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Statistical Field Theory and Neural Structures Dynamics IV:
Field-Theoretic Formalism for Interacting Collective States

Pierre Gosselin* Aileen Lotz'
May 19, 2024
Abstract

Building upon the findings presented in the first three papers of this series, we formulate
an effective field theory for interacting collective states. These states consist of a large number
of interconnected neurons and are distinguished by their intrinsic activity. The field theory
encompasses an infinite set of fields, each of which characterizes the dynamics of a specific type of
collective state. Interaction terms within the theory drive transitions between various collective
states, allowing us to describe processes such as activation, association, and deactivation of these
states.

1 Introduction

In this series of papers, we present a field-theoretic approach to the dynamics of connectivities within
a set of interacting spiking neurons. In ([6]), we introduced a two-field model that characterizes
both the dynamics of neural activity and the connectivity between points along the thread. The
first field describes the assembly of neurons and is akin to the one introduced in ([5]). The second
field, on the other hand, captures the dynamics of connectivity between cells. Both fields interact
with themselves, representing interactions within the thread, and also interact with each other,
encapsulating the mutual influences between neural activities and connectivities. This field-based
framework encompasses both collective and individual aspects of the system. The system composed
of these two fields is described by a field action functional, which encapsulates the interactions within
the system at the microscopic level. This action functional provides insights into the dynamics of
the entire system.

In ([6]), by focusing on the field for connectivity functions, our framework enabled the deriva-
tion of background fields for both neural interactions and connectivities, which minimize the action
functional. These background fields encompass the collective configurations of the system and
determine the potential static equilibria for neural activities and connectivities. These equilibria
serve as the foundational framework for conditioning and shaping fluctuations and signal propaga-
tion within the system. Their existence is contingent on internal system parameters and external
stimuli. We demonstrated the feasibility of several background states, each associated with specific
connectivities, with the thread primarily organized into groups of interconnected points.

In ([7]), we demonstrated how repeated activations at specific points can propagate throughout
the thread, progressively altering the connectivity functions. We discussed interference phenomena
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and their influence on connectivities. At points of constructive interference, the background state
for connectivities and average connectivities is modified, leading to the emergence of states with
enhanced connectivities between certain points. These states gradually fade over time but can
be reactivated by external perturbations. Furthermore, the association of these emerging states
is possible when their activation occurs at closed times. Activating any of these states rekindles
their combination. These enhanced connectivity states exhibit characteristics typical of interacting
partial neuronal assemblies.

In Article ([8]), we expanded this approach by focusing on the system of connectivities itself.
Expressing the individual cells background field as an effective quantity depending on the connec-
tivity field, we described the effective dynamics of the connectivity fields. The ntegration of the cell
field degrees of freedom led to self-interactions for the connectivity field. This introduced internal
dynamics that could modify the static background state we initially started with at some points of
the thread. The self-interactions, possibly induced by specific perturbations, initiated internal pat-
terns of connections between cells. Depending on various internal parameters, permanent shifts in
the background states of connectivity in specific areas of the thread arise while others remain unaf-
fected. This effective theory also allowed us to elucidate the mechanisms behind the reinforcement
of connectivities between multiple cells and the emergence of groups with altered connectivities.
These collective shifts can be seen as additional structures that emerge above the background field,
but whose possibility of emergence depends on these background fields.

The emergence of such states brings about a shift in perspective. In our previous works,
collective states emerged from interactions within the entire self-interacting system of neurons
and consisted of a large number of interacting individual states. Here, conversely, the dynamics of
individual neurons take on a secondary role as they contribute to one or several connected states.
Cells may exhibit varying activation patterns depending on their involvement in collective patterns.
The collective states become prominent and determine the individual neurons’activity.

Further investigation of the implications of our formalism should prompt us to explicitly consider
families of collective states, including the possibility for multiple activations or deactivations of such
states. In other words, we should contemplate an effective field theory for emerging and interacting
states in its own right. This constitutes the focus of the present study.

Building upon our prior research, this paper establishes a formalism for interacting collective sets
of connectivities. By directly considering these emerging states as our starting point, we introduce
an effective field formalism to describe their dynamics and interactions. This process unfolds in two
stages. Initially, assuming the existence of such states, we elucidate their principal attributes as
assemblies of individual states. These structures are characterized by various parameters, including
their spatial extent, the average connectivities between their constituent elements, and the activities
of each element. The activities exhibit potential dynamic oscillations whose frequencies play a role
in interactions with other structures. Importantly, these parameters are not unique. In fact, the
same structure can be described by a discrete, and potentially infinite, set of parameters, each
corresponding to different possible average connectivities and activity frequencies. As a result, a
structure may exist in different states and may undergo transitions between these states.

To account for the existence of multiple states and transitions between them, we then develop
a field theoretic model of collective states. We introduce a field for each possible structure, so that
the states of this field representing activations or multiple activations of the structure. The action
functional describes not only the primary characteristics of these states but also their dynamic
interactions. The field formalism enables the activation or deactivation of these structures, as well as
transitions of the same structure between states induced by interactions or external perturbations.
Consequently, a single structure may experience activation or deactivation, which, in turn, may
activate other structures. In this context, state transitions of a given structure and the associated



modifications in terms of connectivities and activity frequencies can facilitate or inhibit interactions
with other collective states, resulting in synchronization or desynchronization with other structures.

The interactions between collective states also involve mechanisms that describe the assembly
of some states to create a larger set. An effective formalism, based on the integration of intermedi-
ate degrees of freedom, characterizes the binding of several structures through indirect interactions
mediated by intermediate collective states. This effective formalism is presented in two alternative
ways: a field formalism in which several structures are projected in their background state, depend-
ing on their interactions with others, and a perturbation formalism that enables the extraction of
the interaction content of the bound structures.

This work is organized as follows. The first part describes the emergence of collective states
from the formalism developed in our previous works and their properties. Starting from the field
formalism for neurons and connectivities in Section 2, we recall the concept of a background field
for the system. We provide conditions for the emergence of enhanced activation between large sets
of cells and describe the characteristics of such states. Section 3 reviews the definition and the
principles of deriving the background field, as presented in ([6]). Section 4 outlines the effective
formalism for emerging collective states, which was developed in ([7]) and ([8]). In Section 5, we
derive the characteristics of these states, including enhanced connectivities and multiple activity
frequencies. Section 6 anticipates the formalism of the second part by describing the characteristics
of composed collective states involving different types of cell fields. This allows in Section 7 to
consider transitions of several collective states to form a composite one. This description serves as
a guide for the next part, which significantly expands upon this approach through the cell states
formalism.

The second part of this article develops the field formalism for a large number of interacting
collective states. Section 8 elaborates on this field formalism, beginning with collective states
as basic elements and then constructing the associated field approach. Section 9 incorporates
interactions between structures.

The third part of this work describes the different mechanisms of dynamical transitions im-
plied by the formalism, providing several examples of these mechanisms. In Section 10, we present
three approaches to transitions between structures. The first approach is based on a perturbative
expansion, allowing for a straightforward description of transition mechanisms induced by inter-
actions but misses non-perturbative effects. The second approach is an effective formalism that
helps understand how some structures, considered as backgrounds, can initiate activations of other
structures. Two examples are presented. Then, an operator formalism that elucidates how indi-
rect interactions can bind several structures is developed. Section 11 presents the application of
the effective and perturbative formalism to a system with three structures. Section 12 extends
the formalism by introducing an extension considering non-localized structures. Section 13 is a
conclusion.

I Field theory, emergence and description of
collective states

In this first part, we start by revisiting the foundational model developed in ([6]), ([7]) and ([8]),
along with the pertinent results relevant to our present study. In ([8]), we derived the possibility
of emerging collective states above some given background. We conducted an examination of the
associated modification to the background state, interpreting these modifications as distinct states



themselves. While we partially described their interactions, a comprehensive elucidation of their
properties in terms of activities or connectivity frequencies remained incomplete. The primary
objective of this first part, therefore, is to further elucidate the characteristics of these emerging
states. Ultimately, by qualitatively exploring the transitions between various states, we will pave
the way for the field formalism in the subsequent part of this paper.

2 Field theoretic description of the system

In the three next sections, we sum-up some results of the previous papers of this series. Then, we
focus on the effective action for connectivity field.
2.1 Fields and action functional

Based on [1][2][3][4], we gave in (([6]), resume in ([7])) a statistical field formalism to describe
both cells and connectivities dynamics. This decription relies on two fields, ¥ for cells, and T" for
connectivities. The field action for the system is:

2
Stan = —%\Iﬁ 0, 2,0)V (%v — Wt (J,e, 7z, |x1:|2)) U (0,2)+ V(1) (1)
1
3 (s + 5+ 52 + 88 + () + v ({Ir 0.2, 2/, ¢, D)}

where the activities w (J, 0,7, |\I/|2) satisfy:

. w(e_‘Z_CZﬂ,Zl) |Z_le 2
w (J,@,Z7|\IJ|2) =G|J(O)+ N/T(Z7 71,0) "I’ (9— 7,Zl> dZ, (2)
(&

w(0,2)

and Sél), Séz), Sﬁg), S§4) are given in appendix 1. In (1), we added a potential:

U ({|r 0,2,7'.C, D)|2}) —U </T ’r (T,T,e, 7,7'.C, D) ‘2 deT>

that models the constraint about the number of active connections in the system.

2.2 Interpretation of the various field

The action functional depends on two distinct fields: ¥ (0,7) and T (T, 1.0,2,7',C, D). These
abstract quantities play a crucial role in deriving the comprehensive dynamics of the entire system
and subsequently, in the analysis of transitions between distinct states. However, the squared
modulus of these two functions can be interpreted in terms of statistical distribution, depending on
the chosen framework. If we consider a system comprised of simple cells distributed along a thread,
the function |¥ (9, Z)|> measures at time 6, the density of active cells at point Z. In the context of
complex cells with multiple axons and dendrites, we can regard each cell as residing at point Z,
and |¥ (6, Z)|” measures the density of axons for that particular cell. A similar interpretation can
be applied to T (T, 1.0,7,7',C, D). Within the framework of a system composed of simple cells

~ 2
"accumulated’ in the vicinity of Z, }F (T, 1,0,72,7',C, D)} quantifies the density of connections

with the value T (and auxiliary variables T', C, D between the set of cells plying at points Z and
Z' respectivly. In the context of complex cells, it characterizes the density of connections with
strength T between sets of axons and dendrites of the cells.



3 Derivation of background fields of the model

In the previous parts, we derived the background fields of the system described above. We con-
sidered first that the evolution for activity is at a faster pace than the dynamics of connectivits
described by 3 5.

Starting by saddle point equations for:

1 f O'g -1 2
5 0.2)V (HV - w (J,@,Z,|\I/|) v (0,2)+V (V)

allowed to describe the background states for ¥ (0, Z) and activity w™?! (J,G,Z, |\IJ|2) as a function

of connectvity T" (T, 1.0,2.2',C, D) (see appendix 1) for more details.
We then minimized the action for connectivties:

55 5¢" DI

ST (T, 7.0, 2, Z’) T (T, 7.0, 2, Z’) -

and obtained the background field for this field along with the associated average values of con-
nectivities and activities. The relevant formulas are given in appendix 1. It is important to note
that various background fields are conceivable, contingent upon specific external conditions. This,
in turn, results in several potential configurations of average connectivities. When subjected to
external perturbations, we observed that configurations featuring localized clusters of heightened
connectivities were favored, with these clusters partially connected!. In other words perturbations
around the background state induce emergence of collective states, but this emergence is condi-
tioned by the background states.

4  Effective formalism and emerging connectivity collective states

4.1 Effective action for variation around the background field.

Pertubations and internal dynamics in a given background obtained by expansion of action around
this background. We where led to define:

r (T, 7,07, Z’) — 1, (1,7,6,2, Z’) + AT (T,T,e, Z, Z’)

rf (T, 7,02, Z’) Tl (T, 7,02, Z’) + AT (T, 7.0, 2, Z’)

where Ty and T} are the background fields. _
A second order expansion around the background fields I'y and T which minimize 3 Sg) led to
the effective action for the connectivity field. Formally, this effective action is given by:

235
SAT (T, 7.0,7, Z’) SAT' (T, 7.9, 2, Z’)

s (AF (T, 7.9, 2, Z’)) — ATt (T, 7.0,7, Z') AT (T, 7.0,7, Z')

This effective action above the background field will be the starting point of a formalism of collective

'Formulas for the averages are detailed in the appendix.



states. Its expanded form is given by?:
s (AF (T, 7.9, 7, Z’)) (3)

YN (T,T,e, Z Z’) <vT (vT + %)) AT (T, 7.0, 2, Z’)

~AT(T,7,0,2,2') ¥y (V4 + |90 (2,2 AT) AT (T,7,0,7,2") = V (AT, ATY)
+Uar (AT (2, 2)|)
where the average field | ¥, (Z, Z’ )}2 is defined by:

p(C0) 190 (2) w0 (2) + D (O) T %0 (2] wo (7))

¥y (2,2 =
[%0(2.2)| wo (Z)
and the potential V (AL, AT'Y) is:
V (AT, ATT) = AT (T, 7.0.7, Z’) (4)
pD () <T> o (2))? ) -1 | AT|AT (61, 21, Z})| A
. I _ I ’ ’ 71 /
X (vT ( e T(1 (1+ <|x11F| >) T) 0 — AT (T,T,e, Z,Z)
The expression for the kernel of the operator O is given by:
D Z=21o (2 -2 (VY Vi Viw(2)
O(szazl)_ c V‘914_ 2 2 + 2c2 2 (5)

The variables AT and AT are the deviations of connectivities with respect to the averages:

AT = T—(T)

At = 7 (T)
with (T") and <T> are averages of T and 7' in the background field. The potential
Uar (lIAr (2.2)))
is the second order expansion of U ({|F 0,2,7'C, D)|2}) around Ty and I

4.2 Static collective states

In ([8]), we derived the conditions of existence for collective states of the effective action (3). Such
state are described as a collection of shifted states. The values of these shifts depend both on
the characteristics of the background field and the potential Uar. For shifted states, the average
connectivities are modified: <T> — <T> + <AT> and (T) — (T') + (AT), where the values of the shift

<AT> and (AT) are computed in ([8]). For later purposes, in appendix 1 we recall the derivation

of these states and the associated average shifts along with the description of collective states.

2See [8] and appendix 1 for a summary of the derivation



4.2.1 Formula for shifted states

The static collective states are described by a set W of doublet, such that if (Z,2’) € W The
solutions to the saddle point equation of (3) at these points become:

AT (T, 7.0, 2, Z’) (6)

— exp (—% (AT—@)t U (AT—<AT>)>

x Hy, <(AT’_@/) oAy (AT'_<AT>’)2) Hy s <(AT’_@/)2 TpA- (AT'—@/L)

2 2¢/2 — 2v/2
and:
ar} (1,7,0,2,2') (7)
/ N OTA+ / / , N TpA- : /
= i, ((AT —@)2 N (AT —@)2) H,y_s ((AT _(AT) )2 2T—\/§ (AT —(AT) )2>

where H, and H,_; are Hermite polynomials.
The variables involved are:

AT — (AT)
AT-(AT) = | 7 AT> (8)
P

AT —(AT) =

The matrices and parameters involved are provided in the appendices, along with the formula for
(AT), <AT>.

. 2
The density of connectivities between Z and Z’ is given by ‘AF(; (T, T,0, 7, Z’)’ and can be

understood as follows: regardless of how the system is interpreted, whether as a set of groups of
simple cells or single complex cells at each point, the stable backgrounds are not defined with a
specific connectivity value. On the contrary, the background states are described by a distribution
around some average value. In other words, the cells or groups of axons/dendrites are connected
with srength of connectivities that are distributed around this average.

4.2.2 Average shifts

When a shifted state exists, the average shifts are given by:

(AT) = o)) <p‘% =) > (1) )

T D O)(T) w0 (2 ks AT .
and:
()T = A(AT) (10)
with: .
DO (D)@
Al(Z,Z)Z Al(sz)
w0 (Z)
and:

;

(1,7,0,2,2")



AT

A~—=A T (11)

1
v

4.2.3 Conditions for shifted state

Shifted connectivities emerge at certain points under stability conditions. Depending on the po-
tential and the activity of cells at these points, connectivity may either be enhanced or reduced.
We established the conditions for the existence of a shift in a previous work ([8]). The existence
conditions for such a set depend on the background |¥, (Z)|* and the potential U

(o) = (u+0)| < \/ ~8Uar (IIAT (2. 2)|13,) ULy (IAT (2.2 3) (12)

where ||AT (Z, 2")||%. is the minimum of the potential Uar at (Z, Z') and:

min

_ % @)
Two (Z)
[Wo (2)1 he (wo (2)) [Wo (Z') hp (wo (Z"))
R N ¢ B v
. — AW (2)
o wo(Z)

The bracket (u + v) represents the average of u+wv over the entire space. Therefore, the condition
(12) for a shift is relative. The main factor for allowing the emergence of modified connectivities is
the relative level of activity and frequencies with respect to the entire system.

This condition means that, in first approximation, |¥q (Z )|2 must be below a threshold provided
by the right-hand-side of (12) for a state with enhanced connectivities to exist.

5 Description of dynamic emergent collective states

Our earlier results were obtained by averaging over the entire system to identify the elements that
would become activated when connectivity was modified. However, the resulting states themselves
were not extensively studied, especially in terms of their group interactions or the interactions
between different potential collective states. Additionally, there was no mention of the activities
associated with these possible states.

In the current context, when a group of states experiences a shift in connectivity, these states are
expected to interact collectively due to these changes. Furthermore, several group of states should
interact with each other. These interactions are contingent upon the activities of each constituent
element within the group. The primary objective is to describe the characteristic activity patterns
for such independent groups of interconnected cells and investigate the role of these characteristics
in their interactions.

To achieve this, we need to introduce dynamic aspects into the description of collective states
and expand the formalism to encompass interacting groups of collective states. This begins with
a reworking of (3) to incorporate dynamic aspects of interactions between elements within the
activated group. In ([8]), the effective action (3) was initially derived to ascertain conditions
for the emergence of states, and it was sufficient to work with the neurons background activity.
Consequently, we will assume that neuronal activity is given by:

w (9, z, |\p|2) — w0 (2) + Aw (9, z, |\IJ|2)

8



where Aw (9, Z, |\If|2) is the internal activity of the group. We will find the formula for the possible
values Aw (9, Z, |\I/|2) and this will describe the set of possible activities for the emerging states. In

fact we will look specifically for stable oscillating forms for Aw (9, Z, |\I/|2). This choice is justified

in detail in appendices 2 and 3 based on ([5]), ([6]), ([7]). The reason relies on a field-theoretic
perturbative argument in ([5]): a perturbation in activities modifies the background state ¥ which
compensate any dampening or enhancement in activity oscillations, resulting in stable patterns.

5.1 Effective action

We assume the existence of states with finite set S? = {(Z,Z’)}, with HAF (T,T,@,Z, Z’)

Introducing the averages:
((AT}, <AT>)

that are both implicitely dependent on doublet of points (Z, Z'), we can rewrite the effective action
(3) for the elements of the group of activated states as:

2
’ £ 08,

S (AF (T, 7.0,7, Z’)) (13)

(AT_@)_A(AT_@_@)

r (wo (Z) + Aw (9,2, |\11|2))

— _ATt (T,T,Q,Z,Z’) Ve | Vo + AF(T,T,@,Z,Z’)

ATt (1,7,6,2,2') V5 <vT + [0y (2,2))° <AT - <AT>)> AT (T.1,6,2,2") + Uar (AT (2,2)))

Where the sum over Z € S and Z’ € S is implicit. However, this formula relies on the averages
background activities wg (Z), since it was designed to find average conditions for emergence of
modified states. Once a set of cells are activated, their interaction implies some additional activity
frequency Aw (9, Z, |\I/|2) inducing a modification of action that becomes:

$(ar(1,7,0,2,2')) = s (ar (1.7,6,2,2')) - AV (AT, ATY) (14)
where:
AV (Ar,ArY) = ATt (1,7,0,2,2') (15)
. N2 o w |z—2z'| w (0.7, 10
. p(D(6)<T>|\IJO(Z)| (((z 2') (V7 + Vawo (2)) + 2= )A (9Z|\11| )))

wo (Z) + Aw (9, Z, |\1/|2)

% AT (T, 7.0,7, Z')

This additional term is similar to the potential (4) but accounts for an additional interaction
between the activated elements as implied by the terms Aw (9, Z, |\IJ|2). Eventhough similar to (4),
this term was not present in (3) since this action describes the possibility of emerging groups, not
the internal dynamics of such states.

To consider the possible dynamics of the group as a whole, we first consider its possible dynamic
activities given its shape and connectivity magnitude.

3The condition of existence for such collective state in a dynamic context is discussed below.



5.2 Dynamic activities Aw (6, Z, |\If\2) of collective stats

In a state with S? = {(Z,Z’)}, we aim at finding the possible activity frequencies w (H,Z, |\I/|2)
associated to the state AT. We consider the state {AT (Z,Z’)} as a system with its own associated
activity Aw (9, Z, |\I/|2) in the given background field |¥|?.

To find w (9, Z, |\I/|2), we start with the defining equation:
(wo + Aw) (0,7, [9*)

- o (w0 + Aw) (1,6~ 240 7, 0) (T) +(AT)) (2,6, 2,0 - Z41) Z— 12|
- ¢ (/N (wo + Aw) (1,0, 2, [9]%) ‘\IJ <9_ ’Zl)

2
dZ

The notation wy + Aw stands for the background plus modified activity and (T") + (AT) is the
sum of the average connectivty in the background state plus the average modification when the
shift occurs.

We show in appendix 3 that Aw™! (9, Z, |\If|2) decomposes into a static part and a variable part.

5.2.1 Static part of the activities
We decompose the additional activity into a static and a dynamic contribution:
Aw (0,2,19) = B2 (2,19 ) + Awp (9,7, [9?)
so that the overall activity is:
w (9, Z, |\11|2) = wy (Z) + Bw (Z, |x1/|2) + Awp (9, Z, |\11|2)
The static part of the activity:

ws (2.19)°) = wo (2) + B (2. |9]°)

satisfies:
ws (Z7|\Ij|2)
_ ol [Ees( 20 (T) +(AT) (2,6, 21) o v 0y
( u wS(J,ZJ\m?) |V (Z21)|" dZy

The notation wy + Aw stands for the background plus modified activity.
Using that the modifications states is a group over a bounded domain and involve some finite
number of points we find the equation for the static modification at each point Z; of this group:

2) _ k ws (2, %) (T) + (AT)) (Zi, Z;) \p2
wg (Zi,|\IJ| ) =G ( j N 5 s (Zi,|\ll|2) | (Z;)] )

with solution:
ws (Z,T, |x1/|2) =wo(2) +Dw (z,T, |x1/|2)

where wg (Z, T, |\IJ|2) is the vector with coordinates wg (Zl-, |\I/|2).

10



5.2.2 Variable oscillatory part of the activities
The variable part is a first order variation:

Awp (J,o,z, |\IJ|2)

In fact this variable part should induce some fluctuations in |¥|>. We show in appendix 2 that we
can equivalently consider |¥|? to remain constant while the variable part exhibits stable oscillations.
Therefore, in a first approximation, we can investigate stable oscillations for Aw (J, 0,7, |\IJ|2).
Using the fact that the modified states form a group over a bounded domain and involve a finite
number of points we find in appendix 3 the equation for this modification at each point Z; of this
group:
2 7 Zi — Zj]
Awp (e,zi,|\11| ) =>"T(2:,2;) Awp (0 - 228 7, W (16)
3 C
J

where:
gy B 1 (- T(Zi, Zj) ws (J, Z;,0) [V (Z;)]?
T(Z;,Z;) = NG’ (G 1 (wsl (J, Z, |\1;|2))) = (Gq (wgl (J, 27 |J\I/|2§)) wsg i Zho\p) iw% (LL Z, |\I,|2)

Appendix 3 shows the existence of stable oscillatory solutions:

1 t
Awp (9, Z, |\I/|2) =A(Z) <1, (1 —Texp (—iTpM)> Ty (Z) exp (—iTp |AZ1|>> exp (i) (’i‘) 9)
C C
(17)
where Awp (9,Z,|\I/|2) and Ty (Z) are vectors with coordinates Awp (J,H,Zi,|\11|2) and T (Z1,Z;)
respectively. The point Z; is an arbitrary point chosen in the group and A (Z;) is the amplitude of
Awp at some given 7.

The matrix T has elements T (Z;, Z;) and the frequencies Y, (T) belong to a discrete set satis-
fying the equation:

det (1 —T(Zi,Zj)eXp (—’LT;DM)> =0 (18)
C
The possible oscillatory activities associated to the assembly is thus given by the sets:
{ta@) o (T2 2 )

where p refers to the frequencies T, solutions of (16):

. ) . Zi — Zj
A(Zi) = A(Z) T (2, Z;) exp <—2Tp (T (2. 2))}) %)
J#i
the Y, (T (Z;,Z;)) are solutions of (18).
5.2.3 Overall activity of the collective state
Gathering (16) and (17), the solution for the specific frequencies of the group is:

Aw 97 Zi; Tv |\I/|2)

(
- M(Z,T, |\1/|2)

LA(Z) (1, (1 ~Fexp <_mp (1) 122 > ) TR @ ew <_mp (1) Lf”) ) . (i, (T) 0)

¢ 1
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where:

(Ty(2)), = T (Z, %)
T, (T) = 1, ({T(Z.2)})

The amplitde A (Z;) for oscillations is not arbitrary. Actually, we show in Part 0 that A (Z;) depends
on the parameters of the system, the field ¥y, th bckgr ctv wy and the potential for ¥.

