequivalent. The choice of the effective vac-
uum is done in the process of SBS triggered by the ex-
ternal stimulus. As explained above, the specificity of
such a “choice” is fully controlled by the internal dy-
namics of the brain system; “making” the choice sig-
nals that the brain-environment interaction is “active”.
A change in the brain–environment reciprocal influence
then corresponds to a change in the choice of the brain
vacuum: the brain evolution through the vacuum states
thus reflects the evolution of the coupling of the brain
with the surrounding world. The vacuum condensate of
DWQ, consequent to SBS induced by the external stim-
ulus, is assumed to be the quantum substrate of the
AM pattern observed at a phenomenological level. In
agreement with observations, the dissipative dynamics
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allows (quasi-)non-interfering degenerate vacua with dif-
ferent condensates, i.e. different values for the order pa-
rameter (AM pattern textures), and (phase) transitions
among them (AM patterns sequencing). These features
could not be described in the frame of the original many-
body model. By exploiting the existence of the infinitely
many representations of the CCR’s in QFT, the dissipa-
tive model allows a huge memory capacity.

In the QFT formalism for dissipative systems [44] the
environment is described as the time-reversal image of
the system. This is realized by ”doubling” the system
degrees of freedom. In the dissipative model, the brain
dynamics is indeed described in terms of an infinite col-
lection of damped harmonic oscillators aκ (a simple pro-
totype of a dissipative system) representing the boson
DWQ modes [11] and by the ãκ modes which are the
”time-reversed mirror image” (the “mirror or doubled
modes”) of the aκ modes. ãκ represent the environment
modes. The label κ generically denotes degrees of free-
dom such as, e.g., spatial momentum, etc. [11, 44].

The breakdown of the dipole rotational symmetry is
induced by the external stimulus and this leads to the
dynamical generation of DWQ aκ. Their condensation in
the ground state is then constrained by inclusion of the
mirror modes ãκ in order to account for the system dissi-
pation. The system ground state is indeed not invariant
under time translation and this reveals the irreversible
time evolution of the system, namely dissipation.

Although the brain holds itself far from equilib-
rium, the balance of the energy fluxes at the system-
environment interface, including heat exchanges, holds
in a sequence of states through which the brain evolves.
This is manifested in the regulation of mammalian brain
temperature. At some arbitrary initial time t0 = 0, we
denote the zero energy state (the vacuum) of the system
by |0〉N . This prescribes [11] that E0 =

∑
κ ~Ωκ(Naκ −

Nãκ) = 0. Here, Ωκ is the common frequency of aκ and
ãκ, and Naκ and Nãκ are the (non-negative integer) num-
bers of aκ and ãκ which are condensed in |0〉N .

This implies that the ”memory state” |0〉N is a con-
densate of equal number of modes aκ and mirror modes
ãκ for any κ: Naκ − Nãκ = 0. N denotes the set of
integers defining the ”initial value” of the condensate,
N ≡ {Naκ = Nãκ , ∀ κ, at t0 = 0}, namely the label, or
order parameter associated to the information recorded
at time t0 = 0. Clearly, balancing Naκ −Nãκ to be zero
for any κ, does not fix the value of either Naκ or Nãκ for
any κ. It only fixes, for any κ, their difference. There-
fore, at t0 we may have infinitely many perceptual states,
each one in one-to-one correspondence to a given N set.

The dynamics ensures that the number (Naκ −Nãκ) is
a constant of motion for any κ (see [11]). The system of
ãκ mirror modes represents the system’s Double.

It can be shown that aκ and ãκ modes satisfy the Bose-
Einstein distribution. |0〉N is thus recognized to be a
finite temperature state and it can be shown to be a
squeezed coherent state [11, 15, 45, 46].