5.3 averages computations for activated states

Now, considering (14) for the group of shifted states, we rewrite the action taking into account
their particular interactions. Having obtained the frequencies, we can come back to the action
minimization and compute the connectivity states along with average connectivities. To do so, we
replace in (15) (see ([8])):

(((z = 2) (V2 + Yz (w0 + D) (2,19F)) + @) Aw (0,7, |x1/|2)> (19)

Z - Z'|
&
! 2
= g|Z—Z|Aw(9,Z,|\I!| )

Aw (9, Z, |\1/|2)

At the connectivity time scale we replace Aw (9, Z, |\I/|2) by its static part Aw (Z, |\I/|2). Replacing
this formula in (15), using (14) and (13), leads to the following action:

$ (AF (T, 7.0,7, Z’)) (20)

(AT - (aT)) - A <AT - <AT>)

TWs (Z, |\1/|2)

— _Art (T, 70,7, Z') Vo | Vo + w0, 2)% | | AT (T, 7,0, Z')
_ATY (T, 7.0, 2, Z’) Vs <VT + [0y (2, 2)) <AT - <<AT> A% <T>)>) AT (T, 7.0, 2, Z’)
+Uar (JIAT (2.2))
with:
wg = wo + Aw

nd:
& (D@ (T) 1o (2)7|Z - 7' B (2, [9F))

AT = (C’ (0) o (Z)|2w5 (Z, |\I/|2) +D(0) <T> [T (Z’)|2 (WO +M) (Z’, |\IJ|2))

(21)

Then we define (AT) and <AT> as solutions of:




The first equation defines the set (AT) and the second one yields <AT> Writing: <A“T> =
w, the averaged equation becomes:
(AT) — (AT)
S (22)
D) (T) 190 (217 - 7' 6B (2,(T) + (AT) | )
(C0)190 (2)P ws (2,(T) + (AT, [9) + D (0) (T ) 1%0 (2) ws (7', (T) + (AT) | ¥]*) )

There are several solutions:

((AT}“,<AT> ) (23)
For each of these solutions, a sequence of frequencies (Tg‘) satisfying (18) are compatible. The
variable contribution of activities is given by:

Awg (6,7, AT) = B (2,7, 19 ) + (Ng) ™ Awg exp <—iT?—|ACZi|)

(N2)(2.2) = (5ij = ATz, z)) xP (_m)@))_l

5.4 Form of the activated state

where:

We will now derive the formula for AT' and its conjugate AI'! in the activated state. In appendix
1, we show that after a change of variables, as (20), the effective action rewrites :

S (AI‘ (T, 7.0,7, Z’)) (24)

— _Art (T, 7,0, Z’) (v‘f‘T + V2 - (AT— (AT>Z‘)t Ag (AT— <AT>;})> AT (T, 70,2, Z’)

1
2

O (2,2 ‘AF (T,T,o,z, Z’) ’

and that the minimization equations leads to the activated state:

ar=T] ’(AT> (2,2),(AT)(2,2),0(2,2),p(2,7))) = |a.p, 5%) (25)

with S? = {(Z,Z’)} where the states are activated. In a developped form, this state is given by
formula similar to (6) and (7):

‘a,p,5’2> (26)
— exp <—% (AT— <AT>Z‘)tAZ°; (AT— <AT>;‘)) H, (% (AT— <AT>Z‘)tAZ°; (AT— <AT>;;))
i, (A amy) (03), (a-amy), ) o (AT (a1 (D7), (AT (aT)). )

2

with the conjugate:

ATT = <a,p,5’2’ (27)
H, ((AT’— <AT>;‘)j (D2), (AT'— (AT}?)?) H,y_s ((AT’— (AT>;‘): (DY), (AT’— <AT>Z‘)t)

2

t
where H, and H,_; are Hermite polynomials. The coordinates (AT’ - (AT>Z) L 28 well as elements

(Dg), are obtained through the diagonalization of A{.
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6 Collective state for n interacting fields

In this section, we explore collective states that emerge from the interactions of various types
of fields. This section follows a similar structure to the previous one. We begin by revisiting the
findings from ([8]) and then delve into the dynamic collective states that result from the interactions
within the system. This generalization will be used in the following section when we discuss the
transition from a system with multiple collective states (one for each field type) to a state that
combines each type of cells. Consequently, introducing the extended field formalism for collective
states developed in ([7]) and ([8]) becomes useful. Describing the formalism for collective states
involving n different fields will allow us to compare multiple collective states, each associated with
a specific field, to a single state resulting from interactions and mergers. This, in turn, will provide
insights for developing a formalism for transitions between collective states.

6.1 General set up

We saw in ([6]) how to describe n interacting types of cells, with arbitrary interactions. Each type
of cells is caracterized by its activity ¢« = 1,...,n, and interacts either positively or negatively with
each other. Each type is defined by a field ¥; and activities w; (9, Z). The system is described by
a sum of terms similar to (1):

2
T _%\Ilj 0,2)V <%v —w; ! (J,@,Z, (|\11k|2) )) U, (0,2) +V (¥;) (28)

k<n

L (g0, o), ¢@ | ¢® , ¢@ 3 / 2
+2—772 (Srij + 5y + 5, 5 Srij) U ('F” 6.2,2.¢,D) )ién,j@z
The field T';; describes the connectivities between types ¢ and j. The functionals Sg_)_ involve T';;
and U, (6, Z) and ¥; (0, Z). The formula are given in appendix 4. As in the one field case, we replace
U, (0, Z) and w{l by functionals of I';; (6, Z,Z',C, D).
Then the background fields are derived by minimizing:

5y 5 Y S

SATT, (T, 7.9, 2, Z’) " sary, (T, 7.0, 2, Z’) B

We obtain the background for this field along with the associated average values of connectivities
and activities. The average connectivity functions (T;;) is given by:

~ 2
L (TijaTij,e, Z, Z/acijaDij)

(Tij) (2, Z1) :/Ti’

and the equilibrium static activities are derived as functions of the non interacting activities, under
the assumption:
GYT; << Ty fori # j

that is in limit of weak interaction between different fields*. The formula are recalled in appendix
4.

4The matrix G* describes the interaction between these different types of fields (see appendix 4).
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6.2 Effective action for collective states of several type of interacting structures
6.2.1 Effective action without collective internal dynamics

As in ([8]), the effective action involving n field is obtained directly by a second order expansion
around the background field minimizing > Séz). This leads to the effective action for connectivities.
Formally it is given by:

2 sY
SAT (T, 7.0,7, Z’) SATT (T, 7.9, 2, Z’)

s (AF (T, 7.9, 2, Z’)) — ATt (T, 7.0,7, Z') AT (T, 7.0,7, Z')

Modifying (3) and (4) to the case of several fields leads to:
S (Arij (T, 7,0, z)) (29)
— Arf, (T, 70,2, Z’) (VT (VT + % (0, Z)|2)> AT (T, 7,0, Z’)
+AT (T, 7.0, 2, Z’) v, (v + W (2, 2)|) (TJ - <TJ>)) AT; (T, 7.6, 2, Z’) S v (AF”,AFT)

+UAF1'J' <(|AFZ] (9725 Z/,C,D)|2)_< < >
i<n,j<n

with:
Gy (2,2 = p (C (0) [Woi (2)*wi (2) + D (0) Ti; |o; (2)]* w; (Z'))
wi (Z)
v (ary,arly) = arl, (1;,7.6,2,2') (30)
o O L O e N N e )
’ woi (%) N v Y ’ T;;jA2
X AT (Tij, 7,0, 7, Z’)
and: , , ,
0; (Z,Z’,Zl):—|Z_CZ/|V91+ (ZI;Z) (V; +%—M> (31)
ATy = T —(Tyj)
AT = Ty - <T>ij

with (T;;) and < > are the connectivities averages in the background field. The potential:
UAFM ((|AF’LJ (H,Z,Z 705 D)| )zgnjgn)

is the second order expansion of U <(|Fij 0,2,7',C, D)|2) > around the background field.

SVASL
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6.2.2 Effective action including internal dynamics

Introducing the average modifications ((ATm, <AT13>> of (ATZ-J-, Aﬁj) and including internal dy-

namics leads to consider the generalization of (13) and (14):

S (Arij (TJ 7,0, 7, Z’)) =S (Arij (TZ—J-,TZ-J-, 0,7, Z’)) — AV (Arij, AI‘Ij) (32)
wth:

S (Arij (T, 7::,0,7, Z’)) (33)

(ATZ-J- - &) —A (ATU - @)

7 (w0 (Z2) + Aw;) (9, Z, |\1/1-|2)

= —Ar (Tij,Tij,e,Z,Zl) Vr, | Vo, + AT, (TipTij,@aZ,ZI)

_AFL‘ (TijaTijae, Z, ZI) vf’ij <VTij + |Woi; (2, Z')‘2 (ATij _M>) Al (Tij,Tij’e’ B Z/)
+Uar;; (('AFU 9,2,2',C, D)|2)i<n7j<">

As before Aw; (9, Z, |\IJZ-|2) is some additional activity inducing a modification of action. In the
sequel, we write:

wi (0.2,10:1°) =wio (2. 1W) + D, (0.2, W)

where the static part is wrttn:
(ws), (2. 1Wi*) = wio (2,19:°) + By (2, W)

and the dynamic part is (Awp); (9, Z, |\I!Z-|2) so that the decomposition between static and dynamic
part of activity is:

wi (9, Z, |\111-|2) = (ws), (z, |\111-|2) + (Awp), (9, Z, |\Ifi|2)
The potential V (AFU, Al“jj) is:

v (ary,arl) = —ar), (1;,7;,0.2,2')

[ (DO (T 100; (21 (tws),(2) (B, (0 2L 27 w0y ) = (), (2) (D), (8.2, 190) )

N—

(ws); (2))*

XAFij (Tiijij; 9, Z, Z/)

Given our assumptions, the interaction V is of relatively small magnitude between two different
type of fields. Thus, describing the full collective state relies on mixing non interacting states.

6.3 Activities for collective several types of fields

The previous results generalize for a state composed of several type of fields. We consider both the
static and variable components of activity. In this section indices ¢ and j denote the distinct types
of fields. We consider several groups of points {a;}, {b;},... Summing over the entire group will be
denoted by {{b;}}. We define |¥|* = {|\I/i|2}, ¥ = {¥,;}. The derivation is similar to the case of a
single type of field.

16



6.3.1 Static part of activity

The static part of activity for the i-th group at Z,, is denoted w; ! (Zai, |\IJ|2) and solves:

s), (Zasl¥F) =G| > %G@-(“S% (25, %5) (T) <Zi,zj>f2<AT><zi,zj>>
o (w5); (Zoor 1 0:1%)

6.3.2 Variable oscillarory part of activity

v, (2,) ‘2 (35)

To find the dynamic part of activities in intrction, we expand (38) around (39) in appendix 5. We
find:

(Awp), (Zaz'7 |\IJ|2)

‘Zai -2, ( ’Zal. 7y, (
wi |0 ——F—22; | Tij | Za;» Zb;,0 — ———-
AG| S Zgu
{n™ i e )

As for one field case, we can neglect:

2
Zo, — T,

J

A

v, (9 . Z>

and we obtain the following relation:

(Awp), (9,Zai, I‘I’IQ) = > Ty (Zai,ij) (Awp),, (J,e i ,ij,\l/> (36)
{{v}}
where:
Ty (zaz.,zbj) - ¢ (G*l ((ws);l (z |\1/|2))) (37)
P (ws); (ij) (Ti5) (Zaw ij) 2

X —g"

AT Cal (RAI T ) F L

The solution of (36) was given before. Defining:

Ai(Za) = > A5 (2,) Tij (Zags Z1,) exo (—m,, ({7 (Zan 2,) }) @)
{{vi}}
the solution is:
Aw; (9, Z,.,T, |\1/|2)
= Aw;(Za;,T)
+{{Z}}A (ij) (1, (1 — Texp (—mrp (T) |ACZ|)>_1T(Z) exp (—m, (T) |ACZI|>> exp (iY, (T
bj 1



where we defined:
v (7))

However, to describe interactions between different collective states and transition between them,
it is useful to describe the equilibrium frequencies of oscillations in the activity of a mixed state as
a function of the frequencies of collective states of different types.

6.4 Activities and frequencies for interacting collective states as function of non
interacting states

We formulate the activity equations for a collective state by considering separately the different
type of collectives states involved in this state. The activity equations for each type are influenced
by the activities of other types. The equations for activities of the i-th group as:

(3 (Zai,e)
’ZGFZ”J" ‘Z"fzbj‘
Wi 0 — f,ij (TZJ-FATZJ) Zai,ij,G— — 7
K i _ e
A DIDIE L Ao, (Zo0) il c
7 {es}

where as in the previous section:
w{l (Zai79) = wz‘TJl (Zai) + Aw[l (Zai’e)

Said differently, this is the equation for the activities of the i-th component of the whole state.
Assuming a weak interactions between the components:

gIAT;; << ATy

we expand this equation (38) to the first order in g% AT;;. It leads to writing the static and dynamic
parts of activities as functions of the non-interacting ones. Details are provided in appendix 5. This
description will be useful for depicting transitions between non-interacting and interacting states.

6.4.1 Static part

Equilibrium static activities satify:

Ei (Zai) (39)
= > (5(iﬂai>(j.,bj) ~ G (G ((wsr),))

J,bj

x iGij ((wa)j) (ij) Tij (ZW ij) (gjo + "I’J’ (Zb’) ‘2)

N ((WSf)j) (Za,) (Awy), (ij)

Ji#i/ ij

where:

(wsf); = woi + (Awy),

are the static part of the activities without interaction. Here, the (Awy), (Z,,) are the additional

%

activities in absence of interactions and wy, is the background activity for field ;.
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The (Awy), (Za,) satisfy an equation similar to (35):

(wsy);) (Zs,) T (Za“Zb ) ‘\P (Zb )

(@sy); (ZN ij )( ap ) 2) “0)

where we assume G = 1. Formula for Aw; (Z,,) are derived in appendix 5 at the first order in G%:

Aw; (Za,) (41)
- 2 (S0 (iy) — € (7 ((ws);(2)))
w G (wsy); (Zv; ) Tij ( Zags 2o, 2 o
(e Bl (o)) ) ()
J#i g

6.4.2 Non-static part

Activities without interactions As before, the non static part of n non-interacting activities

are solutions of:

Lo, — Ly
i J

(Awpy), (Za,,0) ZTM (Zars Za,) (Awny); (9_f,zaj> (42)

where:

ws), (%, ) T (ZazaZb)
7,) & (G (@s):* (Zoo 19P))) + (@) (Zay)

2=
Q@.
.
N
/\
K)
~—| —

Rewriting the solutions as a vector:

((AWDJ")A (Zas 9)) = Awp) (Za, )

a;

and looking for oscillatory solutions:
Awg} (Za,0) = Aw;l (Za) exp (i16)

yields the following formula, similar to the single type of cells case:

(Awpy), (6.2, |9)°)
= A ((Z1),) <1, (1 — T exp (—mp |ACZ|>) Tvii (Z) exp (—mp |Aczl|)>t exp (1Y, (Ti) 0)

As in the 1-field case, A; ((Z1);) is the amplitude of activity at one given point (Z;), of the group i
and Ty (Z) is a vector with components (T (2)) = Ty (Za,,(21),)-

ag
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The T, (T”) are equilbrium frequencies. They are solutions of:
det (1 —~ T (Z, Zy) exp (—iTpM>) =0 (44)
C

We write the solutions T, (T;;). By diagonalization of the matrix involved in (44), these frequencies
satisfy:
H (1- ik (Tp)) =0

k
for some functions f; ;. Thus, the solutions form a set:

T; = {'Yi,k}k

Activities with interactions Comparing (36) and (42) leads to the lowest order:

J

) Zai — 2,
(Bwp); (Zaps8) = (Awpyp), (Zais0) + > Ty (Zays 2;) (Bwpy); | 60— ——
i#i{{es}}

7Zb*

c J
with T (z ij) given by (37).

6.4.3 Frequencies for sets n interactions

Solutions for similar groups Rewriting the solutions of (36) as a vector:
((Awp);" (Za,s0)) = (Awp)™ (Zas0)

we look for oscillatory solutions. For a composed state to exist, we have to consider non-destructive
interactions and this imply that we have to look for similar frequencies between the various groups.
As a consequence, we assume that the solutions have the following form:

(Awp) (Za,0) = (Aw) (Za) exp (i16)

which implies a solution for:
Aw (Za) = MAw (Z,)

with:

Za; — Zp

[ . j

M = (M () + (Msai(30)

Composed frequencies as functions of witht-interaction frequencies Without interac-
tions, the frequencies are in some state ~;;, satisfying:

fiz, (%‘,li) =1

and the solution for the vector T depends on these quantities:

2
Yiki Vil [(M]]; ; Yik; — Vi ls
Taty = 2 Ml =5+ Y LSy, (45
= 30 1M1, DI S i T, @
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The notation T, ,;,) encapsulates that the resulting frequency for the new structure depends on the
states (vs,,) of initial ones. The expression [[M]]

2V

1]
lj,

a i (’Y))7 l (%fi=’“i (7))

gl

[,
k; il

J

[[MH” = (

Vik;
depends on the matrix M;, obtained from M,; by a change of basis (see appendix 5).

6.4.4 Full activity for composed collective states

Ultimately, the possible activities for a composed state are obtained by gathering static and non-
static parts. The modified activity for component ¢

Aw; (Zai) + (Awp); (Zai) exp (iT{iJi}e)

wher Y (;;,) is defined in (45).

7 Interactions and transitions between collective states

We can now explore the possibilities for several collective states to potentially undergo transitions
into other collective states. We have given the descriptions of individual and mixed collective states,
defined by connectivities and their associated activities. We may, therefore, consider transitions in
which two states can merge to form a third state with its own activities. This transition should
depend on the characteristics of each state. Dynamically, the interaction modifies the activities of
the initial states, inducing a dynamic process that may converge towards the merged state. The
initial states are minima of some action S;, meaning the collection of initial states minimizes > S;
without including interactions. The final states minimize the action, including certain interactions
SSi+>0 Sy

This section develops the mechanism of transitions and provides some elements that we will
incorporate into a more general field formalism where transitions will result from interaction terms
between fields of structures.

7.1 Dynamic evolution of connectivity

We want to describe the transition between states wth S;, T;;, towards states with 7;;. We first
describe the dynamic of the connectivity T;; of a state. Assuming that starting with AT;; (Z,2') =
ATi; (Z,Z") = 0, some connectivity above the threshold arises. The term inside the gradient in (34)
yields the evolution of a single connectivity. This corresponds to a modification:

Aﬂj(Z,Z’)
dt
a / / |Z*Z,| / !
|, POt 2 (10 ()25 (0= 20, 220 - s 2 s (0,2, 101
i () C (0) [Wos (2)]* woi (Z) + D (0) (AT ) [Wo; (2)]7 wo; (2)

Given that the connectivities fluctuate arounfd their average value, we can focus on the dynamics
of:

<Aﬁj (2, Z’)>
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which becomes:
d

7 <Aﬁj (Z, Z’)>

D (0) <ATU (Z, Z’)> W, (2] (W (2) Aw; (9 ez |\11|2> — wo; (Z') Aw; (9, Z, |x1:|2))

wgi (2) C (6) [Woi (2)]” woi (2) + D (9) (AT ) [Wo (27) woj (27)
using:
(a1 (z,2)) ~ BT Z2))
this becomes a dynamics for:
d !
- (AT (2,2)

D () (AT (2.2) 1905 (2 (s (2) By (9= EZZL 2201} =y (27) s (1.2 o) )

Ap
w6 (2) A (C0) [o: (2)] woi (2) + D (0) (AT (2. 2')) | %o, (2)] wo; (27)

This is associated to the dynamics for activities, obtained through mdfctn (213) at the lowest order
for Z and its closest point Z’ (assuming that Z is also the closest point of Z’):

d 1 k GYwo, (Z2') ATy (Z,2)) (., o2 o
EM (Z) = ;G (G (woi (Z))) (N woi (2) (gjo + ¥, (Z7)] ) » wo; (Z")
This yields system with four dynamic variables:
(AT (2,2") (AT (2,2")) ,wi (Z) ,w; (Z))
whose matrix writes:
0 0 B, A,
A — J, J 46
C; 0 0 0 (46)
0 Cyi 0 0

the eigenvalues of (46) are:

1
and:
1 2

In the case of enhancing interaction, the dominant eigenvalue:

1
V2 \/Aiyjcz‘.,j + A;:Cji + \/ (Ai;Cij — AjiCja)? +4C; ;C;:B; i Bi
is real. As a consequence, the system depart from its initial value:
(ATi;(2,2")) = 0,(ATi (Z,2")) = 0,wi0 (Z) ,wjo (Z')

and move towards an other equilibrium, given by the previous derivations. In the case of inhibitory
interactions, the system oscillates, but starts from:

(AT;; (2,2")) = 0,(AT;i (2, 2") =0

and grows slowly toward a new equilibrium if the amplitude of oscillations is large enough.
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7.2 Dynamic transition for activities

While the AT;; (Z,Z') are evolving towards their new values, the activities depending on these
values evolve also towards their new equilibrium values. Temporarily, the term:

ol
woi (Z) Aw; <9 _ @,zg |\p|2) —wo (7)) Awi (6,2, |9P)

presents some interferences, but these ones may initiate the dynamics for AT;; (Z,Z’) by allowing
AT;; to overcome the threshold for the connectivity dynamics when T}, (Z, Z') < 6:

ATZ] (ZvZ/)
dt
a / / |Z*Z,| / !
, DO{aT 2.20) 10 (2 (s () s (0= L 210 a2 (0.219F) )
wp; (Z) C(0) | Vo, (2)|° woi (Z) + D (6) <AT”> W, (2" woj (27)

—nH (6 - T,; (Z,2'))
The convergence towards the new equilibrium should be ensured by the fact that the system’s
backgrnd minimize an action functional.
7.3 Transitions betweenn states

In dynmics perspective, we can formally describe the previous transition as a states transition
between several states of different types:

H ’aiu Pi, Sq,2>
where, as before, the states ‘ai,pi, 5?) are defined by the state of each of its components:

pn82) =TT (AT (202 ) AT (22020 ) 0 (2 Zay) o9 (2 2))
ai’Za/.

and a composed state:

|ai’api’a (USZ) X (USZ)>

- II 1I ‘ATZ-]-(Zai,ij),ATij(Zai,ij),a(Zai,ij),p(Zai,ij)>

a;,bj Za, ,ij

where indices i’ € (US;) x (US;). The previous sections show that has to happen so that (45) linking
activities between non interacting stats and composed one is satisfied. We thus may expect some
transitions of the form:

[T la 2 82) = £ (05 X5 ) lawr, pors (US2) x (US) (47)

where f ((T;ZZ) ,T;Z}) is a function close to the Dirac function:

i

[[M]]

Yik; + Vil i Yik; — Vil
0,51 i,jFi B 0 0,51
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to impose (45) up to some fluctuations. This will be used in the field formalism: transition may
occur when the frequencies of the initial states activities and those of the final ones satisfy some
consistency conditions.

II Field formalism for multiple interacting
collective states

So far, we have described interactions and activity within a given collective state and considered
the transition mechanism between two states and a mixed one resulting from combined signals
between the two initial ones. This chapter aims to systematize the interactions and transitions
between large sets of collective states.

To do so, we develop a formalism for assemblies of collective states. This formalism extends
the previous description developed in the first three parts of this work, as the variables involved
in the model will directly represent sets of interacting cells rather than individual cells themselves.
The number of degrees of freedom are thus much larger than in our previous field formalism. After
rewriting the collective stats in a suitable form for our formalism, we develop the field description
of an assembly of collective stat. Interactions are introduced to account for the mechanisms of
transition described in the previous section.

8 Effective field formalism for assemblies

Developing a field formalism for assemblies of collectiv states |a, p. $%) amounts to consider arbitrary
numbers of such states along with the possibilities of transitions between them. Thus, we first need
to consider products of such states. To explore the dynamic transitions between these states, we
also need to consider any ”intermediate states” in the transition between stable states. In other
words, we must account for any possible collective states characterized by activated connectivity
between an arbitrary set of cells. This is performed in several steps.

First of all, as demonstrated in equations (26) and (27), the states |a,p,S?) are non-local
states characterized by probability density functions for the connectivities of the activated state.
Therefore, we first define states ]ATa,a,p,52> with given values of connectivities ATS. These

p
states serve as a basis for defining arbitrary collective states through linear combinations:

|7 (T, p, 5%)) = /Z(T,a,p,SQ) |ATZ‘,a,p,SQ>dT (48)

These states encompass all possible collective states, including unstable ones. However, each
of these states describes a single collective state. To transition to a representation where multiple
states are involved and interact, we replace the components v (T, a, p, $?) with fields I (T, a, p, 5?)
that account for the possibility of multiple states.

These fields encompass all possible realizations of the components v (T, a, p, 5?). The dynamic
aspects of the states are governed by the field action functional S (L (T, «,p, S?)). This functional
is derived by initially formulating the action for the individual states |a, p, S?), and then extending
it to encompass their combinations (48), leading to an action S (y (T, a,p, S?)) for the components.
By replacing these components y (T, e, p, 5?).with the field of which they are realizations, we obtain
a field action functional S (L (T, o, p, S?)) which accounts for the possibility of multiple states. Note
that doing so, the system as a whole is described by an infinite number of fields I (T, o, p, S?), each

24



of them characerized by a set (a,p,S?) describing average connectivities, activations and their
frequencies, along with its action.

This substitution of components by fields I (T, a, p, $?), which are random variables, is equiva-
lent to describing the system’s dynamics through a partition function for the fields I (T, a, p, S?).
This partition function is determined by the exponentiated sum of action functionals, with integra-
tion over the infinite number of fields I' (T, a, p,5?). In this context, interactions between states
are modeled through modifications of this action functional. These modifications involve various
different fields, and dynamically induce transitions between states associated with these fields. The
amplitudes of these transitions are derived by computing Green functions between such states.

Alternatively, the field description of the system is equivalent to an operator-based perspective.
In this approach, the fields I' (T, a, p, 5?) can be interpreted as operators:

L (T,a,p,5%) =L (T,,p,S?) + T~ (T, e, p, 5?) (49)

The field I (T,a,p,5?) is decomposed into a sum of creation operator I'" (T, , p, S%) and de-
struction operator I'™ (T, a,p, S?) which act on an abstract multiple-state space, constructed by
iteratively applying creation operators on a vacuum state, representing the absence of any activated
state. This extension of the formalism allows us to consider tensor products of individual states
through the action of field operators on the vacuum state. In this approach, acting on such prod-
ucts, operator ,I'" (T, a, p, 5?) creates an additional structures with characteristics (a, p,5?) while
I (T,a,p,5?) deactivates states with such characteristics, enabling transitions between different
states.

The same description can be obtained directly through a dual representation, which involves
considering the creation and destruction operators A™ (a,p,S?) and A~ (a,p, S?) associated with
non-local states |, p,5?). These operators are directly derived from the saddle point equations
governing the states |a,p,5?). Furthermore, the field operators I' (T, a, p, S?) (49) are themselve
derived from A* (o, p,5?) and A~ (a,p, S?). The space of multiple states is generated by the suc-
cessive application of this family of operators on the vacuum state. For instance, a specific state
with given connectivity values |AT;‘, a,p, SQ> emerges as an eigenstate of a position operator AT;‘5,
which combines the creation and annihilation operators.

In this approach, the interaction terms in the action functional depend on the I (T, a,p, S?)
and are expressed as series of products of creation and destruction operators Thus, interactions
can modify collective states or replace one state with another. As a consequence, they can induce
transitions between states

At this point, it’s important to note that the field description utilized here operates within a
much broader space compared to the formalism presented in the first three parts of this work. In
those previous articles, the field defining the connectivity functions AT (T, 1.0,2,7' ) described the
state of connectivity between two cells at locations (Z, Z'). However, in the current approach, there
exists a separate field for each type of potential collective states.

Each of these fields depends on a substantial number of variables, as the collective states in-
volve a multitude of points along with potential values for their associated connectivities, activities
frequencies and amplitudes. Our description encompasses an infinite number of these variables, al-
though, due to the action functional under consideration and initial conditions, only certain types
of fields may become effective. Nevertheless, this formalism prevents imposing overly restrictive
constraints on the emergence of collective states. From this perspective, there shouldn’t be a fixed
"repertoire” of possible states, even if it may appear that way in practice.

5This operator will be defined in the next section.
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Ultimately, it should be noted that the field formalism considered here implies that several
collective states may be activated multiple times or in various different configurations. This pertains
to states with enhanced connectivity and their involvement in several interaction processes. This
description aligns with our previous works in which individual cells can be perceived as complex
entities participating in multiple interactions and assemblies.

8.1 Collective states as basic elements

This paragraph summarizes and systematizes the results of the previous chapter. The description
of cell states is formulated in a manner that allows for the modeling of multiple states. Each state is
characterized by its spatial extent, connectivities, and activities. These variables are encapsulated
in several vector parameters.

8.1.1 Description of collective states

Consider assemblies defined as set of points obtained by shifts in background connectivities. To
each assembly:
S=1{Z1,.... 7}

we associate the field:
AT (TTZZ) 9
( T ') z;,z;es >

To account for activation of possible subpattern independently from an initial collective state, we
consider a sequence of independent fields:

. 7B 7B
{Arﬁ ((Tw,Tw,Zi 2) o e, 0)}
v SBCS

associated to AI'. The link between a pattern and the subpattern will be described by some
interactions terms. Our choice implies that both a pattern and several subpatterns may be activated
simltaneously, implying the existence, for one neuron, of a multiplicity of connections involving a
cell in several patterns.

In the sequel, we will write:

S?2=9xS8

with points:
Zij = (Zi, Z;)
to account for the fact that connectivities in a set S are described by set of doublets Z;;.

We will also introduce a change of notation compared to the previous sections. In those sec-
tions, collective states were described with an ”extra” connectivity vector (AT, AT) compared to
background field values. To simplify notations and emphasize our focus on the structures them-
selves, we will use the notation T and T for the connectivity variables, or Tg2 and Tg2 when the
spatial extension needs to be specified. The notation AT, with superscripts or subscripts, will be
retained to indicate deviations in connectivity from their average values: AT = T— (T). Similarly,
we rewrite the "extra” activity along the structure Aw (Z, AT) as w (Z, AT).

Given our previous results a state will be parametrized by:

(87 (T (2))". X5, (2.T)) (50)
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where (T (Z))“ is one of the possible solution of (23) for the average connectivities, and 1§ one of
the associated frequencies for the activities:

w2 (0,2,AT) = w (Z,AT) + (N2) " woexp (_m) IAZiI)
C

with: 1

The states we are considering have the form:

I1 ‘AT(Z, 2, AT (2,2") 0 (2,2") ,p(Z, Z’)> =|a,p, 5%) (51)
Z,7!

The states |a,p,S?) and their conjugates (a,p,S?| have the form (26) and (27) in absence of
interactions.and, or, transitions.

8.1.2 Field action functional for states

Having determined the averages for connectivities and activities, we can reformulate the action for
the collective states. We consider the same action as (13), but summing only over points (Z, Z') € S2
belonging to the collective state with spatial extension S2:

s@an= Y s (AF (T, 7,0,Z, z)) (52)
(2,2"€852

While considering directly collective states on their own, we saw that the correspondent action for
such state is:

S (Je. p. 5%)) (53)
= (a,p, 5’| (—V% ~ Vi 4 % (AT— (AT)Z)t AY (AT— (AT>Z) + c) |, p, $%)
wth:

[1|ar(z 2,7 (2,2 ,0(2,2),p(2,2))) = |AT, AT, a,p, 5?) (54)
A

and:
(a,p, S°| = |, p, §%)'

In (53), we have defined:

N AT — (AT) -
AT=AT), = | A7 - (at) (55)
and the matrix A¢ is derived in appendix 3:
1 2 « "2 1 2 / « /
AY — (TWO(Z) +(M (Z’Z)) _)\(Two(Z)) +D(Z7Z)M (sz)
P

—A (W) +D(Z,2")M* (Z,2') (m)QWLD? (2,72

The matrix D is diagonal with element:

D(Z,2)=D

p (C0) 1o (2)wo (2) + D (8) T %o (2)] wo <Z'>)}
w0 (2)
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and:

M (Z,2') = MOL(Z) DONT)I% (2} 4127 VAT (5 zp) (B (2 <AT>))<<AT(Z1 zi)>a>

The vector C(Z,Z') is defined by:

oo (2) " (C 0196 (2)P w0 (2) + D (0) %0 () w0 (2))

C(z2.2') = =5 20 (D) (56)
Ultimately, given our hypothesis that:
HAT - <AT>H << ||AT — (AT
the field action simplifies:
S (|ev.p,5%)) (57)

= {(a,p,5?| (—V% + % (aT- <AT>Z‘)t Ag (AT-(AT))) + c) o, p, 52) + U (|, p, S%))

A% = /D2 4 (M2)' M«

The matrix A® is defined by:

8.2 From states to fields

Starting from the collective states described in the previous paragraph, we describe general collective
states, i.e., states that are not inherently stable. Considering such states is necessary to study
transitions.

To do so, we rewrite the states ‘a,p, 5?) as eigenstates of a certain differential operator. This
operator is itself built from some creation and annihilation operators. Creation and annihilation
operatrs are the fundamental components used to describe the assembly of states. The creation
operators, acting on a vacuum state, provide the product of states we are looking for.

Moreover, a combination of these creation and annihilation operators allows to define collective
states that are peaked at some fixed values of connectivty function. These localized states are a
suitable basis to define general collective states. The state space of the system is thus generated
by tensor products of such spaces. The system is then described by a field, a random variable
whose realization are the arbitrary states defined before. We derive a field action functionl that
encompass the dynamics and transition between states.

8.2.1 Collective states and operators

To introduce products of states, we use that the states ]a, P, SQ> are eigenstates of some operators.
Actually, let us consider the saddle point equation for |a,p, S?):

0= (—VQT + % (AT— <AT>;‘)t Al (AT— <AT>§) n c> |, p, $2) + U (|ex, p, $2)) |, p, 52)

In first approximation, for a slowly varying U’ (Je, p, %)), we can replace®:

C+U (Ja,p,5%) = C

Sthe constant C' has been defined in (56).
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so that |a, p, 5?) are eigenvectors of:

1 2 1 leY t a leY 1 2 1 a\t a a
—S Vi + 5 (T = (Th)s) A% (Te —(T5)) = —5Vin,, +5 (AT L AL (AT;)  (58)

where:
(ATg)SQ =Tgs - <Tg>s2

To describe further the collective states, we assume that the operator:

3V +y (AT AG, (ATS)
can be diagonalized as:
5V, 3 (AT DG (AT (59)
with:
D5 = 07 (A%:)O0
(AT))s = O (AT))g

The possible eigenvalues of (59) associated to ]a, p, 5?) are determined simulaneously with the
norm of |a,p,S%) (see ([8])). Actually, in first approximation, the norm of |, p,5?) is given by
the minimum of U (|, p, 5?)). However, imposing that the norm of |a, p, $?) is bounded, implies
a condition on the eigenvalue (59). These eigenvalues have the form:

> (vP) (1+3)

where the (« /]3;52)_ are the components of ,/]3;52 and [; is a sequence of integer. This imposes a

condition yielding the norm of |e, p, S%) (see also below the condition for collective states).
8.2.2 Creation and annihilation operators

We can now introduce the creation and annihilation operators relevant to the system. To do so,
we use that operator (59) writes also:

1 1, = - - - _ 1
_§VfT)SZ+§(AT;‘)tS2 % (ATy)g = D% <A+ (a,p,S%) A (a,p,s2)+§> (60)

_ 1
= ( gz)z (A;r (a,p, 5’2) A7 (a,p, 5’2) + 5)

where:
A (p.s?) = L[ /Boate - L vz (61)
2 2 S2 p DOL (T)S2
52
At (a,p,8%) = L Poate + —L v
s 2 S2 p ]:_)oz (T)52
SZ

and AF (a,p,S?) and (D¢,), are cmpnnts of A* (a,p, $?) and D%, respectively.
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The operators A% (a,p, S?) satisfy the following commutation relation:

[A; (o, p,5%),Af (o,p',5?)]| =6(p—P)d(a—a')5 (5 - 57) 6,

K2

The states |a,p,S?) are obtained by successive applications of the components A} («a,p,S?) of
A" (a,p,5?) on the minimum:

[T (AF (.0, 5%)" Jvac) = |ex, p, $%) (62)

K3

The eigenvalue of (59), or which is equivalent, of (60) associated to such state is ), ( \/ ]_DgQ) (Li+3)

For large number of elementsnote that states ]a,p, 5?) are mutually orthogonl:
N 2
(,p, 52| (o P/, 52)) = exp <— 3 (<AT>;‘ - <AT>§‘,) ) ~0

8.2.3 Connectivity states and operator

Recall that states ]a, P, 52> are characterized by connectivities at each point (Z, Z’) being distributed
around an average value (see (6)), modeling that connections between axons and dendrites are
defined by a range of values.

However, to calculate transitions between states, it is necessary to consider states with specific
values AT or its diagonalized form AT;‘. These states differ from ‘a,p, 5?) and are not stable,
instead, they represent all possible connectivity states at a given time. These form the basis for
transient states that enable the description of dynamic transitions. Indeed, connectivity values
fluctuate due to interactions, and these fluctuations drive state changes.

To derive the form of these states, we assume that for a large number of states most of them
are in fundamental states and we consider:

|ATS, o, p, 5%) = [[|ATS, . p, S%)
that are eigenstate of operator:
AT3 = \/Dys (A~ (@.p.5%) + A" (ap.52)) (63)

We also define::
’Tg‘,a,p,52> = }ATg,a,p,S2>

that are the same states, seen as eigenstate of:
Ty =/Dg2 (A (e, p, 5%+ AT (a,p,5?)) + (Tg) (64)
States |ATS, a,p, 5?) also satisfy:
((AT;) o, p, 5% Var |ATS, @, 5%) = Vard ((AT5)' - AT;) (65)
Moreover, coming back to orignal variables:
}AT;‘,a,p, S2> =0 }AT;‘,a,p, S2>
this state is eigenstate of operator AT and satisfy:

((ATp) ... 8| Var AT} 0. 5%) = Vard ((AT})' - AT} ) (66)
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8.2.4 States |ATp,a p,5?) from creation and annihilation operators

As states ]a, p, S%) are obtained by application of operators on the vacuum, the states ]ATZ, ,a,p,S?%)
can be obtained through the fundamental states of the structure. Actually, we use (63):

\/Dg2 (A_ (a,p,52) + AT (a,p, ‘ATp,a p,S? > ATO‘ ’ATp,a p, S? >

and the solutions of this equation are:

’ATp,a p,52> (67)

= exp (— (ATz‘f)SzATZ‘ +2 (ATZ‘)t DgA" (a,p,SQ)) + %AJF (a,p,SQ) AT (a,p, S2)> |Vac)
Coming back to the original variables, we also write:

’ATp,a p,5’2> (68)

= exp <_ ((ATg‘)tAgATg +2(ATS)" \JAgAT (a,p,S2)) + LA* (a,p,5%) AT (a,p, S )> Vac)

A+ (a,p,S%) = O7'A* (o, p, 5?)
The states }ATP ,o, p, 5%) are thus combinations of product of states |, p, S?).

8.2.5 General form of collective states

Then, we define the most general state of the structure given spatial extension S? for state «, p:

1 (00p.5Y) = [ 2(T.ep.5%) [AT} 0 p. 5%) T (69)
| (@) = [2(T.aup. %) AT a.p. %) T (70)

and summing over all possible states:

1(8)) = Lh(ans) =3 [1(Tap.s) AT c0p 87 T
‘1 (52)> Z‘l (a,p,S’2 Z/ T,a,p, S ‘ATp,a p,S?)dT
a,p

Such states do not in general satisfy saddle point equation, but are necessary as transitory states.
In fact, the components v (T, a, p, 5?) are the possible realizations of a field I (T, a, p, S?).

8.2.6 Action functional for a general state

Once the states ‘1 (T, p, 5?)) are defined as combination of the fundamental states, the action of
the field becomes a functional S (v (T, e, p,5?)):

S (1 (T,a,p,SQ)) (71)
- /<(AT§)/,a,p,Sz‘f (T',OL,D,S2)

1 1
(—§V(T)2 5 (ATS) G, A (ATg))l(T,a,p, 2)|ATS, @, p, 5?) dTdT’
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Given that |ATY, a, p, S?) are eigenstates of ATg and using (66), this reduces to:

S(0(Top,5%0)) = [ 4 (T, 8) (<5 Vi, + 5 (AT5)0 A% (AT5) ) 3 (T 00 p,57) a7
Working rather with the diagonalized form and using (65), this allows to write:

- 1 1 _ _ _ _
S (v (T e, p,5%0)) = /1* (T,a,p, 5% (—QV"(’T)SQ +5 (AT}) g, Dg (ATS)sz) 7 (T, a,p, 5%) dT

8.2.7 Field action functional

We now replace v (T, o, p,5%,6) by a field I (T, o, p, S%,6) which is a field whose v (T, a, p, S%,0)
are the realizations. To describe the system as a whole we consider that set of multi-component
field {I (T, a, p, 5% 60)}. Including the constants C defined in (56) and the potential U leads:

S ({L(T e, p.5%6)}) (72)

' (T,a,p, 5%,0) (—VQM + % (ATS)., A% (ATS) + c> L (AT, o, p, 5%, 6)

{ep.57}

52
+U (HE((AT;?)sz 70‘79752’9)“2>

where:

(ATZ)SQ =Tgs - <Tg>s2

cC= > C(z2)
(2,2")eSxS

Note that S (L (T,a,p,5260)) is similar to S (v (T, o, p,52,6)) but with the difference that
L (T, p,5%0) is a randomvrb with realizations y (T, e, p, 5% 6). The dynamics of the system
will thus be encompassed in the partition function:

/exp (S (T (T, a,p, 5%.0))) D {T (T, ct, p, 5%.60) } (73)

Moreover, since S (L (T,a,p,S% 6)) describes the whole set of possible stts, it depends on the
collection {I (T,a,p,52,6)}. This will allow to include interactions between collective states in
(73).

Note also that the action S ({L (T, a,p,S? 60)}) is similar to S (AI‘ (T, T.6,2, Z’)) where the

dynamics for 7' has been neglected but with the replacement:
AT (T, 7.9, 7, Z’) —~ T (T,a,p, 52 0)
where S is the spatial extension of the collective state. This replacement stresses that the funda-

mental object are now the states made of the set of activated interacting connections and producing
the activities Awy (6,Z).
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8.2.8 Oprtrs descriptn

Alternatively, the field action S (I (T,a,p, 5% 6)) can be considered as a matrix element of an
operator as in (71). Actually, given (60), the free part of the action (72) can be written:

57 (L (T, . p, 5%,6)) (74)
= / (AT;;)’,a,p,SQ‘ET(T’,a,p,SQ)

< (~5Vn,, + 3 (AT A% (4T5) + ©) L (T.,p.5%) [AT, up. 57) dTaT
(

— (£ (Tap. )| (D5 (A (@5 A (0n5) + 5+ C) )£ (T, 52)

Equivalently, using the initial variables:
55 (L (T..p.5%,6)) = (L (T, 57)| ( (A7 (0.0.5%) ABA™ (@,.5%) 4§+ C) £ (T, 5)

with:
A*~ (a,p, S%) = OA* (a,p, S?)

Thus, integrating over the degrees of freedom for I (AT, o, p, S%,6) is equivalent to compute tran-
sition elements of operators.

2
Considering the potential U (HL ((ATZO;)S2 ,a,p, S?, 9) H ) in action (72), it is a matrix element

between tensor products of states. Actually, starting with a series expansion for U:

U (Hz ((ATg) g @0, 5%0) Hz) (75)
Z/HFT (5T ap5.0) 00 (((AT)0) | VTIE (AT cp.5%0)

=1

this writes;

v<Hz<<us>sz,a,p,swﬂr)
- [T ars) o (G2, , )TTE(Em0ars))

so that the potential is the matrix elements of the operator:

e T e o (6m2) ) IT6T)E ans]

between tensor product of states. This operator can be written in terms of creation annihilation
operators by a change of basis. Defining:

Unn (0,57 = 3 (e 8?) " On (((ATp) 2) ) (Jerpo5?) ™"

k

; O (( ATQ 52)1:1...k)
k k f
X <H< (ATY) 52,a p,SQ‘ (|, p, S%)) ) <H< (ATY) SQ,a,p,SQ‘ (\a,p782>)®m>

=1 =1
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We can thus replace:

U=Y" (la,p.5*)"" Upn (@, p,5?) ({e,p, 8*)*"
and the operator becomes:
U= Unn (@,0,5%) (A% (a,p.5%))" (A~ (.. 5%))"

m,n

As a consequence, field action S ({y (T, e, p,5?,6)}) has the same content as the operator:

s = (A" (an s?))t A%A~ (a,p,52) + % +C (76)
+2Umn (a,p,SQ) (A+ (a,p,SQ))m (A_ (a,p, 52))n

and this operator will compute the same transitions between states as the integration over the field
degrees of freedom of the field I (AT, e, p, S%,6) in the partition function (73).

8.3 Condition for collective state

8.3.1 General condition

In the single state formalism, the condition for the existence of a collective stat can be directly
studied using the action (52):

s (AF (T, 7.0, 2, Z’))

and study the condition that a solution for the saddle point equations:

5S (AF (T, 7.9, 7, Z’)) 5S (AF (T, 7.0,7, Z’))
AT (T, 7.0,7, Z’) T AT (T, 7.0,2, Z’) -

with:
AT (TT 0,7, Z’) £0

for a finite number of points (Z, Z’) satisfy:
s (ar(r.1,6,2,2')) <o
Equivalently, this can be done more in the field formalism directly by minimizing:
S ({L (AT, a,p, 5%,6)}) (77)
= I" (AT, q,p,52,0) (—VZT + % (ATS), A%, (ATS) + c) I (AT, a,p,52,0)
+U (| (AT, a,p, 5%,0)|)

with equation:

(—VZT + % (ATS), A% (ATS) + c) L (AT, a,p, S, 0)+U’ (Hz (AT, a,p, 52,0) Hz) L (AT, a,p,52,0) =0
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which is understood as:

1
(( > Varaz + 5 (AT)) 6 A (AT;)+C)+U’(HQ(AT,a,p,S2,9)H2))Q(AT,a,p,S2,9)=o

(2,2")
(78)
As in ([8]) we have to compare C, considered as some threshold, to the potential

If we diagonalize:

% =UDU!

using that TrD = TrA%,, the lowest eigenvalue of operator:

S29

- Z VAT (2,2") +3 (ATQ) 32 (ATSL) +C
(2,2")

is:
T’I"Agg + C

We then rewrite (78) for the state with lowest eigenvalue:
TrAg +C+U' (L (AT, a,p,5%0)[") =0 (79)

and the existence of such states is the condition for a collective state.
Equation (79) yields the norm of this state:

IL (AT, a,p, $%,0)|| = (U) ! (= (TrA%; +C))
and the corresponding action writes:

S <HI‘ <(TT z)sg ,9) 2)

_ ET(AT,a,p,S2,6‘)< Vgt 5 (AT, AL, (ATg)+c>£(AT,a,p,s2,e)

+U (|0 (AT ap. 5%.0) )

= I (AT, a,p,5%6) (TrA% + O)T (AT, a,p,5%60) + U (|L (AT, o, p, 5%, 6) )

with:
AT =U'AT

Given (79) this simplifies as:
s <HI‘ <(T,T, z)sg ,9)

This has to be inferior to 0, for a collective state to exist.

2) = U(|r(aT,a.p.5%0)[) (80)

U (L (AT, . p.5%.0)[*) L (AT, . p. 5%.0)
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8.3.2 Particular form of the potential:

We assume a potential of the form:
(Ir (AT, a.p.5%0)|) = & (L (AT, @b, 5% 0)[) ~ a|L (AT, 0,5, 5, 6) |

with b > 0 to ensure a potential bounded from below. We assume a potential whose form increases
with background activity:

a=a (|\110 (Z))? wo (Z)) with @’ > 0
The equation (79) writes:
O:A—l—bHE(AT,a,p,SQ,O)W—a (81)

with:
A=TrA% +C

Given (80), we have:

S (Ilc (AT, @.p,5%0)[*) = U (|IL(AT,a.p,5%0)|")

0 (o (AT, e p,5%,0)[7) “ 2

b

tht simplifies as:
2
a) <0

S (|Ic (AT, a,p, 82,0)[*) = -
Thus a collective state exists, only if (81) has a solution. Smce:
L (AT, a,p, 5%, 60)|]* >0
the condition for a collective state becomes:

A=TrAyH +C<a

Remark that A is an increasing function of |S?|, the number of connections involved in the stt.
The larger the state, the more unlikely its emergence. Moreover, given our assumption that « is
dependent on the background activity, the emergence of a collective states depends on the level of
background activity.

9 Interactions between collective states

So far, we have examined fields describing independent collective states. In this section, we intro-
duce interaction terms and explore their implications for transitions.
9.1 Principle

Previous mechanism translates in term of fields by considering n multicmpnnts fields correspdng
to the strctrs:

s({r mlmuﬁwb
1
— ' (AT, e, p, S )<—V2T+§(AT§);2 2 (AT3)5_2+C>£(AT,a,p,S?,9) (82)

+U (|L (AT, o, p, 52,6)|)
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The set S? characterizes the structure localization along with its possible states. The multi-
components labelled by «,p transcribes the possible averages and frequencies. The structure
emerging from interactions is described by the action functionl:

S ({£ (ATv o, P, (Usi) X (USZ') 79)}) (83)
1 « t « «
= I'(AT,a,p, (US) x (US;),0) (—V% +5 (AT}) g2 Als 2 (ATY) g2 T C>
£ (ATv o, p, (USZ) X (USZ) ’ 9)
+U (IL (AT, e, p, (USi) x (US;),0)]*)
Implicitly, this structure has relatively low average connectivities for elements of:
Sl' X Sj

and j # i. We will relax this assumption in the next section. However, the mechanisms described
above allow to understand the dynamical aspects of interactions between structures.
The full action for the system described above should be a sum of individual actions:

Z S ({£ (AT, o, p, 5127 9) }) +5 ({E (ATv «, p, (USz) X (USZ') 79)})

with additional interaction terms. These terms allow transition from states over S? to states over
(US;) x (US;). This is possible when considering interaction terms of the type:

V ((AT,a,p, (US:) x (US)), {AT, e, p, S7}) LT (AT, a, p, (US;) x (US:),0) [[L (AT, a, p, S7,6) (84)

where V is a potential. We will detail the formalism in the next section, but given our previous
description, we may expect the potential:

V ((AT,a,p, (US;) x (US)), {AT,,p, 57 })

to depend on the states frequencies, to allow to switch from some equilibrium over the S? to
equilibrium over the (US;)x (US;). If the S? have frqnes Y;;, we may expect (US;)? to be characterized
by the set of frequencies Y, ;,). Similarly, AT ((US;) x (US;)) on the diagonal should be close to the
AT ((US;) x (US))).