The important point is that the spaces {|0〉N } and

{|0〉N ′} are each other unitarily inequivalent for different
labels N 6= N ′ in the infinite volume limit:

N 〈0|0〉N ′ −→
V→∞

0 ∀ N , N ′ , N 6= N ′ . (1)

The whole space of states thus includes infinitely many
unitarily inequivalent representations {|0〉N }, for all N ’s,
of the CCR’s. A huge number of sequentially recorded
memories may coexist without destructive interference
since infinitely many vacua |0〉N , ∀ N , are independently
accessible. In contrast with the non-dissipative model,
recording the memory N ′ does not necessarily produce
destruction of previously printed memoryN 6= N ′, which
is the meaning of the non-overlapping in the infinite vol-
ume limit expressed by Eq. (1). Dissipation allows the
possibility of a huge memory capacity by introducing the
N -labeled “replicas” of the ground state. The model
thus predicts the existence of textures of AM patterns,
as indeed observed in the laboratory.

The stability of the order parameter against quan-
tum fluctuations is a manifestation of the coherence of
the DWQ boson condensation. The memory N is thus
not affected by quantum fluctuations and in this sense
it is a macroscopic observable. The “change of scale”
(from microscopic to macroscopic scale) is dynamically
achieved through the boson condensation mechanism.
The state |0〉N provides an example of “macroscopic
quantum state”.

In “the space of the representations of the CCR’s”,
each representation {|0〉N } denotes a physical phase of
the system and may be thought as a “point” identified
by a specific N -set. In the infinite volume limit, points
corresponding to different N sets are distinct points (do
not overlap, cf. Eq. (1)). We also refer to the space
of the representations of the CCR’s as to the “memory
space” or the brain state space. The brain in relation with
the environment may occupy any one of the multiplicity
of ground states, depending on how the E0 = 0 balance
or equilibrium is approached. Or else, it may sit in any
state that is a collection or superposition of these brain-
environment equilibrium ground states. The system may
shift, under the influence of one or more stimuli acting as
a control parameter, from ground state to ground state
in this collection (from phase to phase) namely it may
undergo an extremely rich sequence of phase transitions,
leading to the actualization of a sequence of dissipative
structures formed by AM patterns, as indeed experimen-
tally observed.

Denote by |0(t)〉N the state |0〉N at time t specified
by the initial value N , at t0 = 0. Time evolution of the
state |0(t)〉N is represented as the trajectory of ”initial
condition” specified by the N -set in the space of the rep-
resentations {|0(t)〉N }. The state |0(t)〉N provides the
’instantaneous picture’ of the system at each instant of
time t, or the ’photogram’ at t in a cinematographic se-
quence.

When the DWQ frequency is time–dependent, κ-
components of the N -set with higher momentum have
been found to possess longer life–time. Since the mo-
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mentum is proportional to the reciprocal of the distance
over which the mode can propagate, this means that
modes with shorter range of propagation (more “local-
ized” modes) survive longer. On the contrary, modes
with longer range of propagation decay sooner. Corre-
spondingly, condensation domains of different finite sizes
with different degree of stability are allowed in the model
[51].

Finally, let us observe that coherent domains of finite
size are obtained by non-homogeneous boson condensa-
tion described by the condensation function f(x) which
acts as a “form factor” specific for the considered domain
[15, 47, 48]. The important point is that such a conden-
sation function f(x) has to carry some topological singu-
larity in order for the condensation process to be physi-
cally detectable. A regular function f(x) would produce
a condensation which could be easily “washed” away by
a convenient field transformation (“gauged” away by a
gauge transformation). In a similar way, the phase tran-
sition from one space to another (inequivalent) one can be
only induced by use of a singular condensation function
f(x). One can show that this is the reason why topo-
logically non trivial extended objects, such as vortices,
appear in the processes of phase transitions[15, 47, 48].
Stated in different words, this means that phase transi-
tions driven by boson condensation are always associated
with some singularities in the field phase (indeterminacy
of the phase at the phase transition point). The observa-
tional counterpart in the brain dynamics is the decrease
in power that in the perceptual phase transition precedes
the formation of a new AM pattern which reflects the re-
duction in the amplitude of the spontaneous background
activity [40]. The event that initiates a phase transition
is thus an abrupt decrease in the analytic power of the
background activity to near zero, depicted as a null spike.
This reduction induces a brief state of indeterminacy in
which the amplitude of ECoG is near to zero and phase
of ECoG is undefined, as indeed should be as said above
according to the dissipative model.