9.2 Interactions

9.2.1 Different structures

We described previously the collective state resulting by ”merging” different types of structures.
To describe dynamically this transition in terms of fields, we add to the action a term of the form:

Z Z Z HET( ;aa;apgvslﬂ)v({‘Tzva;ap;asl/2>}a{‘Tlvakapkvslz>})HE(Tkvakapkvslz)
l k

nn! k=1..n {Sp,S;},_ ’
:1),”)77,/ lgivlnwz

where:

|4 ({‘T27a27p27 S[/2>} ) {‘Tkuakapku Slg>}) =V ({Tgaagapgu S[/Q} ) {Tkua/mpku Slg})
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and the action for interacting structures becomes:
E:ETQLaJLs%(—%vﬁ) %(AT% ;(ATgy+c)£(T¢np¢ﬁ) (85)
g

+Z Z Z HP Tlvaluplvs)

nn! k= 1 n, {Sk Sl}l 1,
I=1,..., kl n

Vv ({|Tl7a;7p;7 Sl >} ) {|T7ak7pk7 SI%>}) H£ (Tkua/mpku S]z)
k

allowing for transitions between sets of several collective states. The form of V is conditionned by
frequencies of oscillation:

V ({T}.a},p}, S}, { T, i, pr. SE}) =V (Tf’2 (T}), TP+ (Tk))

and models the results of the first part of this article, transitions depend both on initial states
characteritics and that of the merged ones.

9.2.2 Substructures

We also consider the possibility of activation by a substructure. This is a particular case of inter-
action where the activation of some substructure induces the full structure activation. To describe
this type of transition, the term:

1 1
' (T, a,p, 5?) (_§va)SQ +5 (ATZ;‘;)‘;2 %2 (ATY) + C) L (T, e, p,5?)

is generalized by including free action terms for each substructures plus interaction terms between
these substructures, including the full one:

1 1
Z rf (T,a,p,Sf) <_§v%’i‘)sz + 3 (AT;‘)tS% g% (AT;‘) + C) (T a p,Sl)
1

S1CS
+3 % S S ((IThanpid 50°) T (Tanp) [ L(Ti o s?)
n Si,..., SnCS (a1,p1),--(¥n,pn) k i<k k+1<isn

The potential V;, ( ({T;, o, pi}, (Si)z)) induces transition from some state with k substructures

towards a state with n — k subtructures. It may include the transition from one or several subsets
to the full activated structure. This situation is depicted by a potential of the type:

Vi (({Ti,aiapi, (Si)2})) =V (({Ti,aiapi, (Si)2}l<k ; {Ti,aupi, (Si)z}k-i-lgign))

the group Z of possible states is defined, at least partly, by initial background.

9.3 Operator formalism for interactions
9.3.1 General case

We have seen in (76) the operator formulation for the dynamic of one type of structure:

~

A~ (ap, 8%+ +C (86)

( (a,p,SQ))m (A7 (a,p,Sz))n

S = (AJr(a,p,Sz)) A,
’)

+ Z Umn (a7 p7
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As for the field version, we can consider interaction potential between different structures. The
operator counterpart of the potential term in (85) is:

Z Z HF TlvalvplaS ) n,n’ ({Tlvalvplasla}[<n/;{Tkvakapkvsk}l< ) HE(Tk,akvpk,Sz)
n,n’ {Sk,Sl}l 1 ,l 1 k=1

k=1.n
is found by applying the same technique as for individual potential U in (75). We change the basis
by defining:

Vi ({00, SP 1} o {ev ps S2ma} ) (87)

_ I a /o / / 12 fel 2
_ /d(ATpll)SF d(ATplf)Sz Vi <{(ATPZZ)SZQ o, p), ! }Kn/ : {(ATP:)SI% ,ak,pk,Sk}Kn)
JL((aTsp) , omes?
k=1 k

and the interaction operator writes in terms of annihilation and creation operators:

/ *Z > ) H( aszE,SF))ml (88)
o Sk Sidy_q, |y {mgm } IS
k=1..n

I Q2 / 2 - Mk
XVn,n’ ({aluplusl ’ml}lgn’ ’ {akupk75k7mk}l<n) H ( akupkask))

(k. pr 52)) ™

n/
(e, 52) " TT( (875 e v 5
l

=1

Thus the corresponding operator is to S ({L (T,a,p, 5% 6)}) is

S = Z D (A+ « p,S2) A~ (a,p,5’2) +
SxS

N =

) (59)
—i—ZUmn (a,p, 52) (A+ (a,p, 52))m (Af (a,p,SQ))n +V

The advantage of this formulation is to directly translate the dynamics in terms of creation
and destruction of structures, describing the transition resulting from such operators. It also
allows straightforward computations at the lowest order of approximation, presenting a direct
interpretation as transitions of structures.

In the sequel we will simplify the notation:

V, n’ ({Oé;,p;, Sllzvm;}lgn/ ) {akvpka Szvmk}lgn) — Vn,n’ ({agvpzvslﬂam;} ) {akvpkvslzvmk})

9.3.2 Internal perturbations for one structure

We can consider the particular case of several activated states for one structure. This corresponds
to several processes arising within the same collective state. This case is intermediate between a

single type of structure and multiple interacting structures. In this case the pntl in (89) is replaced
by:

> Y I1(A* aheis)"

n,n’ {m}mk} =1

/AN / - 2 mg
XVn,n’ ({alaplaml}lgn’7{akapk7mk}l<nv ) H ( akapkvs ))
k=1
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where:
! / / 2
Vn,n’ ({alv P> ml}lgn/ 5 {aka Pk, mk}lgn 5 S )

is given by (87) with S, =S/ = S for all [ and k.

9.4 External perturbation

In ([6]) and ([7]), we have studied the effect of external sources on the connectivity functions.
External signals induce modified activities and as a consequence, modifications in equilibrium
states of structures (see appendix 2 for a detailed account). In terms of collective state formalism,
this situation can be described through a modification of the effective action or by an operator
description.

9.4.1 Effective action

In the present context, external perturbations can be modelled by adding extra terms in the action
inducing switches in background states, and dynamical transitions between stts. We show in
appendix 0 that we can consider a modified action:

S ({L(T,a,p,5%6)}) (90)
= Z rf (T,a,p,SQ,H) (—VQAT + % (AT;‘);Z o2 (ATS‘) + C) r (AT,a,p,SQ,O)
fams2)

U (Hz ((AT;;)S2 ,a,p,s*?,e) HQ> +T1 (AT, a, p, $2,0) J (AT, $%,0) L (AT, a, p, S, 0)

The source term J (52,6) can be considered as a sum of contributions acting at each points of S:
J(5%,0) =" J(2,0)
zes

The introduction of J (52,6) modifies the saddle points equations of the system, and may induce
some structures to be switched off or on. They may also induce some different structures to combine
through effective interaction.

Terms inducing types transition The presence of:
L' (AT, a,p,S%,6) J (S,6) T (AT, a,p, S%,0) (91)

in the action accounts for the possibility to turn on or off the structure. More generally, an external
source may induce transition between two states of the same strcture, and this is described by:

' (AT, &/, p’,$%,0) J (S%,0) L (AT, e, p, S%,0) (92)

switching the connectivity states from (AT, a,p) to (AT, o/, p’).

In an effective formalism, if the signals modify several structures we may assume that switches
between states may be modelled directly by current induced interactions. In this case, the interac-
tions (91) or (92) can be replaced in (90) by:

2 LT (AT, o, p',§%,0) J ($™,0/) ] (S%,0) L (AT, ex, p, $%,0) (93)
{op.57} o 0! 57}

and this terms ensures dynamics switching between different states. This corresponds to the inte-
gration of some ”faster” structure, connecting different states through some perturbations.
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Activation or deactivation terms This possiility represents activation or deactivation of struc-
tures due to the source terms. It is modelled by field linear terms of the form:

J(5%,0) (L (AT, a,p, $%,6) + L' (AT, @, p, 5%,0) ) (94)

9.4.2 operator formalism

In term of operators the additional terms (91) and (93) are modeled using the operators technique
described above.

Transition type trms The operator representing (91) is:

’

3 (A+ (a,p, 52))m ot (06D, S2,0) (A* (o, p, 32))m

m,m/’

with: )
Tt (@, 9,5%,0) = ((a, p, 52)) ™ T (52,0) (|ev, p, 52)) "

and (93) is translated to:

/

Z (A+ (ai,pi,SF))m mem/ (a’,p’,S’Q,G/va’pv‘S’QvQ) (A* (ak,pk,Sg))m

m,m/’

!

+ (*&Jr (ak7 Pk, Sg))m leym (aa p, SZ, 9, a/7 p/7 S/Q’ 9/) (Ai (a27 pg’ Sl/z))m
with:
Vm,m’ (a/v pla S/27 9/7 «, p, 827 9) = Z mek (S/27 9) Jk-,m, (SQ’ 0)
k

Activation or deactivation terms The operator equivalent of (94) is:

7(5,6) (A* (@,p,8%) + A~ (op.57))

III Approaches to transitions, examples and
extensions

The formalism presented above enables the computation of transition mechanisms between various
states. Nevertheless, exact computation of the path integral is not feasible. We introduce three
approaches for these computations. Two of them are perturbative in nature (perturbation expansion
and operator formalism), while the third one, effective field theory, is not. Each of these methods
has its own advantages. We present some illustrative examples of these methods

10 Mechanisms of transition

We present three different complementary approaches to the interactions and transitions of states.
The perturbation expansion is the most straightforward method for studying transitions. By con-
sidering the ”free” action obtained by neglecting the interaction terms, we can compute the Green
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functions of individual structures. These Green functions describe the dynamic fluctuations of a
structure in the absence of interactions. Subsequently, the interaction terms are incorporated to
compute the transitions of such free states to others. These transitions may involve the activation
of some structures and the deactivation of others. The advantage of this approach lies in its clarity,
as it directly calculates the probabilities of the considered transitions. However, it falls short in
addressing non-perturbative effects, which encompass global effects where some structures act as
a background for others. These effects differ from perturbative ones since they correspond to the
impact of a permanent landscape in which structures evolve. Nevertheless, since it mainly operates
at the background field level, it may not fully capture the precise mechanisms by which some struc-
tures constitute effective interactions between others. The third approach, operator formalism,
addresses this issue to some extent by integrating certain interactions to establish indirect ones.
Consequently, this approach combines elements of the other two methods.

10.1 Perturbation expansion

The first approach to transitions of states is the most direct and the most readable due to its direct
computation of transition functions based on series expansion.

As explained in the introduction of this section, it begins by calculating the Green functions,
which are the transition functions for the free structures. Then, perturbations that enable transi-
tions are introduced in an ordered manner to compute the transitions induced by interactions.

10.1.1 Green Functions

Grn fnctns cmptd wth free part in (85):
1
I (AT, e, p, S%,0) <—v2AT +5 (AT;;);2 22 (ATY) + C) [ (AT,a,p,S%0)
and the trnstn prtr s gvn b:

(-var+ 5 (AT, A% (aTp) + ©)
It is diagonalized as:
1 1, =02 R
U <—§V§T)S2 +5 (Ds2T)" + C> Ut
For Irg nmbr f vrbls, lowest order krnl wth grnd stts:

e (- () DTy — (Tp) DTy
G (T, Tg) = @ = " ') (95)

and coming back to the original varianles:

exp (— (T)°)" A2, T/ — (T2)" A2, T
G (T, TS) = ( . - - ”) (96)
det (Ag2)

This computes the probability of a transition for a specific structure defined by its data T3 ,
including thus average connectivities and internal frequencies of activities, to an other state T;O‘.

This transition occurs in an average timespan normalized here to 1
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When there are no interactions or external signals, the structure remains unchanged. The
characteristics represented by the parameters a and p remain unchanged. The structure only
undergoes fluctuations around its average values.

However, these fluctuations can, in the presence of interactions, lead to a switch from one state
to another, cause the structure to turn off, or enable it to combine with another. In practice, a
deviation induced by the interaction may bring the values T4 closer to a new average determined
by some parameters o’ and p/, resulting in a state transition. As a consequence, the quantity (95)
(or (96)) will be the main component in all calculations of transition functions. Mathematically,
it represents the lowest-order expansion for transitions, and interactions will modify this formula,
leading to transition effects.

10.1.2 Perturbative contributions

Rewrite the potential in terms of diagonalized variables in (85):
Vv ({Tgu a;7 p;a Sll2} ) {Tka ag, Pk, Sl%}) = V ({Tgu a;u p;a Sll2} ; {Tk7 ak, Pk, Sl%})

This potential induces corrections to the free Green functions, through the perturbative expan-
sion of the partition function. Actually:

exp (—5)

1 1
= exp <— ZET (T, a,p, 5%) (—iv‘fT)Sz +5 (AT;;);2 % (ATY) + C> I (T,a,p, 52)>
S

1
XZE >
Sl}l

nn! k=1..n {Sg,
"

HET (Tgvagvpga SZ/Q) ‘7 ({TZa(X;ap;vSl/z} 5 {Tkvakapkvslz}) HE (Tk;akvpka SI%)
l k

i
<n

k<n

and the contributions to transition are computed with graphs. The vertices are given by the
potential and the legs correspond to the free Green functions (95):

G({Tlualapl7sl2}7{Tkuakupkasl%}) (97)
B / exp (— (T)) DT - (T1) Do T
1 det (]_352)

exp (— (T4) DT, — (Ty) DT _ B
( (k) S2 Lk (k) 52 k)dATQdAT;

XV ({Tgaalaplvsl/z} ) {T;makapkvsz}) H
k

Assuming the following form for the potentials:

V(T o pi S2) (T e piy S2}) = V <(HT;_T;

)
the integrals in (97) can be computed.

Compared to the Green functions (95), the terms (97) introduce a probability of transition
between the two structures S7 and S;?. If S? = S;?, it represents a state transition for structure
k. The same cells are involved and interact, but there is a change in parameters from (ax, px) to
(e, p1). This change affects the frequencies of activity.
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If the two structures are different, potential V inducesa probability of transitioning from one
structure to another. The first one can be considered switched off, while the second one switches
on. It’s worth noting that among other possibilities, this may model spatial transitions of the same
structures along the thread. Some information is retained but not necessarily at a fixed location.

10.1.3 Exemple of perturbative transition

Here, we study a transition due to sources, and consider (92):
I (AT, o/, p’,$%,0) J (S%,0) T (AT, a,p, S%,0) (98)

along with the following interaction term between two structures, each of them in a given state
{T}, a;,p1, 5} and {T, a, pi, S;} respectively:

Vv ({T27al7pla Slz} ’ {Tkvakapkvslz}) = V ({Tgvalapla Sl/Q} ) {Tk;akvpkvslz})

The combination of these two contibutions in the effective action induces the possibility of a tran-
sition: i

|Tk7ak7pk7slz> i> ‘T;cua;gap;cus]%> X> |Tl7al7plasl2>
The first arrow corresponds to the transition due to the external source, and the second arrow

describes the transition due to the structure-structure interaction.
In terms of amplitude, this corresponds to the perturbative expansion of the Green function:

G({Tlualuplasf}a{Tkuakapkuslg}) (99)
B /exp (= (T)' DT — (T)' Do T
det (]352)

exp (- (T4) DT} — (T})' DT,

XV({T;aalaplvsf}v{T;caa;mp;caslz}) —
det (Dg2)

exp(— T),) DTy — (T,)' D 2T’,) S
(T) Ds2Ti ~ (Th) DT, AAT|IAT, AT

xJ (S5 0) o)
€ S2

Assuming the potential V to be proportionl to a Dirac delta, so that the transition between struc-
tures occur for states in which the structures’ frequencies in activity are similar:

8 ({T}, e, p1, 5%} = { T} @, PL Si )
the integration over AT} and AT} reduces the amplitude (99) to:

exp (— (T1) DTy — (T4) DTy )

G({Tlaalupluslz}7{Tk7ak7pkusg}) :AJ(S]%,H) —
det (D52)

with A an integration constant. As a consequence, an apparent transition from one structure to a
different one has arisen from the source signal. However, the transition is feasible only through a
decay of the initial structure towards a state synchronized with the new emerging state.

It is noteworthy that the same mechanism arises if the extrrnal source activates a substructure
and that substructure, in turn, activates the full structure:
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lvac) 5 | T, 0w, p1, S7 C SE) 14 | Tk, @k, Pr, Si)

The first arrow represents the activation of the substructure through J, while V induces the tran-
sition to the structure |Tk, oy, i, S3). The associated amplitude is:

G ({vac} , {Tk, g, Pk, Sz}) (100)
B /emC{@nyTrwﬂnyTw
4/ det (f)sz)

exp (= (T)) DT — (T1)' Do T

V ({Tlau,p1, 57} {Th, ok, P, St })

xJ (Sz.0) dAT)dAT),

det (Bs2 )

10.2 Effective field approach

Transition from two structures of different types to a third combined one may be described in several
ways. The perturbation expansion enables an understanding of the transition mechanism but may
not capture non-perturbative or long-lasting aspects. The effective field approach overcomes this
limitation by concentrating on the initial and final background states. This approach allows for
the consideration of permanent effects of some background structures on others. By determining
the background state for some structure, we can rewrite the effective action for the remaining
components.

10.2.1 Principle

We start with the partition function describing the full potential system including the entire set of
structures, independent and composed n:

/exp <ZS (L) + 8 (Dpam) +U (L) M)) [Ior.or., (101)

In this context, we have divided the fields into two sets. Our objective is to perform an integra-
tion over the degrees of freedom of T; to derive the effective action for the fields I'f; ,,;. Consequently,
the interaction between I'; and I'}y ,,) is integrated out, which in turn modifies the action of the I'; ;.
This formulation is based on the assumption that certain potential structures are present, some of
which are activated (represented by the I';), while others are not. The interactions among the I';,
whose overall impact is encompassed in the solutions of the saddle point equations, create a land-

scape that facilitates the emergence of the combined structure described by an action S, (F[Ln]), SO

that after integration over I';, the effective action S. (F[Ln]) has an associated partition function:

/exp (Se (M)) DUy

Practically, at the lowest order of approximation, we solve the saddle point equations for the

g

58 (Iy) 6U (1) T )
5& (T’L;alvpzvsq?vo) * 6& (T’L;a’up’u Szzvo)
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This set of equation allows to express I'; as a functional of T';; ,,; and (101) becoms:

/GXP< (Ciam) + ZS (Ti)) + U (T (D) ’F[lml)) DL'(1 )
The interaction U ((&) ,Fu,n]) between structures I'; and Iy, is replaced by an effective po-

U (Tm) = U () T

This modified potential may induce a non-trivial stable background for T’y , that is, a set of

tential:

activated structures.
For a potential such that the interaction depends on some compatibility conditions between the

(I;) and the (F[l,n])7 we may assume that:

U (5 T

is proportional to:
5 (f (i, piy S7) s ) PLm])) (102)

the Dirac function § implementing the condition between the structures characteristics to interac-
tion.

We can deduce the condition of activation for the I';j . Actually, given the condition (102),
the (I';) remains neutral, that is unactivated, if the following condition:

oU ((Te) T )

6& (T17 azvpla Si ) )

=0 (103)

is not satisfied.
If on the contrry the (T;) are activated, their effective action at their minima is negative:

ZS F[l n] —I—U((F (F[l "]))’M) <0 (104)
The full effective action for the M is
Se (Tim) = S (Tiwm) +ZS  (T) + U (T (i) s Do)

and as a consequence of (104):

Se (Tant) < S (Tpm)

This lower value of the effective action for I'j; ,, leads to a possibility of activation, even if the 'y ,,
were initially neutral.
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10.2.2 First example
Assume two initial structures, i.e., n = 2 and the following action functional for the system:

1 1 ) 2
Z &T (Ti,ai,pi,Sf) <_§V%T)sz + 5 ((DS? + (MSLZ)S?) AT;‘;) ) &(Ti,ai,pi,Sf)

i=1,2

(105)

1 1 Wg\\ 2
+To" (T12,00,2,P1,2, 57 5) (—§V2<ATag) 3 ((D + (Mo‘ﬂ)) (ATffﬂ - (AT)pB)) )h (T12,00,2,P1,2,57 )

+Via (‘& (T1,2,0é1,2,P1,27S12,2)‘2)

+U H T (Tiaaiapiasg)‘zf ((Tl,z,al,zapl,zasiz) , {(Tuaupiasf)}u) ,T12 (T1,2, 1,2, P12, 515) |

i=1,2

It describes two independent structures I'; along with a potential composite structure I';;. The
potential U transcribes the possible transitions between I'; and T'y5.

Assume that V;, Vi, are such that Vi, (0) = 0 and the ground states I'; are activated, but I'ys is
not. Thus, the stable state for the composite structure is I'is = 0.

Ground state without interaction In absence of interaction, integrating the I';” degrees of
freedom corresponds in first approximation to replace the dields I'; by their saddle point solution
&(0) where these saddle points equations are independent:

2> ;=0

as explained above, in this state, the I'; are activated. They do not interact with the field I';2, and
the combined structure I';p is not activated. Actually, since Vi2 (0) = 0, the ground state for this
structure is I'; = 0.

1

Ve a; a1 A
(3%t 3 (o 007) 72) ) 10+ £ (2 B

Interactions modified background To describe the interactions we first define:

f ({z} ) (172)) =f ((T1727a1727p172751272) ) {(Tivaiupiu SZ.Q)}LQ)

Then, including the interactions in the action, the saddle point equation rewrites:
0 = (-iv2  +2((Dg+ (M%) , ) AT ) )T + —
= 9 (T)S? 92 52 Pi /82 Pi s ‘1_\|

0
WU H |F Tz,aquSQ)‘ f i}, (1,2)) ‘F12 (T1270127P127512)‘ I
14 i=1,2

o (I () )

This is solved in first approximation, by decomposing the field I; as the background plus a fluctu-
ation:
L~ 10 + AL
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and we are led to:

»L_)(T7,7a17p17512)

)
AT

o ey
0 ~ (—QV(T)Sg+§((DSZ_2+(MP;)SZ_2)ATP;) )+

2
62‘/; (ﬁ(TiuaiupiaszZ) ) 2
+ N 2 ‘ﬂ(Tlaa’uphS?) A&
52( )
2 (0)
(H ‘_ Ty, o, pi, l) F({i},(1,2)),|Ciz (T2, 01,2, P12, 57 )| )Fi
6 Fi 1,2

with solution:

b
0010
L, ~T,'%+0, O (||

i (Tzaaupu 7,)

i i=1,2

I {a}, (1, ))7|&(T1,2,a1,2,p1,2,512,2)|2) (106)

(©)

?

0)’ ) 52Vi<F
+

1 1 2\ O ( 2) 0]
0n' = <_§V%T)52 *3 ((Dsf + (Mgii)sf) ATg’ii) ) + 1 ‘Fl—’

T ()

Effective action for I';»  Once the saddle point solution is known, we can rewrite the effective
action for I'; as a function of I';2, thereby integrating the degrees of freedom associated with T'; to
obtain an effective potential for I';5:

T 2 1 2 1 o 2 2
& (Ti,ai,pi,Si) —§V( ) 5((DSZ+(M )52) ATP;) &(Ti,ai,pi,Si) (107)

(1 B

= Vi (I0u (Ts, i, 52) )

) (v ()
_& (Tlaalaphsz) D) + H |I“ f {l |F12‘ (Tualaplasl)

6|&| 5‘1—“ 1=1,2

—0>\m
o(ref)

(H |F ‘ F{i}( ‘1—‘12‘ ) )(Tz,az,pl,SZ)

r©

R
=
~—

_ﬂj‘ (Tu a5, Pi, 52

i=1,2
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The effective action for I'; combines the I'1» part of (105) plus (107), so that it writes:

1 1 Wa\\ 2
Tppf (T12,00,2,P1,2,57 ) <_§v2(ATSﬁ) t3 ((D + (Mgﬁ)) (ATffﬂ - (AT>pﬂ)) ) Iy (T12, 002, P1,2,57 )

2
+Viz (|Luz (Trzsane, Pz, S2,)[7) + 0 | T L] 7 ({3} (1,2)), D

i=1,2
%V, <’r§0>}2>
17 7=
_l’__—

(2

I i £ ({i}. (1,2)), \hf)

U (
AL~ 1O (T, s, pi, 52) 10 (T;, o, pi, 52)

2 z 2
25 (o) 5[

Assume that U is proportional to:
I e[
=12

Thus,the effective action for I'yy (T1 2, 1,2, p1,2, 512) becomes:
1 1 Ws\\ 2
[yof (T12, 1,2, P1.2,572) <—§V2(Ang) + 3 ((D + (Mz‘ﬁ)) (ATg‘ﬁ - (AT>Z,5)) ) Iis (T2, a12,P12,572)

+V1(2€) (|& (T1,27 «1.2,P1,2, 81272) }2)
with the effective potential defined by:

v (’h (T1,276¥1,27P1,27512,2)}2) (108)

e
——— 4 |anf - v

2 0 (’FEO)IQ)Q i=1,2

The first term in (108) is the potential for structure 12. It is not sufficient to allow the emergenc
of the structure. The second term:
52V (‘r@r)
1 K v

2 5 ( 1"1(_0)‘2>2

stabilizes the structures i in its stable equilibrium and prevent the transition of states.
However, the third term:

2
= Vi2 (‘& (T1,270é1,27P1,27312,2)‘2) + &(0)‘ f{i},(1,2), ‘&‘2

AL, [?

o | T [ iy .2). rsf

i=1,2

represents a gain of transitioning from 1 and 2 to 12.
As a consequence, if:

152% <’ﬂ‘2) 2
ECT

then Vl(ze) < Vi2 and there is a possibility for a composed stable state. One condition is that

f{ir.(1,2)) >> 1.

Dl | <0

o £ (4, (,2)),
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10.2.3 Second example, structures activation by substructures:

We study an example in which the activation of a substructure may activate the full structure.
Consider the transitions:
‘T,a,p7 (8" c S)2> — ‘T’,a’,p’, SQ> (109)

The effective action for S? c S? writes:

1 1 2
It (T, a,p, $?) (—§V%T)Sz +5 (s + (M) ) AT ) )z (T,a,p,5%) +V (|L(T,a,p,5%)[")

T 2 1 2 1 (e a 2 2
+I" (T4, o0, p1, 57) _EV(T)S2 + 3 ((Dsf + (Mp)sf) ATP) [ (Ty, a1,p1,57)
1

+V1 (‘E (Tlu a1, Pp1, 512) ‘2)
+1((ee,p), (0, p}) (e, p) . 8%, ST) I (T, e, p, ) Ly (T, o', p, SF) L (T4, 1, p1.57)

To model the activation (109), we assume that in absence of interaction term, the state describ-
ing the substructure is more stable than the state describing the entire structure. Thus, we assume
that for I = 0:

S (‘E (Tla a1, p1, Sf) |2 ) O) <S8 (‘E (Tla a1, Pp1, Sf) |2 ) |£ (T7 a, p, 52) |2)
so that the background states can be assumed to satisfy:
|£ (Tlvalaplv‘g%)‘z # 0

and:
IL(T,a,p,5%)[" =0

However, if interaction I induces activation of I (T, a, p, S?) then the saddle point equation for
both structures:

65 (1L, . ) i 1 2
. 2 « « 2
5—£1 = <—§V(T)S% +§ ((DS%+(MP)S%) ATP) )E(Tlaalaplvsl) (110)

5‘/1 (‘E (T17a17p17S%)’2)
+ T
5T
+I ((e,p), (o}, P}), (v, P) S2, Sf) L, (T, p, Sf) I (T, on, P1512)

and:

2 2
M _ <_%v§T)S2 +5 ((Ds2 + (M3) 2 ) AT;;)2> [(T,a,p,5%)  (111)
v (£ (T p.57) ")

Al
+1((a.p). (@}, p}), (. p), 5%, SF) Ly (T, e, 9, 57) [

N =

+

present a stable minimum with:

’E (Tlaaluplasf)}Q # 0
IL(T,a,p,8?)" # 0
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To find the condition fo such stable state We first look at (110). Due to interaction, the background
substructure:
£0 (T17a17p17 512)

is shifted by the interaction to:
Ly (T1, @1,p1,57) + 6L (T1, 01, p1,5%)
and the saddle point equation (111) for the structure I' becomes in turn:
2 2

M _ <_%va)32 + % ((Ds2 + (M3) . ) AT;“)2> L (T, a.p,5?)

w (.05
Al
+1 ((a,p), (e}, p}) , (@, p) , 5%, 83) [y (T, o', 9/, S7) [

Given this equation, we can conclude that if:

v (LT p.57) ")

Al

+

+1((a,p), ()P}, (a,p), 5% 52) [Ty (T, o, p', 53)|* <0
then:
E(T,a,p,Sz) #O

and the structure may be activated.

10.3 Operators formalism and transformations from independent structures to
composite ones

By translating the dynamics in terms of creation and destruction of structures, the advantge of
operator formalism, is to read directly which terms induce transitions between structures and thus
to understand the dynamical mechanisms of transitions. We found in (89):

5 ((a,p.5%) (112)
= > D% <A+ (a,p, S%) A™ (a,p, S?) + 1)

SxS 2

+ Z Upn (o0, p, 5%) (A* (e, p, 52))m (Af (o, p, 32))n +V

This formulation shows the instablity of a state since the form of interaction always allows apriori
for transitions. However, some change of basis makes possible to integrate out the overall results
of these interactions and to reveal the appearance of resulting stable dressed structures, having
included the action of some structures considered as auxiliary in this perspective. This change of
basis is similar to the effective action formalism but is more precise in the present approach.

10.3.1 Transformation of S(©) and emergence of composed structures

Starting with operators describing transitions between structures, the idea is to perform a trans-
formation that modifies S(©) ((e, p,5?)). The transformation is performed through an operator
exp (—F), with F to be determined in order, at least in first approximation, to diagonalize partially
(112) and cancel the interaction terms between two types of structures. This terms will be replaced
by an effective interaction terms between a subset of remaining bound structures.
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Interaction terms Technically, we divide the structures into two sets. The first one labelled
by indices k and [ describes the strctrs for which we aim at finding an effective description. The
second set labelled by indices ¢ and d corresponds to structures that will be integrated out to
produce effective interactions in the remaining subset. The interaction between the subsets takes
the form:

> X S I (A (afwrhesi)

o/ {Sk/c’sl/d}z/d 1,oon/ {mi/dvmk/c}l/dzl

~

n my,
Vn,n’ ({a;/dvp;/dvsl/?dvm;/d} ) {ak/capk/ca Slg/camk/c}) H (A7 (ak/cvpk/cvsz/c))
k

c=

where indices [/d or k/c indicate that the structures can be of either type. Or goal is to integrate
the crossed interactions:

/ n

I1 (A% (at 0 5%)) " Vi ({0t 01 52 mi} e pes 52 me}) T (A (b 82)) " (L 0) & (1))
=1 k/c=1

(113)
to obtain an effective action for structures Sz, S;%.

Transformation operator To integrate the crossed interactions and obtain the required effective
action, we consider the following transformation:

(5 ((ap, 52)))/ — exp (—F) SO ((a, p, $?)) exp (F) (114)

where F will be found to cancel the interaction term (113) after transformation. Doing so modifies
5O ((e, p, 5?)) to a descrption of composed, stable structures.

Disregarding the potential U,,, (o, p,S?) which can be considered as slowly varying and ex-
panding (114) at the lowest order in interactions, while canceling the interaction term (113) leads
to the relation:

[F,So] +1=0 (115)

with:
S = D2 <A+ (a,p, §2) A~ (a,p, 57) + %)
so that Sy + I is transformed into:
(S<O>)I = So+1I+[F, So)+[FI]+ % [F, [F, So + 1]
= So+1I+[F,So]+[F I+ % [F, [F, So]]
Then, using (115), we find at lowest order:
(S(O))/ = So+ % 1, F) (116)
To find this effective action, we solve (115) by postulating that F has the same form as I:

- % Z S IIIIA (ahwies?)

nn! k=1l...n {Skvsl}l 1, ,l:lS:1
=1,.

k:l...n

F({agap;aslavm;}a{akapkaszamk}) HH akvpkask)

k=1s=1
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and in appendix 4 the solution of (115) writes:

Vn,n’ ({042, p;v Sl/za m;} ) {akvpka S]ga mk})

F ({ad,pl 57t} {ene i, 87, me}) = - T L PRIL ) P 5
21 meS# — Dkt mszg

(117)

Correction (116) to the action We also obtain the matrix elements of [, F] that modify (116).
Defining;:

Ap = (akapkvs}%)
2 = (Oé;,pg, SlIQ)
and:
Ay, = (&P 57)
i~ (@S
we find:
[, F]({AL, M} {Ak, MK}) (118)
= = Z Z Z H slec!)” )6l Cm +5/Of:k+6k
P Pr {el} {ec} {0 3.{6] } Efkl
<D DILBE DS (Ax ~ )8 (A - Rg)a (A — A7) 3 (Af - &)
V(z) ({(AZUda m; + 61/7 6:1) s (AkU07 mi + 5/67 6c) 5 (A%UJ’ ml‘ + 5197 6d) 5 (»/_& mg + 6[, c) })
X ; /
Z?:l (m; + 51/') sf2 Zk 1 (me + 5k) + Zd 1 6d 5/2 T Zuc=1 EcDac
where:

V(z) ({( lUd7m2 + 5l/7 6:1) s (AkUC, my + 5165 EC) ) (A%U(Zv ﬁl% + 5165 Ed) ; (KEUEa mg + 51/7 6/0)})
= V{ALm+ 0} U{AG eqb {Ak, mue + 0k} U {Ac, €c})
<V ({&f g+ 8} U{A&G ec}, {Ag g + 61} U {Aes i}

with Pg, Pp, are partitions of {ax,px, Sk, Mk}, {a,p}, SP, M} }:

{a/Lap/Lv‘S’faMi} = {alvplvsl am[/}u{agvl_);vspam%/}
{aKapKaS%(aMK} = {akvpkaskvmk}U{akvpkasgamk}

In the commutator (118), we sum over all of these possible partitions.
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10.3.2 Effective structures
After transformation, the operator version of the action writes:

(s<0>)’ -3 DL (A+ (a,p, S%) A~ (a,p, S%) + %) (119)

SxS

XY Y (A )
n,n’ {Skvsl}l:17...,n/ {m;,mk} =1

XVn,n’ ({agvpzvslﬂam;} ) {akvpkaslgvmk}) H (A_ (akvpkvslz))mk
k=1
) o M} n My
+§ H H A+ (alLuplLqu) [IaF] ({allnp/LquvMi} ) {aKapKa‘S’%(?MK}) H HA_ (aKapKa‘S’%()
L=1s'=1 K=1s=1

In effective action:
[IuF] ({aILupILquaMi} ) {aKupKusg(uMK})

the structures {a.,pe, 52} {@/, b/ 57} have been integrated and do not appear anymore in the
interaction. They have glued structures {aj,p},5;*} and {oy,pi,S7} even if this ones were not
interacting initially that is, even if:

Vn,n’ ({agvpga Sl/27m2}l<n/ ) {akvpkvszvmk}lgn) =0 (120)

Depending on the form of the resulting interaction (119), some new combined structures may
appear.

10.3.3 Bound states

Assuming that condition (120) is satisfied, we can describe the combined structures by computing
the

the eigenstates of (119) with lowest eigenvalues. It is written as a series involving the n types
of sructures:

H((aK,pK,S%,MK))> = S A((kpr 5% x)) [ T A* (e pi 5%) T[ Vachx

K (Mg) K=1s=1 K

Stt wth lwst gnvls At the lowest order of the series expansion, the eigenstate writes:

[ (e, S%)> =Y A((ax,px, %)) A (ax, px, S%) [ IVac)

K K K
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The coefficients A ((ax, px, S%)) are obtained by writing the eigenvalues equation for |[] (ax, px, S%) >
K

The action of (S©@)) on

H (aKvpKv‘S’ )> ylelds

K

(S(O)) |H (ax,pr, S§<)>

K
> A((ak,px,Sk)) <Z D"‘K’ + 2Dg§> A" (ax,pr, S) [[ IVac)
K K

+ZA ((aKapKaSK)) IaF ({a/Lap/Lv‘S’ga 1} B {aKvpKv‘S’%(v 1} 5 ((XP,I)P,SIQJ,O)) A+ (a/Lap/Lan) H |VaC>K
K,L K

writing the eigenvalues:

n (ax, Pk, Sk) ZDQK' +2D — ¢ (ak,PK, Sk)

We show in appendix 4 that for weak interactions, i.e.:

[IvF] ((aKvpKv‘S’%(vl)7(aK’7pK’aS?{’al)) <<1

the eigenvalues are:

Z [IuF] ((aKupKusg(u 1) ) (aK/7pK’ S?{’? 1)) [I F] ((aK’upKUS?{H 1) ) (aKapKNS’%(a 1))
K/ (DaKl +2DOLK/ 77)

E(QKaPKaS?{) =

and the corresponding eigenstates are defined by the following relation on coefficients:

_ [Iv F] ((avaLa S%a 1) ) (aK’apKUS%(H 1))

A . PL,S?) ~ - >
(. pr, S7) D +2D3f

A (aKapKa‘S’%()

Given one value A (ak, px, Sk ), all other coefficients of the series are known. In first approximation;

where:

exA((ax,px, S%)) =Y A((a, P, SP)) 1. F) ({ax. pr. Sk 1}, {a, P, S2. 1}, (ap, PP, S3,0))
L

and the eigenstates writes:

[ (ex.px. 5§<)> (121)

K

N{ZK:A((QK,pKaS?{))Hl <2\/_ (AT&K) (Agflg)s%( (A gﬁ)sﬂ)}
< exp <—§ ) (amgr) (ags ). (ATHE )SK>
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where H; is the Hermite polynomial:

(575 (ams) (age),, (amsp)., ) = o5 (aman) (asp) , (amr),

and N normalization factor. The form of this state is similar to the states obtained while describing
independent structures. However, in the present approach, the structures obtained combine initial
independent structures. We thus obtain, through the interaction with a third part, an integrated
structure encompassing the characteristics of some ”primary” collective states.

Full series expansion More generally, the state is determined by a series:

H (aKupKusf{uMK)>

K
n Mg

Z A ((ox, Pk, Sk, MK)) H I_IAJr ar,pr, Sik) 1_[|VaC

(Mz) K=1s=1

Given the definition of the creation operators, this writes:

H(GK7PK7S%<7MK)> = NZA ((ax, px, Sic, M) ﬁH" (2\/_ (AT&K) (Agflf{)sf( (ATS}IE)S%)

| (M) r=
X exp <—% ; (ATglfg)t (ASII}{)S%{ (ATg§)5%>

where H, is the n-th Hermite polynomial. The coefficients are computed in appendix 6. These
states are similar to (121) but include higher level of activty.

11 Exemple with 3 structures

We present both the effective formalism and the operator formalism approach to study the binding
of two independent structures through the intermediation of a third one. Binding structures through
a third part is described by the diagram:

2 > effective

‘Tkuakapkus]z> = ’Tlual7plasl2> = ‘Tkluak’apk’usk/ ’Tkaakupk75k> = ‘Tk’uak/7pk’7slz’>

Initially, structures | Ty, oy, pr, S7) interacts both with | Ty, ok, pr, S7) and | Ty, oy, py, S7/) that are
a priori not related. If we consider that the time scale of }Tl, oy, pi, S7) is longer than that of the
others, it can be integrated out, which yields the effective interaction between ]Tk, o, P, S7) and

|Tk’7ak’7pk’a S]g’>
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11.1 Effective formalism

Within the effective field formalism the situation is described as the follwing. Consider three
structures. First, we study independently the three structures:

1 1 2
SO _ Z &T (Ti,aigphSiQ) <_§V%T)SZ + 5 ((DSZ2 + (MIO;)SQ) AT?) )Q(Tiaaiupiasg)
i=1,2 i |
+‘/; (‘& (Tz,azuphs’?)‘z)
2 1 > b 2 |
1+ To! (To, v, o, 52) V( )sg +3 ((DS§ + (Mp)Sg) ATp) Iy (To, a0, Po, S5)
+Vo (\&(Tmamp@ﬁg)f)

The structure denoted 0 has a dynamic with lower frequencies. We assume that I'; do not interact
with each other. Interactions arise through structure 0. We consider the interaction term:

I= 3 L' (Tiaipi;,57) (—%V

1=0,1,2

?T)s2 * % ((DS? + (M?f)s?) ATS?Y) Li (Ti, e, i, 57)

+Vi (I (T, i, 92, 52) )
+ Z I( alapl 9 zapz) ) (a07p0)757,753) (Tlaauplusz)r (Ti7a;7pz752) (T07a07p0750)
i=1,2

We compute the vaccum state for I'y (To, @, Po, 53) as a function of the I';. These two structures
act as source terms. The saddle point equations for Sy + I with respect to I'y yield:

&(T05a07p0780 = - Z / a07p0 aOapo))d(a07pO) (122)

1=1,2
I ((eviy i), (e, )), (e, Pp) s SE S3) T (T, e, piy S2) Ty (T4, o, L, S7)

with the Green function G ((ew, po), (o), pp)) is the inverse of the following operator:

-1
G (e, po) . (e, P})) = (—%v‘f% 5 ((Dg+ (v3) ) AT;':)2>

The effective action for I'; (Ty, o, pi, S7), @ = 1,2 is obtained by replacing (122) in Sy + I:

1 1 2
_ h PR AN I v2 3 - a; a; . s D S2
Sp= i:;g& (T“a“p“‘gi) < QV(T)Sf + 2 ((DSZ? + (Mpi )Sf) ATPi) )Q (T“a“p“SZ)
+ Z Ii,j ((aupl) ) (a;7p;) ’ (/Gjut]) (/8J7 J) 75127532)

(i,4)€{1,2}?
;" (Ti, 00, pi, S7) Li (Ti, 0, 97, S7) T (T, 85,85, 57) i (T5, 85, 85, 57)

where:
Ii ((aivpi) ) (agvp/i) ) (ﬁjvtj) (/8]7 g) ,51275]2)
= [ 1 {(ewp) (0B (a0, po) . 57, 59)

XG((a()va)5(a105p10))1((/6J7tj) (B;vtj) (QOapO)v‘S’?v‘S’S)d(a()apo)d(a107p6)

so that the resulting interaction binds the structures.
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11.2 Operator formalism

To be more precise, we write the systm in terms of operators:

S = Z \/ DSZ ( aluplu 'L)A_ (a“p“sf)—’—%)

1=0,1,2

+ Z azupz ) iap;)a(aOap())uSluS )A+ (aiupi75i2)A (a17p17512)
i=1,2

X (Af (Oéo,po,Sg) +AT (ao,po,Sg))

We will integrate over degrees of freedom of Ty (To, cg, po, S3) through a transformation canceling
these degrees of freedom.
As explained before, we perform the transformation:

exp (—F) Sexp (F)

such that:
I+[F,S0] =0

We show in appendix 4 that using (117),the operator F is given by:

I ((aiupi) 3 (agup;) ) (aOapo) 3 Sz ) S )

(V0w )] = P’
(V) (Buatst) i (Purin)) )
() (2. p'sz) -|(p., )) )

Ultimately, we obtain:

F=-

(123)

S = So+2[IF]

with:

SILFL = =2 Y SA((@pi) (@hp) (a0 p0). (B,0t) . (8.8 57 52, 53)
(i,5)€{1,2}?
xI (i, pi) , (@, Py) , (@0, o), S7,55) 1 ((By,t5) , (B),t;) , (0, p0) , 53, 55)
XA+(ai=pi7512)A (az,pl,Sf)A+ (ﬁj’tWSJQ) (ﬁj’ta’SJQ)
= I((ai,pi),(a},P}), (@0,p0),S7,S3) I ((B,.t5).(B).t]) . (o, po) , 57, 57)
x AT (ai,pi,Siz)A (al,pz,Sf)AJr (ﬁj,t 52) (ﬁ t’ 52)

I~ Jr ViR
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and where:

A((aivpi)v(a/ivp/i)7(a03p0)7(/ijtj) (6]7 j) S2 S2 Sg)

_ 2 _ 2 ? _ 2
(Daiapi-,sf) - (Daévpgvsf) - (Dao-,po-,Sg)
_ 2
(Dampovsg)

+ 2
_ 2 2 _ 2
(V00 5] ) - (o)

As a consequence, two states (a, p;,S7) and (8;,t;,57) that where independent become bound
through (o, po, S3).
Ultimately, the effective operator writes:

1
= 3 (0e) (A (aupes A (wps) + )

i=1,2

_5 Z _A((aupl)a( mpz)u(aOupO)a(/Gjat]) (ﬁja 3)75127512752)
(i.j)€{1,2}?
XI((ai7pi)7(a/i7p/i)a(a01p0)7512752) ((/Gjat) (ﬁ]?tj) (007130)753’52)

XAT (e, i, S7) AT (@, P, ST) AT (85,1, 57) AT (8585, 57)

12 Extension: non localized structures

12.1 Describing structures with variable spatial extension

We have considered the activities and activities’ oscillations of the states as endogeneous, given
that they depend solely on the connectivities of the states. Similarly, the spatial extension of the
structures is considered as fixed in first approximation. However, we may assume that depending
on background, some connections may break and others may be created while maintaining the
same properties of the state. This corresponds to describe states experiencing some displacement
S? — 82 4§52

This possibility can be taken into account in the initial formultion (25), where collective states

have the form:
I1 ‘AT(Z, 2, AT (2,2") 0 (2,2") ,p(Z, Z’)> = |, p, 52) (124)

z.7
which implies that switching from S? — S% + §52%, amounts to replace formally:
AT (2,2'),A7(2,2'),0(2.2') ,p(2.2)))
(2,2")eS?
- I ’AT (2,2'), AT (2,2"),0(2,2") ,p (2, Z’)>
(2,2")eS?
x I1 ’AT (2,7'),AT(2,2"),a(2,2") ,p (Z, Z’)>
(Z2,Z")eS2%2+652/S2

~ —1
X I1 ‘AT (2,2"),AT (2,7 ,a(2,2"),p(Z, Z’)>
(2,2')€82 /524552
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Practically, the power —1, amounts to divide |a,p,5?) by a factor (6) for each point (Z,2') €
S?/5% 4+ §S%. In terms of operator formalism, this translates by considering two different structure
with spatial extension S? and S?+§52, the switching S? — S2+4652 being described by an interaction
term between the different structures whose form is:

/I (o, p’, 5%, a/,p', 5%+ 65%) At (o, p/, 5% + 65°) A~ (v, p, S?)

However, to model the possibility of some permanence in the structures characteristics, indepen-
dently of any localization, we rather consider the dynamic for the same structure described by the
states |a, p, $%) with 52 varying. To do so we will consider the fields I (T, o, p, 5?) with S? seen as
a dynamic variable.

12.2 Fild action with variable spatial extension

We write the following action by considering the frequencies and position as a dynamic variable:

1 1 6
S = XS:LT (T, p, 5?) <—§v§52 S HE +V(S*)+U (v52)> I (T,a,p,S?)

+> > I (T, a + do, p+6p, S* + 65%) U (52,57 + 65*) I (T, a, p, S%)
S 552

1 1
+ ZET (T, o, p, 5?) (_QV%TM +3 (AT;v)t (Ap)ge ATy + C) I (T,a,p,S?%)
S

+ Z HET (TZa(X;vp;vSl/Q) |4 ({‘T/aa25p27sl/2>} 5 {‘Tvakapk78]%>}) H£ (Tkvakapkvslz)

Sk.S;
with: 5
ez = /52 d(Z.2')V (z.21)
and:
62 / 2
S /52 d(2,2') Vi 0

The potential V (S?) should depend on the background on which the structure emerged. It condi-
tions the possible displacement of the structures. The potential:

I=> T'(T,a+da,pt+dp,S* +65°) U (5%,5° +65°) L (T, a, p. S%) (125)
552

should encompass the structural change arising while displacing the content from one spatial zone
to anothr.
Appendix 5 shows that in first approximation we can write the potential:

1

/S U (8%2.7) Vz0L (T, ap, %)

_ 1)
= _ 2y 7 2
- 0() L (T aps)
The expression for U (S, Z, Z') is given in this appendix.
The Green function of:
1 62

1 2
T2V e T 355y

~-U (5% 5%2 +V (8%) + Uy (126)
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should describe the motion of the structure along the whole thread, without breaking the main
characteristics of this structure. Since this has to be realized at each points of the trajectory, the
green function should itself be written as some path integral.

For the displacement to happen without modifying the structures content, some type of topo-
logical content should arise.

Note that such motion along gradient of potential should reproduce continuously what would
be obtained by a sequence of deactivations and activations of structures (see discussion after (96)).