If a stimulus arrives at or just before this state, then
the cortex can be driven by the input across the phase
transition process to a new AM pattern. The response
amplitude depends not on the input amplitude, as the
dissipative model also predicts, but on the intrinsic state
of the cortex, specifically the degree of reduction in the
power and order of the background brown noise. The
null spike in the band pass filtered brown noise activity
is conceived as a shutter that blanks the intrinsic back-
ground. At very low analytic amplitude when the ana-
lytic phase is undefined, the system, under the incoming
weak sensory input, may re-set the background activity
in a new AM frame, if any, formed by reorganizing the
existing activity, not by the driving of the cortical activ-
ity by input (except for the small energy provided by the
stimulus that is required to select an attractor and force
the phase transition). The decrease (shutter) repeats in
the theta or alpha range, independently of the repetitive
sampling of the environment by limbic input. In conclu-

sion, the reduction in activity constitutes a singularity in
the dynamics at which the phase is undefined (in agree-
ment with the dissipative model requiring the singular-
ity of the boson condensation function). The aperiodic
shutter allows opportunities for phase transitions. The
power is not provided by the input, exactly as the dissi-
pative model predicts, but by the pyramidal cells, which
explains the lack of invariance of AM patterns with in-
variant stimuli [40].

IV. EMERGENCE AND RECURRENCE OF
AMPLITUDE PATTERNS

High-density electrode arrays (typically 8× 8 in a 2D
square) fixed on the scalp or the epidural surface of cor-
tical areas and fast Fourier transform (FFT) have been
used in order to measure AM pattern textures for which
high spatial resolution is required [1, 49].

The set of n amplitudes squared from an array of n
electrodes (typically 64) defines a feature vector, A2(t),
of the spatial pattern of power at each time step. The
vector specifies a point on a dynamic trajectory in brain
state space, conceived as the collection of all possible
brain states, essentially infinite. Measurement of n EEG
signals defined a finite n-dimensional subspace, so the
point specified by A2(t) is unique to a spatial AM pat-
tern of the aperiodic carrier wave. Similar AM patterns
form a cluster in n-space, and multiple patterns form ei-
ther multiple clusters or trajectories with large Euclidean
distances between digitizing steps through n-space. A
cluster with a verified behavioral correlate denotes an
ordered AM pattern. The vector A2(t) is taken to be
the best available numeric estimator of our order param-
eter, because when the trajectory of a sequence of points
enters into a cluster, that location in state space signi-
fies increased order from the perspective of an intentional
state of the brain, owing to the correlation with a con-
ditioned stimulus. We use the reciprocal of the abso-
lute value of the step size between successive values of
De(t) = |A2(t)−A2(t−1)| as a scalar index of our order
parameter.

Pattern amplitude stability was proved by small steps
in Euclidean distances, De(t), between consecutive points
(higher spikes in Fig. 1). Pattern phase stability was
proved by calculating the ratio, Re(t), of the tempo-
ral standard deviation of the mean filtered EEG to the
mean temporal standard deviation of the n EEGs [3, 4]
(lower curve in Fig. 1). By these measures AM/phase-
modulated patterns stabilized just after the phase transi-
tions and before reaching the maximum in the spatial AM
pattern amplitude. Re(t) = 1 when the oscillations were
entirely synchronized. When n EEGs were totally desyn-
chronized, Re(t) approached one over the square root of
the number of digitizing steps in the moving window.
Experimentally Re(t) rose rapidly within a few ms af-
ter a phase discontinuity and several ms before the onset
of a marked increase in mean analytic amplitude, A(t).
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The succession of the high and low values of Re(t) re-
vealed episodic emergence and dissolution of synchrony;
therefore Re(t) was adopted as an index of cortical effi-
ciency [50], on the premise that cortical transmission of
spatial patterns was most energy-efficient when the den-
dritic currents were most synchronized.

FIG. 1. Spikes: De stability measure. Curve: Re boson den-

sity. [3]

Re-synchronized oscillations in the beta range near
zero lag commonly recurred at rates in the theta range
and covered substantial portions of the left cerebral hemi-
sphere under observation [2] (exceeding the length of the
recording array (19 cm) in human brain).

We conclude that a specific value of the phenomeno-
logical order parameter A2(t) may be assumed to cor-
respond to a specific value of N of the order parameter
predicted by the dissipative model: the observation of the
AM pattern textures and of their sequencing finds thus a
description in the dissipative model. The time evolution
in the brain space described by the space of the represen-
tations of the CCR’s gives the image of quantum origin
of the trajectories described by the time dependent vec-
tor A2(t) in the brain state space as phenomenologically
described above .

A further agreement of the dissipative model with ob-
served features is recognized by considering the common
frequency Ωκ(t) for the aκ and ãκ modes (cf. Eq. (8) in
[51]): the duration, size and power of AM patterns are
predicted to be decreasing functions of the carrier wave
number κ, as indeed confirmed in the observations. Car-
rier waves in the gamma range (30 − 80 Hz): durations
seldom exceeding 100 ms, diameters seldom exceeding
15 mm; low power in the 1/fa relation. Carrier fre-
quencies in the beta range (12− 30 Hz): durations often
exceeding 100 ms; estimated diameters large enough to
include multiple primary sensory areas and the limbic
system; greater power by 1/fa.

V. FREE ENERGY AND CLASSICALITY

In the frame of the dissipative model one can show
that, provided changes in the inverse temperature β are
slow, the changes in the energy Ea ≡

∑
k EkNak

and in

the entropy Sa are related by

dEa =
∑

k

EkṄak
dt =

1
β

dSa , (2)

i.e. the minimization of the free energy Fa holds at any
t:

dFa = dEa − 1
β

dSa = 0 . (3)

As usual heat is defined as dQ = 1
β dSa. Moreover, the

time-evolution of the state |0(t)〉N at finite volume V
is controlled by the entropy variations, which reflects
the irreversibility of time evolution (breakdown of time-
reversal symmetry) characteristic of dissipative systems,
namely the choice of a privileged direction in time evo-
lution (arrow of time) [11, 44].

Eq. (2) shows that the change in time of the con-
densate, i.e. of the order parameter, turns into heat
dissipation dQ. Therefore the ratio between the rate of
free energy dissipation to the rate of change in the order
parameter is a good measure of the ordering stability.
This is in agreement with observations. Indeed, in terms
of the laboratory observables the rate of change of the
order parameter is specified by the Euclidean distance
De(t) between successive points in the n-space. Typi-
cally De(t) takes large steps between clusters, decreases
to a low value when the trajectory enters a cluster, and
remains low for tens of ms within a frame. Therefore
De(t) serves as a measure of the spatial AM pattern sta-
bility. Empirically [6, 7] it was found that the best pre-
dictor of the onset times of ordered AM patterns was, as
suggested by the dissipative model, the ratio He(t) of the
rate of free energy dissipation to the rate of change in the
order parameter because De(t) falls and A2(t) rises with
wave packet evolution:

He(t) =
A2(t)
De(t)

.

This index is named the pragmatic information index af-
ter Atmanspacher and Scheingraber [52].

Our measurements showed that typically the rate of
change in the instantaneous frequency ω(t) was low in
frames that coincided with low De(t) indicating stabiliza-
tion of frequency as well as AM pattern. Between frames
ω(t) increased often several fold or decreased even below
zero in interframe breaks that repeated at rates in the
theta or alpha range of the EEG [2] (phase slip [53]).