We will neglect the activities variations and only consider fluctuations in connectivities and
coordinates. The "free” dynamics for single structures is given by the operator (126). Moreover,
to study the intrinsic displacement we neglect V (S?) and the structures interaction and we should
only consider the systm described by:

1 62 _ 5§ 1 1 e N
33 U (S?) 5 3V 5 (AT) (A7) AT +C (127)
The global term:
1 s ()
25 (52)?

should favour displacement from S2 to S? 4 652 such that the average connections Tg (Z,Z') are
overall decreasing along the displacement. This corresponds to a loss of content. Moreover this
modification of T¢ (Z, Z') may induce a transition of a state | T, a, p, S?) towards |T, e/, p’, 5?) wth
T;‘,/ (Z,2') closer to the modfied T¢ (Z, Z').
However, the potential:
S (ATS) (A7), ATS +©

may avoid this tendency. The first term % (ATg‘)t (Ap) 42 ATy is quadratic in ATg. It increases
if T (Z,2') decreases. At least it slows down the decrease in T¢ (Z,Z2’). The second term is a
function of S2:
C=[ C(z22)4(27)
g
so that motion should be favoured in a direction of a decreasing C. We write C (5?) for C to
account for this dependency.
The value of C (5?) is given by (56):

N Two (Z) p(C(b‘)I\Ifo (2)Pwo (Z) + D () [Wo (2')|* wo (Z')) ,
C(S)—/S2( 5 T 200 (2) d(Z,2" (128)

so that switching to region with lower average activity is favoured.
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12.3 Green functions

Action (127) modifies the Green functions (96). The computation is presented in appndx 5. We
obtain in first approximation:

)
- 5572

G (57,1, 52, T%) =~ exp<%y(52)

057 (C(eh) o)) 0
exp <_ ((Z’ Z/)I)t (A) g (Z, Z’)I — (Z, Z’)t (A) g2 (Z, z’)’)

1
(<A>5'2 <A>s2) 4
exp (= (Tj7)" ATy - (Tp)" AL )

X
det (Agz)

where (Z,Z') = § and (Z,Z') = S? and (A). is the average of A(Z,7’) in S and (A)ge is the
avrage of A(Z,Z') in S". The first exponential factor is a trend term that confirms the arguments
presented in the previous paragraph: the potential:

5 -

5 -
D0(87) — 520 (57)

favours displacement towards lower connections, while the second term:
—(C(57) - ¢ (5%)

implies a higher probability of displacement towards lower activity region.

12.4 Displacement induced transitions

Assume localzid interactions of the form:

LN (T} o, 01, 57%) V ({| T a0, 517) ) {

T, ok, Pis S }) HE (T, ok, Prs S7)
where V includes factors & (S;? — S2). Structures experiencing a displacement:
‘Ta av p7 SQ> — ‘Tv a7 p7 Sl/2>

may be modified to:
T}, 4, ), S1%)

with amplitude:
G (s s T ) v ({52 ) AT S }) 6 (52 Ty, 82, T5)
This amplitude includes a term:

exp (- (T5")" Agu T — (T)" ATy

det (Ag2)

X exp <5;;2U (5) ~ <20 (57) ~ (C (SP) ~ C (%)

>w@@ﬁ%m%ﬁﬁﬁﬂ0

det (Ag2)
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which, after convolution becomes:

t
exp (— (T) Aga Ty

)i ({fes)))

det (Ag2)
0 = g2 O = o 2 oy P (_ (Tg)tAngg)
<o (50 (5%) - 5520 (57) - (C(57) - ©(89) ) ——— o
S2
with:
¥ (e’ (e o a\t A« o o
v ({[mise)}) = v ({[mise) b (mse))) ew (-2 (mp) gy oy
If V is decreasing function of | Ty — T/®| = | T, — T/¢|, transition is possible under two conditions:
0 - 6 -
505 - 2a0(5) - (0 (57) — 0 (7)) > 0
and:
Ty Ty =0

That is, transition occurs for motion towards relatively low actvity region with similar level of
connectivity.

13 Conclusion

The final section of the present work has extended our formalism to encompass a field-based rep-
resentation for non-localized interacting structures. Activated states can undergo shifts from one
region to another, the driving forces behind such displacements being the interactions. The system’s
background state, conditions these displacements and functions as a landscape. In our formalism,
we have primarily focused on activity and frequencies as the key elements. Consequently, the spa-
tial extension of a state should be determined by these variables, and the spatial extent of a state
remains either undefined or, at the very least, variable. Exploring these possibilities is a topic for
future research.
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Appendix 1

1.1 Full system action

In addition to the neurons activity field action, we add the functionals that describe the dynamics
for connectivity dynamics (see ([8])).

2
Slgl) = /FT (T, T,Q,Z, Z/,C, D) VT <07TVT + OT> r (T7 T797Z3 Z/,C, D) (130)
. o2 .
@ fristonscos (Gno)ioaren) o

2
st =17 (1.1.6,2,2',C,D) Vo <%0Vc + Oc) r(r.1.,6,2,2,C,D)

2
s —t (T, T.0,2,7',C, D) Vb <%DVD n 0D> r (T, 7.0,2,2',C, D) (132)
where:
! ! 2
. ac(1-C)w (J,e— |2-2 |,Z’,|\I/|2> ‘\If <9— |2-2 |,Z’>
Oc = - (133)
Tow (J, 0.7, |x1/|2) w (J, 0.7, |x1/|2)
Op = D a-D)we.z)P
TDW (J79723|\IJ| )
P / - 2 2
0p = —— P _((h(z,z)-T)C|9(0,2))hc (w(J,0,2,]9]
e (CER) )
o 2 o
—DT‘\IJ (O—M,Z’> hp (w (J,e— -2 |,Z’,|\If|2)>>
C C
Or = —|- ! T+ A T
Tw (J, 0.7, |\11|2) w (J, 0.7, |\11|2)

The functional Sﬁl) describes the connectivities, while Sﬁi) describe the accumulation of incoming
and outcoming current that influence the connectivity dynamics.

1.2 Replacing activity field

To find the background state for connectivity, we first derived in ([6]) that activty can be in average
replaced as functional of the connectivities. The inverse activities satisfy:

Wl (J, A |\IJ|2) (134)

. 2
HW(J,Q—IZ_CZ1‘,Zl,\I/)T’F(T,T,G,Z,Zl)‘ \Z — 74|
Glro,z)+ [ & w1221 4
N 2
w(J,H,Z,|\IJ| ) c

2
dZ

where we have assumed that the field |¥ (6, Z)|? is constrained by a potential limiting the activity
around some average |¥, (Z)|>. We choose:

2
v=y(lv@r- [r@.zmar )
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We showed in ([6]) that in a static first approximation, corresponding to an averaging over individual
neurons signls time-scale:

27 (2) (| (2))

2
1+ /144 Arve—T(Z) > T(Z <\1/ 7 2>
< \/ <(m1aD+TC£¥C+Q)T(z)—TD1QDch (Z2) (%o (2)]7),

which allows to derive the connectivities background states.

0 (2)]* = (135)

1.3 Full system background state

Replacing w=! (J,@,Z, |\I/|2) and |¥ (Z)* allowed to minimize Y, Sﬁl). The background state for
connectivity functions may have two forms, for activated connections or unactivated ones (those
with (T) = 0). In quasi-static approximation, we find:

02 (T, 7.,0,C, D) (136)
~ {Nexp (_% Cc-cC (9))2> exp (—% (D-D (9))2)
con (AZEL 1y

(9, 2)]
< I (6.2.2) | exp <—% (- <T>>2> }
(2,2")(T(2,2'))7#0

I (T, T.0.C, D)

~ {./\/exp <_@ (Cc-cC (9))2) exp <—M (D - <D>)2>

o (LOZDL (i (7))) s

where A is a normalization factor ensuring that the constraint over the number of connections is
satisfied and where:

(2,2")(T(2,2"))7#0

2

_ /
w22 = cowo.2 re+pofv(o-EE2)
C
, 2
X W' | (9— lz=2] |,Z’>
ac(Z,Z') = — +ac
TCW w
ap(2,2') = ——+ap|¥(6,2)
TpDW
The averages for C and D are:
(612271 4 i |z—2'| ’
o e acw'\lf(e— P ,Z’)
c
C = (Ch) = o = S=0(0) (137)
’ _|Z*Z,‘ ’ 1 |Z-2Z'| /
w|w (12221 7 1 / _lz=Z]
L +ac ( - | %oy (o- 25,2
v (8,2))?
D = (D)= —2YOD (138)

= +apw|V(0,2)
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We showed that under some approximations, the average values in this background states present
several possble patterns:

AT exp (—lZ_Z/|> < L_ 4 — L 5 )
ve TpQ bT2(|Wo(Z!
T(7..7,) = pop MR, ~ 0 (139)

2 2
1 1 1 T T 2
i e o e T (T<|\110 (2| >Z>

ot _ 2 2 ’
AT exp (_ |Zch |> <TDaD + T (T<|\IJO (ZI)|2>Z) ) AT exp <——|Z_Z |>

T(Z+,er) = B 2 2 A 2 2 — 9
—L LT (T<|\I/0 (2] >Z) +0T (T<|\IJO (2| >Z>
|2-2/ ’
AT exp (— > < < > >
vec TDOtD |Z_ Z/|
T (Z+, Z/_) = ) ~ AT exp (-T)
1 2
TDap + O‘CTC’ +bT( |q}0 A | Z) bT2 ‘\I,O(ZI)I >
z-7'| |z-2'|
AT exp (—' ) + AT exp ( )
ve bT2 (v (Z')\ ve
T(Z.,2") ~ (wo@®), ~

+ 2

1 DD
+ + T2 ([%0(Z)P)

1
acTo bT2<\‘IIO(Z’)|2>Z

with T = 272% p a coefficient characterizing the function G in the linear approximation’ and

2 2
<|\I/0 (z' )|2>Z, <|\IJO (z’' )|2>Z are some averaged background fields in regions surrounding Z and Z’

respctvl, given by a potential describing some average activity depending on the points. These
results are under the hypothesis the field ¥, (7) is static.

1.4 Derivation of the effective action

We present the main points of the derivation of the effective action. Details can be found in [8].

1.4.1 Replacing auxiliary variables by averages and simplified action for '

To write the effective action for T’ (T, T,C, D), we start with a simplification by replacing C and D

acw’<‘\11 (6‘ lz=7] Z,| Z’) 2>
2 vacw ([o (0~ 2. 2)[)
aDw<|\IJ(9,Z)|2>

D - (D)= =D(0) (141)
L+ apw (19 (0,2))

by averages:

Q
Q
=

|

I

C (0) (140)

(see [7]). We also choose:
c(w(0.2.197)) = w(0.2.vF)
hp <w <9— |Z_CZ |,Z’,|\IJ|2)> = w (9— |Z_CZ |,Z’,|\I/|2)
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and the action for the connectivity field is:
rf (T, 7,0, Z’) (vT (vT - (—iT + 5T> T (0, Z)|2>) r (T, 7,0, Z’) (142)
TW w

4Tt (T, 7,0, Z') (VT (VT _ ﬁ ((h (2,7") — T) C 0% (0, 2)|? he (w (9, Z, |q,|2))

1,0, 7,0
A 7 -7
X —D(9)T‘\I/<9—| |,Z’>

2 _ / .
ho (w (9-'2 Z|,Z’,|\IJ|2)>>>>F(T,T,@,Z,Z’)
C C

1.4.2 Decomposition of T’ (T, 1.0, Z, Z’) as background state plus fluctuation

Starting with (142), our aim is to obtain an effective action for fluctuations of I' around some
quasi-static background fld. For this purpose, we decompose the field into the background field
and the fluctuations:

r(1.7,0,2,2") = To(T.7,6,2,2') +Ar (T.1,0,2,2') (143)
rt (T,T,@,Z,Z’) =1 (T,T,@,Z,Z’)JrArT (T,T,@,Z,Z’)

1.4.3 Activities as functions of connectivities and activity induced by fluctuations
Ar (1.7,0,2,2")

To compute the effective action, we have to take into account the dependency of w (9, Z, |\IJ|2) in the
connectivity field. Actually, in (142) activity w (J, 0,7, |\I/|2) is itself a functional of I’ (T, 1.0,2,7' )
whose derivation was given in ([7]). We introduce the variation in activity dw (9, Z, |\I/|2)7 depending

on AI' (T, T,0,7, Z’) and AT (T, T,0,7, Z’), that can be expressed as a series expansion:

+ ..

S (9,2, |\IJ|2) - / ’ (&u (9 Z |\Ij|2)) _ ‘AF (T, T,o,zl,zg) ’
6‘AP (1.7.6,2:, 7))

AT(T,1,0,2,2")=0

and this quantity arises while computing the effective action. More details are given in ([8]).

1.4.4 Effective action for AT (T,T,H,Z, Z’)

In this paragraph, we expand the action (142) using the averages values of T'and 7" in the background
state. We show in ([8]) that the fluctuation part of action (142) around the background state:

To (T, 7.0,7 Z’) T} (T, 70,7, Z’)
is decomposed into three contributions:
v} (1.7,0,2,2') 200 (T, 7,0, 2,2") + S; + V (AT, AT)
with:
Sy = AT (T, T.0,7, Z’) (vT (vT - (—;T n iT))) AT (T, 7.9, 7, Z’) (144)

TWo (Z) wo

+ATt (T, T.0,7, Z’) (Vs (Vs —A)) AT (T, 7.9, 7, Z’)
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V (AL, ATY) = AT (T,7,0,2,2') (V1 (@) = V4 (2= 1)) AT (T.1,0,2,2") (145)

and where we defined:

= = wgp(Z) (D 9) <T> W (2" <w0 (Z) dw (9— |Z_CZI|,Z’,|\I/|2> —wo (Z) 6w (&Z,I‘I’IQ)))

A = wO’EZ) ((n(2.2) = 1) C0) 106 (2)] w0 (2) = D(O) T %0 (2)]*wo (7))

v - L ((cws(o.z10r) + D@ (0- E2EL 20 w2 (7 - (1)) o 2
(S )

The first contribution:
Tl (T, 7.0, 7 Z’) =T, (T, 7.0,7, Z’)

translates the modifications in the background state dynamics due to fluctuations in the connec-
tivities. This can be neglected in first approximation. The second contribution S; computes the
free transition functions in the backgroundstate, i.e. the transitions due to internal fluctuations in
absence of interactions. The third contribution V (AT, AI'T) is an interaction term.
The term (144) is the free part of the effective action, while (145) includes the interaction terms
describing the self interaction of the connectivities system, through the fluctuations in activities.
We demonstrate in ([8]) that the first term in (145) may be neglected and the second term can

be approximated using estimates of dw (9 - |Z_—CZ|, VA |\I/|2> provided in appendix 1 and 2 of ([7]).

Therefore, we can alternatively use for interactions:

V(AL ATY) = —AT (1,7,6,2,2") (V42) AT (T,7,0,2,7') (146)
or its continuous approximation:

V (AT, ATT) = AT (T, T.0,7, Z’) (vfé) AT (T, T.0,7, Z’) (147)
where:

- s (0 (-5 + )

Ultimately, we show in ([8]) that the free action can be rewritten using the background state
equations, so that the effective actin for T’ (T, 1.0,2,7' ) becomes:

S (AF (T, 7,0, Z)) (148)

(T - (T))
TWo (Z)

+Art (TT 0,7, Z’) v, (VT + 0|0 (2,2) (T - <T>)) AT (TT 0,7, Z’) +V (AT, ArY)

— ATY (T, 7.9, 2, Z’) (VT <VT n W (6, Z)|2)> AT (T, 7.9, 2, Z’)

where |¥ (2, Z’ )|2 is a weighted sum of the field over the two connected points:

2 _ C(0) %0 (2)*wo (Z) + D (0) %0 (Z)|*wo (Z')

w0 () (149)

|\TJO (Za Z/)‘
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1.5 Eigenstates of the effective action
1.5.1 Rewriting saddle point equation

After change of variable:

ploz2f (T-(1))" v (T (1))

AT (T, 70,2, Z’) — exp |- i =y (9 o ) (150)
X exp (— ((T i 2AZ£TW < >) ) ) (T, 7,0, Z’)
and:
_ N2 ()2 L e
AT (T7 T,0,7, Z’) —  exp ’ ’\Ij S )JL gT <T>) + i (T <T>) (151)
o3 202w (9,2, |\IJ|2)
X exp (((T_S'T>)2 —2A £T2_ <T>) (T - <T>))) AT (T, T7972’ Z/)
O'TTOJ

with:
AT |AT (61, Z1, Z})?

o T

pD (6) (T) [Wo (2')° _ AN oy -1
Vo = ( ~es (1= (1+ (lwr*)) 7)
the saddle point equation of the action (3) for the connectivity fields AT and AT'T becomes:

2

1 2 p(vo——AAle >|)
o 2 2 T a
0=|-07Vi+ 5 [ |[¥(2,2)] AT + w0 (2)

o AT (T, 7.0,7, Z’)(152)

1 AT /\TAT>

<_UTVT Two (Z)

275(?();) YV (0,2,7',AT) AT — a>> AT (T, 7.0, 2, Z’)
with:
T e N D e I

V(0,2,2',AT) = Vi (0, Z,Z',AT) (1 + Vs (0, Z, Z', AT))
with V; and V, given by:
Vi (6,7, 2',AT) (154)
A oD (0) (1) [Wo (Z3)° | IERRICE YRR
/AFT (TQ,TQ,(;Q,ZQ,ZQ) Vs, ( < > {T (1 - (1 n <|\1/p|2>) T) 0}

wo (Z2) (1.1.,0,2,2")

x AT (TQ,TQ, 02, Zo, Zé) d (T2,T2, B2, Zo, Zﬁ)
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and:

(10022)  TAT|AL (0,20, 2)

T

d (Tlaflaela Zla Z{)

‘/Q(H,Z,Z’,AI‘):/ {T (1_ (1+<|\I/p|2>)T)_1]

respectively.
Equation (152) encapsulates the main characteristics of connectivity states:

(T1,71,01,21,2)

AT (T, 7.0, 2, Z’)

The two first terms describes the individual connectivities. The term V (8, Z, Z’, AT') measures the
interactions between connectivities
Operator O is defined by (5). Recall that o implements the constraint |AT'|| = [|AT]|. As in the
previous paragraph « stands for:
ap+ U’ (|AF (z, z/)|2) (155)

where «q is the Lagrange multiplier for the overall constraint, and U (AT (Z, Z’)) the potential.

wy w2

! !
wy 2

After diagonalization of the potential by a matrix P = ), whose components are:

we show that this background state equation becomes:

A w )P .
_ _ 22 + o r Y2 ’
0 = ( o2V2, + ! (AT AT) = 3 V) ) Ar (1.7,0,2,2") (156)
A2 wl 2 A~
+—o2v2, + 55 (AT’ — AT - —V) AT (T, 7,0,2, Z')
or A
'LU2 'LU2 ~
- <u Yo+ </\—1v2 n /\—2V2> - a) AT (T, 7.0,7, Z’)
+ -

where:

)\i_\/%(uz—F’Uz)—FSQiL—;U) (u—v)° + 452

o (2)/”

TWo (Z)

P |\I/0 (Zv Z/)|2

A (Z)|2@
wo (Z) or

S
Il
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~ /\TVE) ATO ar
ATy, ATy) ~ [ — — , — 157
( ’ 0) ( orwy (Z) | Po (sz’)‘Q AT GT) 17)

and (X X! ) are the coordinates of any vector in the diagonal basis of the potential:

N N
(X’,X’) — p! (X, X)
Note that:
Ap+Ao=u+v
The eigenstates and averages are obtained in ([8]). Under several approximations we obtain
that:
1.5.2 Eigenstates

The solutions of (152) become:
AT (T, 7.9, 7, Z’) (158)

— exp (—% (AT—@)t U (AT—<AT>)>

< H, <(AT'_H/)2 Uff; (AT’—(AT>’)2) H, s <(AT'—@’)2 % (AT’—@’L)
and their conjugate:

AT (T, T.0,7, Z’) (159)

O'T/\Jr

_ Hp<(AT’—@’)2 o (AT'_@’)Q) Hp5<(AT’_@’)202T\j‘§— (AT'—@’)2>

where H, and H,_s; are Hermite polynomials and the variables are:

AT — (AT)
AT—(AT) = AT—<AT> (160)
AT —(AT)Y = p-! (AT—<AT>)
with parameters:
ATy
wo (Z2) [Wo (Z)]
. ATy
Ao = 57

(2)re (1) (2)

and the matrix U given by:
2 4u? _ s(utv)
] o
) = _ 5(5"'”) SQIv2T
G’TUT 0-2

. ) L
_ arT aT
r T

H?|H <
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The potential background field of the sytem are thus defined by considering the set:

W= {(z,z’),pl (Z,Z) Xy +p2(Z2,Z') A = “;“ + (:”1 +3 )V2 a>0} (161)
Jr —

and associating to each function ¢ (Z,2’) : W — [0,p(Z, Z’)], the potential background state:

[1ATsz2) (T, 7.9, 2, Z’)
w

and:
141}, (1.7.0.2,2")
w

We conclude by considering an example of solutions of (156), and consider (Z, Z’) such that:
u+v+ <1U_f+w_§)vz_a_0
Taking into account (150) and (151), the background state for (156) is:
t
. AT — AT) — 2V AT — AT) — 22V
AT (T, T,2,7") = 0 A D % 0T N
(r.7.2.2)) eXp( < AT — ATy — 21y ) ( AT — ATy — 21y
Coming back to the initial variables and reintroducing or and o, it yields:
t
- AT — ATy — ATy A~ AT — ATy — ATy
AT (T, T,2,7") = U . . A 162
(r1.2.2) - exP( (AT ATO—AT1> <AT—AT0—AT1 )) (162)

and for AT'T (T, T, 2, Z’):

AT (T, 7,7, Z’) -1 (163a)

1.5.3 Estimation of AT (Z,Z') and AT (Z,Z')

Average connectivities are given by:

pD (0)(T) 1wo () kA AT° \" A
with: X
pD (6) (T ) ¥ (2)]*
A1 (2,2 = A1 (2,7")
wo (Z) -
and: B
é(Z,Z’)—< F (22 |7 (1= (joa) 2 jar) o >
(1,7.,0,2,2")
<AT> = A(AT) (165)
i1 lAar)?
A= -l (166)

With our approximations and using (166) this becomes:

A (2,2)) A(Z,2") (v?)

M(27) = gz e AT
Lo A (Z,2) /i
AT(2.2) = Gy <AT>
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Appendix 2. Dynamics in activities and emerging collective state

This appendix incorporates several elements of ([5]), ([6]) and ([7]). We revisit how activity may
manifest stable oscillation patterns, and that these oscillations, induced by external signals, may
bind individual elements to produce an emerging activated state. The link between the connectivi-
ties of the state and its average activities is provided. Ultimately, synthetizing the results, we justify
the reverse point of view adopted in the text, namely, that a collective state can be characterized
by some possible stable oscillating activities.

2.1 Dynamic wave equation for activities

This section seeks dynamic solutions for (2). We use the relation (167) provided below to substitute
the non-static part of the field ¥ as a function of the activities, and subsequently derive a wave
equation for these activities. The outcomes of this section will be instrumental in deducing the
internal activity of a collective state and justifying the possibility of sustained oscillating internal
activity in such states.

2.1.1 Differential equation for activities in the local approximation

A local approximation of (2) around a position-independent static equilibrium can be derived for
non-static activities. Assuming a static background field ¥y, we showed in ([5]) (see ([6]) for an
account) the following relation between the fluctuations §¥ (¢, Z) around this background and the

time-dependent part of the activities w (J, Z, |\IJ|2) is given by:

Vow (J, Z, |\11|2)

5 (0, 7) ~

N (167)
V(o (2))f (7.2, |0°)

where w (J, Z, |\I/|2) is the time-dependent activity.

We can find a local approximation of (2) if we expand w (J (0),0,7Z,Go + |\I/|2) to the second-

order in Z — Z;, and consider the other terms in the right-hand side of (2) as corrections. Neglecting
the perturbative corrections in the effective action for ¥ (0, Z), the cells’system is described by the
”classical” action:

2
S = —%\Iﬁ 0,Z,w)V <%9v —wt (J,e, Z, |\1/|2)> U (0,2)+V (D) (168)
and the equation for w (J 0),0,7,Go + |\If|2) is:

— 28 2, w) T (2,0,21,0 - 2550

o wl( 0
F Y w(J(0),0) = J(@,Z)+/N ( (169)

w (J,@,Z, |\1/|2)

7 -7 2
X <‘\IJO+6\I/ (9— 1Z2=2] 1|,Z1> ) dZy
C

We then expand w (9 - IZ_—CZ”, Zl) around w (0, Z) to the second-order in Z — Z; and compute
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the integrals, which yields for the right-hand side of (169):

|1Z— Z1|

(o-=22) z-2
1
/N ) (Z,Q,Zl,e— c )

2
dz,

X |Wg (Z1) + 60 (9 - M,a)
C

TW (1)  fiVew(0,Z2) +f3vzw<9,2> 2 [3Viw (0,2

- )
~ J(0)+—% 5 0.2 S 0.2 ST + T8 (0, Z)
where we defined:
; rh , T
ho= ——" k=3 (170)
r, = N’;(T/|Z—Zl|T(Z,Zl)|\IJO(Zl)|2le
r, = Q;Xr/(Z—Zl)QT(Z,Zl)hI/O (Z))? dz,
and: T(Z,Z 77
TUSV (0, Z) = / %wo (Z,) 60 (9 - g,zl) A
C
JTWOZ/%’Z“Q@O (Zl)dzl

Substracting F~! (wg), where wy is the static solution for activity, equation (169) becomes:

F ' (w(J(0),0) — F ' (wo)=J(0,2)+ flze(jv(g’)z) + f3zg(o;(§,)2) + c2f3% +TU,6T (6, Z)
(171)
Using also (167):
Vow (J, Z, |\1/|2)
5V (0, 7) ~ (172)

2\ Yo
V(W (2))f (7.2, W)
leads to rewrite the last term in (171):

TSV (0, Z)

1

5V (0,2) —T1Vys¥ (0, Z)
NiVowo (1, 2,180[*) = NoVouwo (1. 2, [Wol)

12

with:
Uy (Z
N, = 0(2) :
U" (Xo) w? (Jvza|\110| )
Wy (Z
Ny — 1Yo (2)

U (Xo) w? (J7 Z, |‘I’0|2)
We assume that F~! is slowly varying, so that:

F~H (w(J(8),6)) — F~ ! (wo) ~ Lo (w(J (6),6) —wo)
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with®:
f=(F" (N /T(Za Z1) W (1)dZ,Go (05Z1)>

and define:
Q0,2)=w(0,Z) —wp

As a result, the expansion of (171) for a non-static current is then:

R R .
FQ0,2)=J(0,2) + <w (22) + N1> Vo (0,7) + <w (fz) - N2> V2Q (0, 7) + wc((fz) V0 (0, 2)
(173)
A careful study of this equation is performed in ([5]). We show that this equation has non
sinusoidal stable traveling wave solutions and that in first approximation it can be replaced by an
usual wave equation:

Q(0,2) - <ﬁ - N2> Vi (0,7) - %VQZQ 0,2)=J(0,2) (174)
wo

wo

where wy is the average of the static activity.