In the dissipative model as well as in the laboratory
observations the time evolution of the brain state is rep-
resented as a trajectory in the brain state space. The
possibility of deriving from the microscopic dynamics the
classicality of such trajectories is one of the merits of the
dissipative many-body field model [11, 12, 51, 54]. These
trajectories are found to be deterministic chaotic trajec-
tories [54, 55], and thus the observed changes in the order
parameter become susceptible to be described in terms
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of trajectories on attractor landscapes. One can show in-
deed that in the brain space the trajectories are classical
and that

i) they are bounded and each trajectory does not in-
tersect itself (trajectories are not periodic).

ii) there are no intersections between trajectories spec-
ified by different initial conditions.

iii) trajectories of different initial conditions are di-
verging trajectories.

The property ii) implies that no confusion or inter-
ference arises among different memories, even as time
evolves. In realistic situations of finite volume, states
with different N labels may have non–zero overlap (non-
vanishing inner products). This means that some asso-
ciation of memories becomes possible. In such a case,
at a “crossing” point between two, or more than two,
trajectories, one can “switch” from one of these trajec-
tories to another one which there crosses. This reminds
us of the “mental switch” occurring, in the perception of
ambiguous figures, or in general, while performing some
perceptual and motor tasks [56, 57] as well as while re-
sorting to free associations in memory tasks [58].

From the property iii) one can derive [54] that the dif-
ference between κ–components of the sets N and N ′ may
become zero at a given time tκ. However, the difference
between the sets N and N ′ does not necessarily become
zero. The N -sets are made up by a large number (in-
finite in the continuum limit) of Naκ(θ, t) components,
and they are different even if a finite number (of zero
measure) of their components are equal (here θ is a con-
venient parameter, see [54, 55]). On the contrary, for
very small δθκ, suppose that ∆t ≡ τmax − τmin, with
τmin and τmax the minimum and the maximum, respec-
tively, of tκ, for all κ’s, be “very small”. Then the N -
sets are “recognized” to be “almost” equal in such a ∆t.
Thus we see how in the “recognition” (or recall) process
it is possible that “slightly different” Naκ–patterns are
“identified” (recognized to be the “same pattern” even if
corresponding to slightly different inputs). Roughly, ∆t
provides a measure of the “recognition time”.

The relevant point, at the present stage of our research,
is that the dissipative model predicts that the system tra-
jectories through its physical phases may be chaotic [54]
and itinerant through a chain of ’attractor ruins’ [59],
embedded in a set of attractor landscapes [60] accessed
serially or merely approached in the coordinated dynam-
ics of a metastable state [61–64]. The manifold on which
the attractor landscapes sit covers as a ”classical blan-
ket” the quantum dynamics going on in each of the rep-
resentations of the CCR’s (the AM patterns recurring
at rates in the theta range (3 − 8 Hz)). The picture
which emerges is that a CS selects a basin of attraction
in the primary sensory cortex to which it converges, often
with very little information as in weak scents, faint clicks,
and weak flashes. The convergence constitutes the pro-
cess of abstraction. The astonishingly low requirements
for information in high-level perception have been amply
demonstrated by recent accomplishments in sensory sub-

stitution [22, 65, 66]. There is an indefinite number of
such basins in each sensory cortical area forming a pliable
and adaptive attractor landscape. Each attractor can be
selected by a stimulus that is an instance of the category
(generalization) that the attractor implements by its AM
pattern. In this view the waking state consists of a col-
lection of potential states, any one of which but only one
at a time can be realized through a phase transition.

VI. FINAL REMARKS AND CONCLUSIONS

In this paper we have compared the predictions of the
dissipative quantum model of brain with the dynami-
cal formation of spatially extended domains in which
widespread cooperation supports brief epochs of pat-
terned oscillations. The model seems to explain two main
features of the neurophysiological data: the coexistence
of physically distinct AM patterns correlated with cat-
egories of conditioned stimuli and the remarkably rapid
onset of AM patterns into irreversible sequences that re-
semble cinematographic frames. A relevant rôle is played
by the main ingredients of the model, namely sponta-
neous breakdown of symmetry and dissipation: each spa-
tial AM pattern is indeed described to be consequent
to spontaneous breakdown of symmetry triggered by ex-
ternal stimulus and is associated with one of the QFT
unitarily inequivalent ground states. Their sequencing is
associated to the non-unitary time evolution implied by
dissipation. Many other features predicted by the model
have been found in agreement with laboratory observa-
tions.