2.1.2 Perturbative corrections to the local frequency equation

The perturbative expansion of the path integral for the field action (1) modifies the activities
equation. We computed this effective action, written I' (¥, ¥), in ([5]). It is not equal to S (¥f, ¥)
defined in (1) since the dependency of w=! (J, 0,7, |\IJ|2) in |¥|? introduces self interaction trms.

In the local approximation, this effective action corrects (1) by a series expansion in field:

2
T (0, 0) ~ /\Iﬁ 0,2) <—v9 <%v9 ! (J (6),6,7,Go + |\IJ|2)> 5(0F —0,)+Q(0,2)) W (0,2)
(175)
where Q (0, Z) is a corrective term depending on the successive derivatives of the field (the constants
a;j are derived in ([5])):

a0s - [v y a0t o)),

j! j Pl 9
I 11 o[v (00, 2)]
=1pi—=q

1 D

!
P+ P =2

ki=

“ (lﬁl ol (9?,21)) ﬁ ézl m [Set.o (w1, 0)] (ﬁ\y (91(1),21))

=1

The term Gy is a function of Z and represents a two points free Green function (see ([5])).
The previous equation (175) defines an effective activity that can be identified as:

w! (J(o) 0.7,Go + |\1/|2) — ! (J 0),6,7,Go + |x1:|2) n /99(9,2) (177)

8Given our assumption that F' is an increasing function, f > 0.
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where w (J (0).60,2,Go + |\I/|2) is the solution of:

— 220 2, w) 1 (2,6,21,0 - 2241

o (10.2197) = G J(G’ZH/%W(M w (2.6,2,197)

2
(@l (o0- 222 5) )

Which is the classical activity equation, up to the inclusion of the Green function Gy (0, Z;).

The second term [’ Q (6, Z) in (177) represents corrections due to the interactions. Using (176),
we can find its expression as a series expansion in terms of activities and field. The computations
of these corrections to the classical equation are presented in ([5]) and confirm the possibility of
traveling wave solutions. At the lowest order, we find:

’ ) ea(vewl (J(o),e,z,g0+|\1/|2)) 5(v9w*1 (J(e),e,z,g0+|\p|2)) )
/ Q(e’mzi// sw (00, 2,)|? * 5w (o0, z,)|* ’\P (9(1)’%)’

and we show that this term counters the variations of w™1 (J 0),0,7Z,Gy + |\I/|2) and thus stabilizes
the oscillations.

To sum up, the perturbative corrections account for interactions between the classical solutions
and the entire thread. Moreover these interactions stabilize the traveling waves.

2.3 External signals and connectivity switching

We have given in (139) a first approximation of equilibrium values for connectivity functions. Based
on wave dynamics in the previous paragraph, this section presents the effect of external signals on
these values. The complete derivation is given in part I and II. The result obtained will also apply to
the modified connectivities (164) as these ones are considered in this work as independent activated
states.

2.3.1 Sources induced activities

In the perspective of this work, we are looking at the solutions of (174) induced by some ponctual
sources. Assume several signals arising at some points (Z,61), ..., (Zn,0n).
The solution to (174) are then:

N
0(2,0) =Y G((Z.0),(Zi,0:) ] (Z:,0;) (178)

i=1

Where G((Z,0),(Z;,6;)) is the Green function of:
. -
;- <E—N2> vi- Tl
wo

The non local equation (169) in presence of sources has solutions:

N

Q (9, Z) ~ Z GT ((27 9) ’ (Zi79i))

i=1

J(Z:,0:)

T e (179)

7



where Gr ((Z,0),(Z;,6;)) is defined by:

1
1-Gr

Gr((2.0).(20:6)) = (== ) (2:0).(21.00)
and Gr is the operator with kernel Gr (Z, 0,7,,0 — Lfﬂ) Equation (179) is the local version of
(178). Both solutions present interference phenomena. When the number of sources is large, we

may expect that solutions of (179) and (178) locate mainly at some maxima depending both on

R 2
the connectivity field ‘1“ (T, 1,060,727 ) and neuron field. In the sequel, we will write:

23 (I 1wol*)

the location of these maxima, with ¢ = 1,... indexing these maxima. We will also assume that at
these maxima, the activities are all equal to some value:

so that:

hD (w) ~ hD (W]u)

The precise derivation of the interference phenomenom has been presented in a field theoretic
context in part II. It is sufficient for the rest of the section to build on the qualititative argument
we presented here.

2.3.2 Effective action and background state for given sources states

We have seen that for a given external state, interference arise, and activities localize at some points
Z (TP, 1w, %)

with € = 1, ... indexing these points. We will also assumed for the sake of simplicity, that that at
these maxima, the activities are all equal to some value:

w~w 2wy
so that:

hc(w) ~ hc(wM)
hD(w) ~ hD(wM)

Assuming that functions h¢ (w) and hp (w) are proportional to some positive power of w implies
that outside the set of points Uy = {Z](\j) (|l“|2 , |\I/0|2) }, he (w) and hp (w) can be considered as nul.
We will write Z the generic points of the complementary set of Uy, written CUys. In the context
of this work, the points Uy, correspond to an activated collective state.

We compute average connectivity between points of U, between points of CU,,, and between
points of Uy, and CUy,.
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2.3.3 Connectivity between points of Uy,

The background state at points (Zl(\fll), Z](\?)) C Up is similar to (136):

r (T,T,e,zgjl),zﬁ))

. <_ <<_T5MT + ﬁ <T>) (0,25 ’2>2>

s oxp <_ (2 ((n (7. 26) - T) C0rne ~ D) Tho) 0] (0,245, 255 \))

WM

wth:

2 2 ‘Z](\j[l)_zl(\ZZ)
) (0,257, 22) | = |w (0.2 |w {0 - E—F 20

c

and the average values in this background states satisfy:

(e1) _ ,(e2)
Z —Z
w<9—7| L Zf{}”)

(1) _ ,(e2)
Z A

27( )
U (}9 M _ M ‘, € )

apwWy

2
% + apwu ‘\I/ (9, Z](\jl))‘

2

oWy

C

(c1) ,(c2)
Z]\/Efl ,21\22 2

1
o T oM

D ) )
Z]\/EII’Z]\/E[2

h (Z](\jl), Z](\ZZ)) Cpten) gt (O) e

Cpen g2 O ho+ Dy i) (0) hp

T(2.2)) = xT (250, 2) = &

For an exponential dependency of connectivities in the distance between the connected points:

‘ZI(\/Ell) _ ZI(\/EIZ)

h (Zl(él), Zl(\ff)) ~ exp -

we obtain the average connectivity at points impacted by signals:

(e1) _ ,(e2) (e1) _ ,(e2)
Z —Z Z -7
AT exp <—7| MM ) Y <9—7‘ MM ,Z(ff)>

(e1) _ ,(e2)
Zv T2 (e9)
2 (ﬁ“rwl\/j ‘Q(ef.zw?
he +

A rapun|w(0.250)]

2
he

P (20,25 - 2
)aDhD

(180)

AP -] e
ar v | e

In a lon- run static perspective, it becomes:

(e1) _ ,(e2) 2
A A
AT exp <—J—ALTE—M—J> %PO(Z%?))‘ he

)\ |2 1 () |? aphp
o (2377)] e + (e +eon % (477))

v w0 (25

T (2. 73) =
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The system has to be supplemented with long-term determination of activities wy:

s eipwr) = a5 5 o) o )
(e2)
Z]\/I
[Ty (Zu)]* he
ot %o (Za)|) gm2he

%JrOéDwM\‘I‘O(ZM)\2

R
@

C

o (Zar)2 he + (

acTC

where:
’Z](\?) _ Z](\Z2)

RAT

(e1) (e2)
Zy' 2

and ¥, (Zy)? is the average of ‘\Ifo (Z]([?))‘Q over {Z]([?)}. The value of |¥, (Zy)|> can be ap-
proximated in the following way. We have seen in part II in the field theoretic approach to the
interferences that the signals modify the potential for |¥ (Z)|* but that in first approximation, this
modification can be neglected. Thus, the value of |¥, (Z)|* after interferences may be replaced in
first approximation by the background field before interferences. This is formula (135):

27 (2) (1% (2))7)

2
Arve—T(Z) |2
<1+ \/1+4 ((TDLDJrTcachQ)T(Z) Aﬂlc) re) <|\Ijo ) >Z>

where all quantities are computed in the initial background state. The system emrging from the
interferences thus depends on the whole initial structure.

o (2)” =

2.3.4 Connectivity between points of CU)y,

The connectivity function for two points in CU), is obtained by setting w << 1 and ' << 1:

QOWAT exp (—@) \I/<9 lz-7] Z| Z)
|z—27/| "\ aph

acw‘\lf (9_—0 ,Z’) hco + ("’C) \\D(g),zﬁQ
™D

and these values are identitical to those computed for the static background state in the previous
section (see (214)), up to some global modifications of the system by the interfering signals. These
modifications are encompassed in the values of the constants Q, Q... in (214). These modifications
are negligible in general.

2
hc

T(Z,2') ~

2.3.5 Connectivity between points of U;; and points of CU,,

Two cases arise. The connectivity function for two points in CU,; are obtained by setting w = wys
and w’ << 1lorw<<1and o =wjy.

AT exp <——|Z;CZ/|> ‘\IJ <9 _ |Z_CZ/| , Z/> hC
(2.2 = 5 (181)

- v (02221 27) “he + |w (- 12221, 27)

apwphp
| (0,2)|?
D

+apwpn
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2
he

QCWAT exp (—@) ’\I! (9 lz=71| Zl Z’)
7(2,2)) ~ ,
acw ‘\I/ (9 — ‘Z7—6Z|, Z’)
As a consequence, points of the set U do not connect with elements of CU. On the contrary,

elements of CU send signals and connect to elements of U but their firing rate being slow, they do
not influence the whole set that remains unaffected.

<<1 (182)

he + 4M aphptp
o |¥(0,2)?

In the perspective of this article, this means that we can consider external sources affecting a
single collective state.

2.4 Remark: Field theoretic transcription of source-induced modifications

Note that the switches:
T (Z, Zn) = T (250, 257

due to the sources can be implemented in the following manner. At points (Zj(él), 52)) the saddle
point equation (152):
o2 ?
o (Vo — AT U <Z>|2)
°T

1 _ 9 .
0= | -c2V2+— | |V (Z 2)N|" AT
oVt ‘ (Z, )‘ + wo (2)

402
T

AT (T, 7.0,7, Z’)(183)

N\ 2
1 [ AT — AT
+|-0aVi+ — | ——
T 40%( Two (Z) )

vz el :
- i V (0,2,7',AT) AT — AF(TT@ZZ’)
< 2 + 27_w0 (Z) + ( 3 ) 3 ) «@ 3 3 ) )
is quadratic in connectivities. As a consequence adding to this equation a term:

(AT (Zat, Znt) — (Z<51) Z 52))) AT
202, (two (Z))?

AT (T, 7.0,7, Z’)
with:
AT (Zn, Z) = T (25, 252 ) = T (Zas, Zur)
will shift the average, in first approximation, by an amount:
AT — AT + AT(ZM,ZM)

In terms of action functional, this corresponds to add a term in (90):
AT (T, 7,0, Z') J (AT, Z,2') AT (T, 70,2, Z’)
where:
(AT (Zar, 200) = T (27, 24 ) AT
20% (1o (2))°

This modificaion of action generalizes easily to the collective field describing the collective states.
We introduce in action (90) a term:

J(AT, 2,7y =

L' (AT, a,p,S%6) J (AT, S*,6) T (AT, a,p, S%,0)
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where J (AT, S?,6) encompass the contributions at every point of:

J (AT, S%,0) = > J(AT,Z,0) J (AT, S 0)
zZeS

2.5 Synthesis: activities of activated states

We can gather the various results from this section. External signals induce oscillations in activity
that propagate along the thread. Some cells may bind together at points of positive interference.
The activation of a collective state corresponds to an average activity, as given by the formula
above. Reversing the point of view, we can consider that collective states of bound cells are
characterized by an activity characteristic of the collective state. The average of this activity
can be computed, but we may also consider that these activities themselves may present oscillating
characteristics. In the next section, we will compute both average levels and frequencies in activities.
An important characteristic will emerge in this derivation. The solutions for average levels of
activity amplitudes and frequencies may be multiple. A given collective state will thus possibly
exist in multiple (possible infinite) states, labelled by integers. Such states may undergo transitions,
and the collective state may switch from state to another.

Appendix 3. Activities for collective field and averages

As explained in the text, we begin with a certain collective state, i.e. we consider a large number
of elements connected with some average values of connectivity functions that will be determined
later, based on consistency conditions. Writing the equations for activities in this state leads us to
discover multiple oscillating solutions characterizing the collective state.

To find the activities w (9, Z, |\IJ|2), we start with the defining equation:

(wo+Aw) ™" (1,0,7,197)

w J79_|Z*—CZ1‘,Z17\IJ (T) + (ATY) Z,@,Zh@_‘Z*CZﬂ _
( ) ( )M(,_M,Zl)

2
5 dZy
(w0+Aw) (']797Z3|\IJ| )

= G J(@,Z)Jr/%

Static part

As in ([5]), we consider a static part that satisfies:

K ws (Z1,9) (T) + (AT)) (2, Z1)
N ws (Zv |\I/|2)

(ws) ™" (27 I‘I’IQ) =G 0 (Z) dz,

Using that the modifications states is a group over a bounded domain and involve some finite
number of points we find the equation for the modification at each point Z; of this group:

] 5 (@s), (25, W) (T) + (AT)) (2, 2))
wo)i ! (219F) = 6 | = (ws); (210 P)

W (2;))?

with solution:
Aw (z, T, |\If|2)
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where Aw (Z, T, |\I/|2) is the vector with coordinates Aw (Zi,Ti, |\I/|2). We will write:
~ 2
ws (Z) = wo (Z) + BAw (z,T, | )
in the sequel.

Dynamic part

The first order variation around the static background plus modfcation solution becomes:

Awp (J,@,Z,|\1/|2) (184)
(e o (2 0))
Hw(J,@—IZ_—CZ“,Zl, ) (Z@Zl,o—'z‘—czl‘) Z- 7] 2
A /— ‘\IJ <0—7,Z1> A
N w (J 0,7,V ) c

where the variation A is given by:

([l e )
N (w0+Aw)(J,9,Z,|\IJ|2) c 7

ET(Z,Zl)|\IJO(Z1)|2dZ1AwD <J9_ |Z — 74| Z \11>
AR O AS) ¢

5 T2, 22)ws (4, 20, W) (W (7)) dzy Dp (1,0, 2, 0F°)
N W (J, 7. |\11|2) W (J, Z, |\11|2)
® T(Z,Z)ws (J, 21, V) dZy
N W (J, 7, |x11|2)

The important point at this stage is the following. We showed in ([5]) (see an account in appendix
2) that wave dynamics for connectivities implies that the contribution A |, (Z;,0)|* stabilizes the

dynamics for Awp! (J,@,Z, |\I/|2)9. As a consequence, we can consider in first approximation that
AWy (Z1,0)]° = 0 and assume that activities will be stably oscillating. Moreover, at the level of
activities oscillations, connectivities T (Z, Z;) will also be considered as static for average oscillations:
The oscillation part is obtained by:
2
dZy

dZy

Ao (Z1,0)]

— =4l 7 w1 (2,0, 2,0 - 22241
1, s Uy 41, c —
(/N al )‘\I}@_'Z Zl|’Zl)
C

(J, 0.7, |\1/|2)

ET(Z,Zl)|\IJO(Z1)|2dZ1AwD <J9_ |Z — 74| Z \11>
N g (J, Z,|\If|2) c

2
® T(Z,Z)ws (120, 0) |y (Z,)[* dz, Awp (7.0.2.0)
N ws (4,2, 19P) ws (4,2, 19P%)

9See also the discussion after(186).
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Eand equation (184) rewrites:

(1 ) o (G_l (wgl SJ’ 7, |\1;|2)2)) ws (J, Zlaqj)) Awp (J79,Z, |‘I/|2)
wg (J, Z, || )

~

2
¢ (67 (w5 (12 0))) [ T2 znwz ;J( lez T\; ||;I’)0 (20)[* dz, AZ Ej HZ|Z\1/||\I])| )

with solution:

Awp (J,o,z, |\IJ|2)

- el (o (zm))

2
% /i T(Z, Zl)w(QJ, Zl,\I/)lllfo (Zl)l le - AwD (J,@— |Z le,Z1,‘I’>
N g (G*l (wgl (J, Z, 0| )))ws (J, Z1,0) + w? (J, Z,|0| )

We use that the modified state form a group over a bounded domain and involve some finite
number of points. For such group, we replace the integral by a sum and we have:

Nwp (0.2, 197) = ST (2. 2,) A (9 A \I/) (185)
J

where:
T (Zi, Zj)ws (J, Z;,0) [V (Z)]?
o (G—l (w§1 (J, Z, |\11|2))) ws (J, Z1,0) + w? (J, Z, |x1:|2)

T(2.2) = 26 (67 (w5' (1.2.121)))

We look for oscillatory solutions:

Awp (J, 0,7, |\11|2) — A(Z;)exp (iT0)

and for such functions, equation (185) writes:

A(Z;) = ZT (Zi, Z;) exp <_m@) A(Z;) (186)

J

Equation (186) has non-nul solutions for frequencies T, satisfying:
- Zi— 4
dot (1 T (20, 2)) exp (_m,,M» ~0
C

Generally, the T, are complex, and oscillations are dampened, However we showed in ([5]), that
the perturbative corrections to the effective action for |¥, (Z;)|? shifts the background:

o (Z0)* = [0 (Z0)* + A [T (Z)]

and this shifts allows for stable oscillations. In first proximation, this is equivalent to consider that
for some parameters, the T, can be considered as real, and |¥, (Z;)]? as time independent.
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The possible osillatory activities associated to the assembly is thus given by the sets:
{A@)o . T (T2 2))) )

where p refers to the frequencies T, and the A (Z;) satisfy:

=Y AZ)T (2, Zj) exp (—iTp (T (21, 2;)}) M)

c
J#i

In these equation, one amplitude is a free parameter. We can choose A (Z;) and set:

Thus, the A; (Z;) are solutions of n — 1 systems of equation with i > 2

Z A1 (Z) T (Zi, Z;) exp <_¢TPM> (187)

J#i ¢
For i # 1, j # 1, the solutions of(187) are:

(61']' — T (Zl, ZJ) exp (—erp@>) Al (Zj) = T (Zl, Zl) exp (—erp@) (188)

We rewrite these equations (188) matricially by setting:

(1 — Texp <—ZT |AZ|>) = <5ij —T(Zi, Z;) exp <—iTp7|Zi — Zj|>)
¢ /i ¢

<T1 (Z) exp <_iTp |AZ1|>) =T (Zi, Z1) exp <—iTPM>
¢ i

c

and

As a consequence, equation (188) has the form:

A1(Z) = (1 —Texp (-ff |ACZ|>) Ty (Z) exp (—ZTP|AZ1|>

c

and the modified dynamic of activities writes;

Awp (9, A |\11|2) — A(Z) <1, (1 ~Texp (-nr 'ACZ|)> Ty (Z) exp (—ZTP|ACZ1|>>texp (i, (T) 0)

where:

T, (T) =71, {T(Z,2)})
Ultimately, adding also the average static solution with respect to T yields the result for the additnal
activity:

Aw (Z, T)

+A(Z1) <1, (1 — Texp (—mrp (T) |AZ|>)_1 Ty (Z) exp (—mrp (T) M»t exp (iT, (T) 6)
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3.1 Averages computations and activated states
3.1.1 Averages

Now, considering (14) for the group of shifted states, we rewrite the action functional for this
group by taking into account their particular interactions. Given the activities, we can compute
the average connectivities. To do so, we replace in (15) (see ([8])):

(((z — 7') (Vg + Vzw (2)) + M) Aw (9, Z, |\If|2)) - @Aw (e, Z, |\If|2)

C
= g1Z— 7' Aw (9, Z, |\11|2)

assume A (Z;) proportional to activity on the group:

<(Z 2 (Vi + Ve (2)) + 2 - Z/|> Aw (9, Z, |\IJ|2)

_ 7oz ( (1- oo (-1,22)) " 1 @y (_m,lAczn))pr 6T, (1))

In these equations, we decompose T — (T) +AT where (T) is defined by the background.
We thus consider the effective action resulting from the shift. It leads to rewrite (14):

_ATT (T, 7.9, 2, Z’) (189)

(AT - (aT)) - A <AT - <AT>>

TWS (Z)

< | Ve | o2vs + W (0, Z)|? AF(T,T,H,Z,Z’)

AT (1,7,0,2,2') <a§vf —|¥ (2,2 (AT = <AT>)
pD (6) (T) [Wo ()]

* ws (Z)

J— / A
((Z — 7') (Vg + Vaws (2)) + @) Aw (9, Z, |x11|2)) AT (T, 70,2, Z’)
At the scale considered, system’s frequencies can be replaced by their averages:
Aw (0,7, |W) =B (2,T)

and the second term of (189) rewrites:

AT (T, 1.0, Z, Z’) Vi <p|‘1’0 (2))? <AT_@>

(Z) (D( )< >|\110( NP A|Z - Z'| Aw (9, Z,|\I/|2))) AT (T,T,e,z, Z’)

p( |wo P ws(2)+ DO T (2 ws (2)) (AT-AT)\
s r(1.7,0,2,2)

Ni = (a7)s (D) (T) 190 (2) |2 - 2| 9B (6, 2., 9]*))
C

() [0 (Z)[*ws (2) + D (6) T %o (2)ws (2))
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whr:

DO)(T) |0 (2)]* |2~ Z'| gAw (Z,T)
AT =

(CO190(2)F ws (2)+ D (6) (T) %0 (2 ws (2)))

Din lIs:
A'T = <AT> FAAT

3.1.2 Change of variables and activated states

Recall that the static part wo (Z) + Aw (Z) is written wg (Z).
Performing the change of variable in (189):

o((co e @Pie+ Do) @)F 1) (a7 - 47))

AT (T, 7.0.7, Z’) S oexp| - =y (972’ |\IJ|2) (190)
. (_ ((AT AT - 2M4(§T - A’T) (AT — A’T)) ) Ar (T’ t o7 Z/)
O'TT(AJ
and:
2 N2 & A 2)
i (T’ iz Z/) e p ((C 0) |V (Z)|" he + D (0) |¥ (2"))] hD) (AT A T) o

2 2
40w (9,2, 0| )

( (w — 2 (AT - A'T) (AT - A'T))
X exp

402w (9, Z, |\I/|2) ) Arf (T7 16,2, ZI)

We replace w (9, Z, |\I/|2) with their static part ws (Z). It leads to the action in first approximation

S ({Arsg ((T,T,Z)Sg ,9) }) (192)

~ ~ 2
L [(AT = AT") = A (AT - A’T) A
L o (6, 2))>| | Ar (T, 7.6, 7, Z’)
207, Tws (Z)

in

q | q
EUE A

— _ATY (T,T,@,Z,Z’) o2 V2 —

_ATt (T, 70,27, Z’)

2 7|2 / AT 2
(P (p(cwn% (2 ws (ZHD:?(';O (2 ws (2))) (AT AT)) AT (1,4,0,2,2)
0 (C0) 190 (2)ws (2) + D (9) 9o (2)ws (7)) e
+ | rws (2) + ey HAF (T,T,O,Z,Z)’
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The average values satisfy:

(D) (T) 190 (2 |2 - 2| B (2,(AT)))

(AT) = (A'T)=(AT)+ A . (193)
T (O 2)P ws (2)+ DO) (T) o (2) ws (7))
(af) — (w7 - (st (DO)(T) w0o(2)P |2 - 2| 9B (2,(AT)))
(€O 190 (2)P ws (2)+D () (T) 190 (2] ws (27))
and the effective action wrts:
S (AF (T, 7.0,7, Z)) (194)

— _art (T, 7.0.7, Z’)

(2 > 1 ((AT<AT(Z’Z/)>3)/\<AT<AT(Z,Z’)>:)
UTVT_ﬁ

Tws (Z) [¥o (97Z)2) ) AT (T,T,@,Z,Z’)

_Art (T, 7.0, Z’)

) ((%v; i (D (2,7 (AT - <AT (2, Z’)>:) +M® (2,2 (AT _ (AT (2, Z’)>g‘)>

2
57 ) ar (1.1,0,2,2")

T
N 2
+C(2,7) HAI‘ (T, 70,27, Z’) H
with:

o (C0)1%0 (2)ws (2) + D (0) W0 (2)*ws (2))

C(Z,7") =1ws (Z) + o5 (7)

and:

M° (2, Z') (pD ©)(T) 1% (2 A2~ 2 (v (8w (2.(AT)))
= ws (2) AT(z.27) O (<AT >>
(24)),

and action (194) is rewritten as:

S (AF (T, 7,0, Z’)) (195)
— ATt (T, 70,2, Z’) (VQT + V2 - % (AT— (AT>g)tAg‘ (AT— <AT>g)> AT (T, 70,2, Z’)
+C (2,2 HAF (T, 70,2, Z’) HQ
where the variables are:

(196)

N < AT — (AT) )
AT- (AT)) =

AT - (AT)
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and:

2 2
1 o "2 1 / o ’
w_ |  (Fm)ror@s? MZHe) +pEzme@2)
p
_)\(TW;(Z)) +D(Z?Z/)MQ(Z5Z/) (TLUS)'\(Z)) +D2(Z,Z/)

The matrix Ag‘ is defined by:

A = < % 0 )A"( % 0 )
2 0 0‘% 0 G,L
T T
(st ) + (2 2)? Ay ) p(z.2)Mn (2.2)
= 5 o% UT;’T
4(@) +D(2,2'\M*(2,2") (w) +0*(2.2)
oTos a’%

The minimization of S (AI‘ (T, 1.0,2,2' )) is similar to (156) and leads to the solutions:

aret, (1,1,0,2,2') = Nexp(

an<

g
XHn/ <
2

(AT_ (AT)Z)t Ag (AT— <AT>§)) (197)
(- somi 35 a0 som))
((ar-amp) 7 (ar-ay)) )

N)I)—l

Sl

N

S

and:

Ari? (1,7,0,2,2') = Hy <2f <(AT <AT>Z‘)tAZ‘ (AT—<AT>;;‘)) ) (198)
+

% H,, <2"\;§ ((AT— (AT>§)tA;‘ (AT— <AT>§)>_>

where H, and H,_s are Hermite polynomials. Given the diagonalization of A%

A2 = ppp™!