We finally observe that another possible way to break
the symmetry in QFT is to modify the dynamical equa-
tions by adding one or more terms that are explicitly not
consistent with the symmetry transformations (are not
symmetric terms). In QFT this is called explicit break-
down of symmetry. The system is forced by the external
action into a specific non-symmetric state that is deter-
mined by the imposed breaking term. Again this fits well
with our observation in the response of cortex to pertur-
bation by an impulse, such as an electric shock, sensory
click, flash, or touch: the evoked or event-related poten-
tial (ERP). The explicit breakdown in cortical dynamics
is observed by resort to stimulus-locked averaging across
multiple presentations in order to remove or attenuate
the background activity, so as to demonstrate that the
location, intensity and detailed configuration of the ERP
is predominantly determined by the stimulus, so the ERP
can be used as evidence for processing by the cortex of
exogenous information. Contrastingly, in SBS the AM
pattern configurations are determined from information
that is endogenous from the memory store.

The variety of these highly textured AM patterns, their
exceedingly large diameters in comparison to the small
sizes of the component neurons, the long ranges of corre-
lation despite the conduction delays among them, and the
extraordinarily rapid temporal sequence in the neocorti-
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cal phase transitions by which they are selected, provide
the principal justification for exploring the interpretation
of nonlinear brain dynamics in terms of dissipative many-
body theory and multiple ground states to complement
basin-attractor theory.

In conclusion, much work remains to be done in many
research directions, such as the analysis of the interaction
between the boson condensate and the details of the elec-
trochemical neural activity, or the problems of extending
the dissipative many-body model to account for higher
cognitive functions of the brain. At the present status
of our research, the study of the dissipative many-body

dynamics underlying the richness of the laboratory obser-
vations seems to be promising. John von Neumann noted
that “...the mathematical or logical language truly used
by the central nervous system is characterized by less log-
ical and arithmetical depth than what we are normally
used to. ...We require exquisite numerical precision over
many logical steps to achieve what brains accomplish in
very few short steps” (pp.80-81 of [67]). The dissipative
quantum model describing the textured AM patterns and
the sequential phase transitions observed in brain func-
tioning perhaps opens a window on such a view.

[1] W. J. Freeman, B. C.Burke, M. D. Holmes and S. Van-
hatalo, Clin. Neurophysiol. 114, 1055 (2003).

[2] W. J. Freeman, B. C. Burke and M. D. Holmes, Human
Brain Mapping 19 (4), 248 (2003).

[3] W. J. Freeman, Clin. Neurophysiol. 115, 2077 (2004).
[4] W. J. Freeman, Clin. Neurophysiol. 115, 2089 (2004).
[5] W. J. Freeman and G. Vitiello, Phys. of Life Reviews 3,

93 (2006). http://www.arxiv.org/find [Freeman]
q-bio.OT/0511037

[6] W. J. Freeman, Clin. Neurophysiol. 116 (5), 1118 (2005).
[7] W. J. Freeman, Clin. Neurophysiol. 117 (3), 572 (2006).
[8] W. J. Freeman, G. Gaál and R. Jornten, Intern. J. Bifurc.

Chaos 13, 2845 (2003).
[9] W. J. Freeman and L. J. Rogers, Intern. J. Bifurc. Chaos

13, 2867 (2003).
[10] D. S. Bassett, A. Meyer-Lindenberg, S. Achard, T. Duke,

E. Bullmore, PNAS, 103, 19518 (2006).
[11] G. Vitiello, Int. J. Mod. Phys. B 9, 973 (1995).
[12] G. Vitiello, My Double Unveiled. Amsterdam: John Ben-

jamins, 2001.
[13] W. J. Freeman and G. Vitiello, q-bio.NC/0701053v1.
[14] C. Itzykson and J. Zuber, Quantum field theory. New

York: McGraw-Hill, 1980.
[15] H. Umezawa, Advanced field theory: micro, macro and

thermal concepts. New York: American Institute of
Physics, 1993.

[16] P.W. Anderson: Basic Notions of Condensed Matter
Physics. Menlo Park: Benjamin, 1984

[17] W. J. Freeman, Mass Action in the Nervous System. Aca-
demic Press, New York, 1975. Reprinted 2004

[18] W. J. Freeman, Neurodynamics. An Exploration of Meso-
scopic Brain Dynamics. London: Springer-Verlag, 2000.

[19] K. Lashley, The Mechanism of Vision, XVIII, Effects of
Destroying the Visual ”Associative Areas” of the Monkey,
Journal Press, Provincetown MA, 1948

[20] K. H. Pribram, Languages of the Brain. Engelwood Cliffs
NJ: Prentice-Hall, 1971.
K. H. Pribram, Brain and Perception. Hillsdale, New Jer-
sey: Lawrence Erlbaum Associates Publ., 1991.

[21] P. Bach-y-Rita, Nonsynaptic Diffusion Neurotransmis-
sion and Late Brain Reorganization. New York: Demos-
Vermande, 1995.

[22] P. Bach-y-Rita, Ann. N.Y. Acad. Sci 1013, 83 (2004).
P. Bach-y-Rita, Neurosci 4, 183 (2005).

[23] W. J. Freeman, J. Integrative Neuroscience 4 (4), 407
(2005).

[24] D. J. Amit, Modeling Brain Function: The World of At-
tractor Neural Networks, Cambridge: Cambridge Univer-
sity Press, 1989.

[25] A. L. Morrow, P. D. Suzdak and S. M. Paul, Adv.
Biochem. Psychopharmacol. 45, 247 (1988).

[26] T. B. Schillen and P. König, Biol. Cybern. 70, 397 (1994).
[27] P. E. Roland, Brain Activation. New York: Wiley-Liss,

1993
[28] F. Varela, J-P. Lachaux, E. Rodriguez and J. Marinerie,

Nat. Rev. Neurosci. 2, 229 (2002).
[29] C. A. Terzuolo, T. H. Bullock, Proc. Nat. Acad. Sci. USA

42, 687 (1961).
[30] A. van Harreveld, F. I. Khattab, Anat. Rec. 162 (4), 467

(1968).
[31] M. M. Walker, M. E. Bitterman, J. Exp. Biol. 145, 489

(1989).
[32] M. J. Azanza, A. del Moral, Prog. Neurobiol. 44, 517

(1994).
[33] J. R. Dunn, M. Fuller, J. Zoeger, J. Dobson, F. Heller,

J. Hammann, E. Caine and B. M. Moskowitz, Brain Re.s
Bull. 36, 149 (1995).

[34] W. R. Adey, Physiol. Rev. 61, 435 (1981).
[35] L. M. Ricciardi and H. Umezawa, Kibernetik 4, 44

(1967).
[36] C. I. J. Stuart, Y. Takahashi and H. Umezawa, J.Theor.

Biol. 71, 605 (1978); Found. Phys. 9, 301 (1979).
[37] H.Umezawa, Math. Japonica 41, 109 (1995)
[38] E. Del Giudice, S. Doglia, M. Milani and G. Vitiello,

Nucl. Phys. B 251 (FS 13), 375 (1985); Nucl. Phys. B
275 (FS 17), 185 (1986).
E. Del Giudice, G. Preparata and G. Vitiello, Phys. Rev.
Lett. 61, 1085 (1988).

[39] M. Jibu and K. Yasue, Quantum brain dynamics and con-
sciousness. Amsterdam: John Benjamins, 1995.
M. Jibu, K. H. Pribram and K. Yasue, Int. J. Mod. Phys.
B 10, 1735 (1996).

[40] W. J. Freeman, in Neurodynamics of Cognition and Con-
sciousness, R. Kozma and L. Perlovsky Eds., New York,
Springer, 2007

[41] O. Bratteli and D. W. Robinson. Operator Algebra and
Quantum Statistical Mechanics. Berlin: Springer, 1979.

[42] J. von Neumann, Mathematical foundations of Quantum
Mechanics. Princeton: Princeton University Press, 1955.

[43] For quantum mechanical brain models see H. P.
Stapp, Mind, matter an quantum mechanics, New York:
Springer-Verlag 1993/2003; R. Penrose, Shadows of the



9

mind, Oxford: Oxford University Press 1994; S. Hameroff
and R. Penrose, J. Conscious. Stud. 3, 36 (1996).

[44] E. Celeghini, M. Rasetti and G. Vitiello, Annals Phys.
215, 156 (1992).

[45] Y. Takahashi and H. Umezawa, Collective Phenomena
2, 55 (1975); reprinted in Int. J. Mod. Phys. B 10, 1755
(1996).

[46] A. Perelomov: Generalized Coherent States and Their
Applications. Berlin: Springer, 1986.

[47] E. Alfinito, O. Romei and G. Vitiello, Mod. Phys. Lett.
B 16, 93 (2002).

[48] E. Alfinito and G. Vitiello, Phys. Rev. B 65, 054105
(2002).

[49] W. J. Freeman, L. J. Rogers, M. D. Holmes, Silbergeld,
J. Neurosci. Meth. 95, 111 (2000).

[50] H. Haken, Principles of Brain Functioning: A Syner-
getic Approach to Brain Activity, Behavior, and Cogni-
tion. New York: Springer, 1996.
H. Haken. in: Analysis of Neurophysiological Brain Func-
tioning,. C. Uhl (Ed.) Berlin: Springer-Verlag. pp. 7,
1999.
H. Haken, Synergetics: Introduction and Advanced Top-
ics. New York: Springer, 2004

[51] E. Alfinito and G. Vitiello, Int. J. Mod. Phys. B 14 853
(2000). [Erratum-ibid. B 14 1613 (2000)].

[52] H. Atmanspacher and H. Scheingraber, Can. J. Phys. 68,
728 (1990)

[53] A. Pikovsky, M. Rosenblum and J. Kurths, Synchroniza-
tion - A Universal Concept in Non-linear Sciences. Cam-
bridge UK: Cambridge Univ. Press 2001.

[54] E. Pessa and G. Vitiello, Mind and Matter 1 59 (2003).

E. Pessa and G. Vitiello, Intern. J. Modern Physics B 18,
841, (2004).

[55] G. Vitiello, Int. J. Mod. Phys. B 18, 785 (2004)
[56] J. A. S. Kelso, Dynamic Patterns: The Self Organization

of Brain and Behavior. Cambridge: MIT Press, 1995.
[57] J. A. S. Kelso, P. Case, T. Holroyd, E. Horvath, J. Racza-

szek, B. Tuller, M. Ding, in Ambiguity in Mind and Na-
ture, P. Kruse and M. Stadler (eds.). Berlin: Springer,
1995.

[58] M. W. Eysenck, Principles of Cognitive Psychology. Hills-
dale, NJ: Erlbaum, 1994.

[59] I. Tsuda, Behav. Brain Sci. 24, 793, 2001.
[60] C. A. Skarda and W. J. Freeman. Brain Behav. Sci. 10,

161 1987.
[61] S. L. Bressler, Current Directions in Psychological Sci.

11, 58 (2002).
[62] A.A. Fingelkurts , A.A. Fingelkurts, Int J Neurosci 114,

843 (2004).
[63] A.A. Fingelkurts , A.A. Fingelkurts, Brain and Mind 2:

261 (2001).
[64] S.L. Bressler and J.A.S. Kelso, Trends Cog. Sci. 5, 26

(2001).
[65] L. G. Cohen, Celnik P, Pascal-Leone A, Corwell B, Faiz

L, Dambrosia J, Honda M, Sadato N, Gerloff C, Catala
MD, Hallett M, Nature 389, 180 (1997).

[66] L. Von Melchner, Pallas S.L., Sur M., Nature 404, 871
(2000).

[67] J. von Neumann, The Computer and the Brain. New
Haven: Yale University Press, 1958.