<(AT— <AT>Z‘)tAZ°; (AT— <AT>;‘)>+ - P( 8 X )
((AT— <AT>§)tA;‘ (AT— <AT>;;)) - P< )

The constant N is the normalization factor.
The lowest eigenvalue state is:

Arg? (T,7,6,2,7') = N exp (—% (aT- (AT>g)t Az (aT- <AT>;;)> (199)

and the state associated to the system is:

[] arg” (T, 7.6, 2, Z’) =11 ‘AT (2,2'), AT (2,7") 0 (2, 2") ,p (2, Z’),52> =|a,p,5?)
.7 z.7
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To simplify the arguments, we assume as before that <AT> o~ <A—/\T>. This yields the equation for

(st) = (a1}

which leads to the relation:There are several sets of solutions:
a <\ _ <AT>a
((AT> ,<AT> ===

For each of these solutions, a sequence of frequencies (T%) are compatible, and the variable part of
activities is:

the average <AT> by writing:

|AZ|

T) ) - (AT)® exp (-m,@) ) t exp (iT) (AT}) 0)

Awg (0,Z) = A(Z) <1, (1 - ((AT)S) exp (—m,

Ultimately, the effective action S ({L (AT, a,p,5?,6)}) for the state writes:

S ({L (AT, p, 5%,0)}) (200)
1

= If (AT,a,p,SQ,G) (—VQAT + 3 (A (AT — (AT)O‘))2 + C’> [ (AT,a,p,5%0) +U (HE (AT,a,p,SQ,H)H2)

where D is diagonal with elements:

D(Z,7)=D

o (C0) 1w (2)ws (2) + D () T W0 (2')ws (7))
ws (2)

The matrix A and the constant C* (Z, Z') are defined by:

A% = /D2 4 (M) M«

C= > C(z2)
(2,2")
with: ( )
o rws(Zy) P (CO)T0(Z) ws (Ze) + D (0) [ Vo (Z2)[ ws (o)
C(z.2)= =2+ 2or 20
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3.2 Rewriting effective action for collective state

Using a change of variable similar to ([8]), we obtain:

S ({AFsg ((TT z) o ,9) }) (201)
= —arf, <(TT z) o ,9)

(VQT B ((AT —M) - A (AT - <AT (Z)>) W, (6, Zl)z) ) AT ((TT Z)sg ’9>

2 Tws (Z1)

_Art ((T,T,z)s2 ,9)

) <V2 B (p (€0 190 (20) P ws (Z1) + D (0) 190 (Zo)]*ws (Z2) ) (AT — AT <Z>))2) o ( (r1.7). ’9>

T 2 wg (Zl)

P (O (0) |0 (Z1)|° ws (Z1) + D (0) [T (Z2)]* ws (Zz)) 2

+ (Tws (Z1) + D ) HAFSL% ((T,T,Z)Sg ,9)

(202)

where:
(D) (T) 1o (2) 2 - 2’| gAw (7, AT))

AT - AT AT - (AT) + (€090 (2)Pws (2)+ D () (T) %0 (2) ws (2))

and wg is the static part of the overall activity. We can rewrite the differences in (201). We define:

o ~ 1Zi = Z,] -1
N3 (s,0) = (@j — [AT](,, ) exp (—ﬂp s
so that in first approximation we have:
(DO (T) 190 (2)|Z - 2| 9w (7,AT))

AT -AT' = AT- <AT> * (C (0) |0 (2)° ws (Z) + D (0) <T> %o (Z9)[ ws (Z/))

AT - <AT> +| Var,, . (Ae(Z,(AT)) <<A >a> (AT — (AT)®)
T(Zl 27) »

and:

(AT — (AT (z>>) )\ (A’i‘ - <A’i‘ (z>>)
Tws (Z1)

(AT — (AT (Z))) — \ (A’i‘ - <A’i‘ (Z)>)

o (0,Z1)] =
%o (6,2,)] Tws (Z1)

Ty (6, Z1)[?

Then, we rewrite:
p (€ 0) W0 (Z0)] ws (Z1) + D (0) W0 (o) P ws (2)) (AT - AT (2))
ws (Z1)
- D (A’i‘ - <A’i‘>) + M (AT — (AT)®)
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with:

0 (C0) 1w (2)ws (2) + D (0) T |W0 (2)ws (7))

D (A’i‘ - <A’i‘>) - D e

(st - (o)

and:

M® (AT — (AT)%)

— WS[EZ) (D () <T> o (2 A|Z — 2| (VAT(ZI,ZQ (Aw (Z,(AT))) <<AT(Z Z,)>a> ) ) (AT — (AT)")

For a given <AT)Z, the action S ({AFsg ((T, T, Z) o ,9) }) becomes in frst approximation:

[

S ({AFsg ((TT Z)Sg ,9> }) (203)
= —arf, <(T,T,Z)Sg ,9)

) (VQT 1 ((AT —(AT)") — A (AT - <AT>) Wy (6, Zl)lz) ) AT ((T,T, Z) - 79)

2 Tws (Z1)

_ATt <(TT z) o ,9) (v; - % (D (A’i‘ - <AT>) + M (AT — <AT>°“))2) AT <(TT z) o ,9)

Given our hypotheses, we have:
HAT - <AT>H << |AT — (AT

Ultimately, considering the potential, the field action simplifies in first apprximation:

S ({Al“sg ((TT z) o ,9) }) (204)
s(fors (mma0))

— —arl, (1.2)5.0) (V4 - 3 (AT - (a1)") - C) argg ((T.2)5.0)

12

+C HAI‘Sg ((T, Z)s ,9) H2 ‘U (Hr ((TT z)S2 ,9> H2> (205)
where:
A% = /D2 + (Me)' M«
and:

rus (2,) P (C0)1%0 (Z0) ws (Z) + D (6) [Wo (Z2) [ ws (22))

Cz2)=— 2ws (Z1)
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Appendix 4. n interacting fields
The Equations for activities are similar to the n field case and are defined by:

Wi (']7 97 Za |\IJ|2)

(7601220 7. w\T1,, (2.0, 2,,6 - 1224l B
= G /Z%gij%( c 1 ) ]( 1 p ) ’\Ijj (9_@7Z1>

2
w; (J, 0.2, |\If|2) “

The n x n matrix G has coefficients in the interval [—1,1]. In the sequel, the sum over index j is
implicit. For instance, if n = 2, the matrix g:

o (4 7)

represents inhibitory interactions between two populations, with, similarly to the one field case:

2

Lij (Tijafz‘pﬂ Z, Z',CmDij)

T (Z,2,) = /Ti‘

The field action for connectivity is recalled in appendix 2 and decomposed in four terms plus
potential:
S+ 8P+ 50+ 50+ 0 ({Ir 6.2, 2,6, D)1}

We also derive an expression for the average connectivity functions 7;; and the equilibrium static
activities as a function of the non interacting frquencies, by assuming:

GijTij << Ty

This is valid if structures 7 and j are distant so that we have:

G7 = exp (—g> G

v

for d the average distant between structures. In such case, we also have T;; << T}; for i # j.
The field action for connectivity flds is decomposed in four terms:

S+ 8P+ 50+ 50+ v ({Ir 6.2, 2,¢, D)1}

where:
sW = /rjj (Tij,Tij,e, Z, Z’,Cij,Dij) (206)
2
or 1 A 9 . ,
XV, (7VTZ-J- - (—Esz + ” ij) |¥; (0, 2)] )Fij (Tij,Tz‘j,@,ZZ aOij;Dij)
s = /rjj (Tij,Tij,o,Z, Z’,Cij,Dij) (207)
2
T, p . 2 2
XVA.. ZJVA.._— hZ(Z,Z/)_E C|\I](97Z)| hC Wi J79727|\I]|
T’J 2 Tl] w; (J,H, Z7 |\If|2) (( J ]) ( ( ))
) Z-7 2 Z-7 R
_DEJ \IIJ <9_%7Z/> hD <wJ <']79_ | c |7Z/7|\I/|2>)>>F’Lj (E];E]aeazvz/ac’mvl)zg)
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Sﬁg) = I‘Ij (T7 T, 0,2,7', Cijs Dij) (208)

2
Oc. .
chij < 211 Ve

R
- ~ —ac(1-C) ; v, (6, 2)]
Tows (J,@,Z,|\1/| ) wi (J,o,z,|\11| )
«T; (T, 7.0,2,7.C, D)
and:
s = i, (T,T,@,Z,Z’,O,D) (209)

2 A
xVp (%DVD + (mm (J,ZZ, MQ) —ap(1-D) I\I/(G,Z)|2)) Ly (T, T.0,2,7',.C, D)
In (1), we added a potential:
U ({|r 6,2,2',C, D)|2}) —U </T ‘r (T,T,e, 7,7'.C, D) ‘2 deT>

that models the constraint about the number of active connections in the system.

4.1 Equilibrium activities

We saw in part III how to compute background activities. Writing activities equations in the static
approximation:

. 2
GUT,; |1y (T 7,7 Zl)‘ (ws). (J, Z1)
- ﬁ J J (A J ’ ) ) 2
(@3),(2) =G | 3 [ % RNt (Gao+ w5 (20)F)az | (210)
For a given structures with specific points, we replace the integrals in the previous formula (210)
by sums:
”(ws).(zbv)Tij (Za.,Zb,) )
R J J - i J
(ws); (Zay, [UP) =G (DD =GP (gjo + (U, (Zy, ) (211)
( ) 7 N (ws); (Zaia |‘1’|2) ( ])
Assuming;:

GijTij << Ty
we expand (211) to the first order:

@), (Zo) =~ G (Z %(ws)i((zaj) Tii (ZapZOcj) (gw i “1/1 (Zaj)

ws); (Zass | 9?) 2>)

) K (ws); (Zaj) Ty (Zai, ij) _ | 2 )
+#i7{z{%j}} G (; N (ws), (Za,” |\I/|2) (gzo + “Pz (ij)‘ )

K ..(WS)J' (ij)Tij (Zawaj) v (Z )
J b;

NG” (WS)Z' (Zai’ |\IJ|2)

(gjo +
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where G* = 1, and this becomes:

(ws)i(Zaz.) ~ (wa)i(Zai) (212)
+G' (G ((wsy); (Za,)))

K ~ij (ws); (ij) Tij (le'ﬁ ij) ‘ |
#i,%:j}} ~C (op), (Zaz-, |\IJ|2) (ggo + ’\I/g (ij)

where (wgy), (Z) are static activities without interactions (where G = 1):
(ws); (Za;) (213)

wsp); (Zat) T (Zas 2y v (7
(wsr), (ZN (wsy), ( aw|\1/|) < - Z( aé)

Equation (212) has solutions:

-1

))#) sy ()

ij

K GY (w ')j b; ) Lij ai,ij
~G' (G ((wsy); (Za))) (N S (fj»)i)(;i)(z ) ( }

v, (2,)

Remark that for inhibitory interactions w; (Z) < (wy). (2).

3

4.2 Connectivity functions

In part 1 we obtained average connectivity functions:

_|z-2| 1 1
AT exp ( ve TDYD T bGiT<T|‘I’iO(Z/)|2>Z

Ty (Z_,7! = ~( 214
J ( +) . . . (bGj'f)<T<|\I/j0(Z’)|2>Z,)2 ( )
Tpap + acTo + bGiT<T|‘I’iO(Z’)|2>Z + 2

AT exp (—'ZZ/|) T (eT (T<|\plo ) > ) )

G AT exp (——lZ;CZ | >

vc TDAD
T (Zy, 2 = —— ~ - .
i (Z+,24) Lo (bGiT)(T<|‘f’io(Z')|2>Z)2 n (bGjT)(T<|‘1’j0(2’)|2>zr)2 (G'+ )
Tpap ' acTc 2 2
AT ex _lz=7] 1 —|— (bG'7) ( <|‘1}20 (@)’ > )
p ve TDAD |Z _ Z/|
T, (Z+,Zl,) _ : ~ \T exp (—*)
1 + 1 + (bGlT)( <|\PL0(Z/ | > ) + 1 ve
Tpap | agTo 2 bGjT<T|‘I’jo(Z')|2>Z
_|ZZ'|) 1 |27
T(2.,7") =~ Arexp ( e )T bGAT(T|Tio(2)|") N GIAr exp ( e
- — - 1_|_TDO‘D 1 B (G’L‘i'GJ)

1
acre t bG’iT<T|\i/,L-0(Z’)|2>Z * bGjT<T|‘i/j0(Z’)|2>Z
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with T = #, b a coefficient characterizing the function G in the linear approximation'®, and the
coefficient G* measuring the connectivity of the i-th field with the other types. The expressions

2 2
<|\I/i0 (Z’)|2>Z, <|\Ifi0 (Z’)|2>Z are some averaged background fields for the ¢-th types of cells in

regions surrounding Z and Z’ respctvl. They are determined by a potential describing some average
activity depending on the points. These results are derived under the assumption of static fields
U0 (2).

Here we also assumed G’ << G'. This is valid if structures i and j are distant so that we have:

G7 = exp (—é> GI
v

for d the average distant between structures.

Appendix 5. Activities for collective states

We look for activities equations for collective states. We write the equations for activities:

(wio + Aw;) ™" (Za,,0) (215)
nwi) (0= 225l 2 Y (my + A7) ( Za 24,0 — =2
B} ”(ij+ wj) | 0 — ———5, 2, | (Tig) + (ATij)) | Zay» Z0;5 0 — ———=
- G Mg
zj: %: N? (wio + Aw;) (Za,,0)
2
Zas — T,
X \117 0 — 7ij
C

where (T;;) + (AT;;) are the average connectivity, plus its modification due to nteractn.
Assuming;:
GUAT” << ATy

leads to a first order expansion with respect to the activities of the groups considered individually.
The solutions will thus be described by corrections to the individual groups.

5.1 Static part

We define again:
w; = wio + Aw;

where w; is the background activt and the additional activity Aw; decomposes into static and
dynamic part:
Aw; = Aw; + (AWD)i
The overall static activity is:
(ws)l- = w;o + Aw;

The static part is derived as for (213). The static form of (215) is:

(ws); " (Za)) =G ZJ: ; % 4 (s); ((Z:JS))A(? (j % ) ‘q;j (ij) ‘2 (216)

0p ~ G (0)
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The expansion (215) around non interacting solution:

(WSf)i = wio + (A—wf)z

that satisfy equation for ¢* = 1:

w wio + (B27), (Z6,) Ty (Zuys 2,

(w0 + (A—wf))z (Z)) =G (BZZ N w40 + (A—wf)z (Za;,0) ‘\Ijj (ij)

2)
yields an equation similar to (212):
(wio + Bw;) (Za,) ~ (wo +Mf) (Za;) (217)

+G' (G (WSf ( )
XZZ : ( ) (Z“’Zb)<,

i ()i (Za: 9I°)
with solution:
Awi (Za,) (218)
= 3 (o) — € (67 ((wsp); (2))

J,bj

.. —1
(e n ) () ) e, e

J#i g

The solutions (218) mix the static activities of the several groups, showing that composed structures
and individual ones are binded by some consistencies conditions.

5.2 Non static part
5.2.1 Equation for non static frequencies

Expand (38) around (39):

(Awp), (z |\If|2)
(ws)- <9—M Zb.> Tij <Z 7 9_M>
ZZ i J ¢ B K air Zoj c
= AG

N (WS)Z- (Zai,e)

is given at the first order:

(AwD)l. (Zai, 6‘)

- oo (o ()

‘Zai—Zb,| (zai—zb,(
(WS)j 9—%,2% sz Zaiaijae_f]
K ..
x A —g"
; ; N7 (@5); (Zay, 0)
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As for one field case, we can neglect:

Zay — 7,
U |0 2,

A

and we obtain:
(Awp); (Zai, 9)
- (6 (0 ()

Za;— 2, | Za;—
fjuzbj?\lj Tl] Zaiuzbjwe_i

(ws)j (6‘— ‘”c bJ‘)
A2y (@), (Zar)

The variation in the last equation is given by:

’Z%;ij ’ ’ ij’ qj) Tij (Zaia ij? 0 — ’ZM;ij ’>

(WS)J' (9 -
N Z 2 v (@s); (Zar:9)

J

{{vi}}
K ,,(wS)J (Zb]7\11) Tz] (Za 7Zb]) ( Zai — ij ) ?
+ > =gY Al (0-——. 2,
twh ™ (o) (Zao )

The frequencies (ws);1 (ij) represent the static part of the activity:

(ws), (ij) = Wwjo (ij) + Aw; (ij)

(((ws)i (Zai))Q + Z %gm‘ (ws); (ij) G’ (G,l ((ws)_l (zai, |\11|2)))) (Awp); (Za;,0)
bj
- @(c (0 (zaet))
C 3SR (ws), (20,) Tis (Zai: 2, 2, \If)
Joobj

We neglect A

in first approximation. Consequently, the activities equation

writes:

Za, — Zs,

J

v, (2,) ‘2 (Awp), (9 -
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with solution:

Za; = T,

(Bwp); " (Za0) = >N Tij (Zais 2, ) (Awp), (9 _
b

J

where:

() = (0 (eni? (o)
ws) ( ) i (Zal,Zb)

(219)

5.2.2 Equation for oscillating solutions

Rewriting the solutions (219) as a vector:
((Aw);l (zai,e))i = (Awp) " (Za,8)
we look for oscillatory solutions:
(Awp) ™ (Za,0) = (Awp) " (Za) exp (i0)
which implies that for these solutions, (219) rewrites as :
(AWD)f1 (Za) =M (AwD)f1 (Za)

with:

Zay — Zy

T . ¢ J
M(iai)7(jbj) = Tij (Zaiv ij) exp (—’LTf)

We decompose the matrix M (ia),(3b;) into a diagonal and a non-diagonal part:

M= (Muai),(a‘bj)) * (M@ai%(jba‘))i#

(
NS e ws), (2,) 6 (6 (@), (Zan 9P + s (2,

so that (M (i) ( jbj)) can be studied perturbatively. The condition for oscillatory solutions writes:

i#]
det(1-M)=0
Given our order of approximation, the elements of:
(M(iai)’(jbj))i;ﬁj

are of lower magnitude than that of:

1= (Mo (1))
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and we write (220) as:

det (1 — M) = Hdet (1 — (M(iai)v(mi))) (221)

X exp (—%TT‘ ((1 - (M(iai),(iai)))_l (M(iai),(jbj))i?ﬁj)2>
=[] det(1— (M) (1 - %TT ((1 — M) (Mz-,j)#jf)

[[det (- (4:0)) (1 S (= M) T (M) (1= M) <Mi,j>))

i jFEL

To solve further (221), we assume that 1 — M can be diagonalized:

1—M;; =U; (1— 1 (7)))11 Uit
where:
(U= f (M),
is diagonal with elements:
1- fli (7)

Now, define the frequencies ~;, by the following equation:

fli (’Yll) =1
Then, det (1 — M) becomes:

det (1 — M)

= H (H (1= 1 (7))) (1 - %TT ((1 — i (7))],) _ U MU (1 fi, (1),) U;lMZ-L,-Uj>

i I i

= II (H (1-fu (7))) (1—%222((1—12,1 (1))~ [Mj,i}l)k (1= fir ()" [Mi,j}kﬁl)

i\l i ikl
where:

[MJ} = UM

{Mz‘,j} = U7 'Mi,;U;
Define similarly the frequencies v,  by:

fik (i) =1
and the equation for the frequencies:
det(1-M)=0

writes ultimately:

1= 3 S S Ut i) = £ D7 [M034] (i s = Fiae )7 [85] =0 (222)

k,l
i i kil ’

The ~; , are the possible frequencies for structure ¢ without interaction.
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5.2.3 Solutions for interacting structures with close frequencies

If the structures before interaction are in states v;;, and these frequencies are relatively close from
each other, that is, if we assume:
<<1

iy T Vi
we start by defining:

B 1

7= Z Vil
where m is the number of structures involved in the interactions, we can compute the expression
arising in (222):

SO (Uaa (i) = Fia O[N] (i Qi) = Fi ()" [ (223)
i g#i k,l ’
= 3 Y () = Fu N W] (Fak (i) = Fan ) Mg
b z;«élﬁ'kl#ki ) ’
+ZZ Z ((fj,lj (%‘,zj) = iy (7)))71 [Mj,iL i (fik (i) = e ()7 {Mi,jhl
D o (a) = £ )7 M (B () = Foe ()™ [0
Log#i l;éllj 7 7
+3 3 (fj,zj (%‘,lj) = fii (7))71 [M“Lk (fies (isks) = Fis (1)) [Mi,j}ki7lj

i jFi J
the last term in (223) dominates and (222) writes:

(2]

To solve (224), we consider each term of the sum individually, and decompose (224) in individual
equations by wrtng:

(fj,zj (Wj,lj) = fiy (7))71 [Mj,iL . (fisk; (Vis) = fisks (7))_1 [Mi,g} =d;; (225)

kil

J

with:
S dij=1

Solving for the frequencies imply to find the d; ;. This is performed by writing in first approximation:
0 0
fii; (%,lj) = fi; () =~ (a—vfj.,lj (7)) . <6—7fzk (V)>7i,ki (”Yj,lj - 7) (Vi =)

and (225) becomes:

{Mj’i]l. k; [Mi’j]ki,lj

3ofi

(Wj,lj - 7) (Viks =) = (226)

dij (a—avfj,lj (7))73-1- (%fi,ki (7))T )
oLy i,k
There are thus m("g_l) equations, W — 1 coefficients, W variables including the variable .

We first start by solving for ~, then the d; ;, and ultimately for the variables ~; , .
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Multiplying (226) by d; ; and summing over i nd j # i, leads to:

V=Y di (%’,ki +7j,lj) > diVik Vi, — 5 o 5 o
i ij#i ig#i (mfj.,zj (7))7 (a_,yfi.,ki (7))
3l

¥

with solution:

(227)

Vik; T Vi Vik; — Vil i [Mj’l}z k [Mm}k !
R4 Jotjg K4 Jotg j o Rq isbj
i.j#i i.j#i i.j#i (mfj,zj (”Y))M (afzwki (”Y))
il

'Yi,ki

To complete the derivation, we have to find d; j, which will yield the ; ;,. Using again (226) leads

to:
i, ]
[ JI’ L kq ! kilj

Clj#kidiﬁj ) (B%fNj (7))%1. (%fi’ki (7))

(228)
Yisk;
with:

Cij ik = (’Yj.,lj — ”Y) (Visk; =)

Using our assumption:
<<1

i1 — Vil
}’YJ-,IJ FYJ 7lj/

we have:
Cuyp; =C = <(7j,lj - 7) (Yik; — 7)>

and summing (228) over i nd j # i, leads to:

C= Z [[M]]”

where: X A
ol [,
(R ™) (&)
oy 3ty 1 V15 oy ik 1Y Vi, ko
1] 2V
and as a consequence:
[[M]];
di i~ —=——2
T M)

so that, writing v, ;,) to label the resulting frequency for the new structure, we obtain:

[[M]]

oo = o, 2 | (5 Pl 5}, 5,

Ultimately, the possible activities are:

wio (Zai) + Mi_l (Zai) + (AwD)fl (Zo) exp (iT{iJi}@)
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Appendix 6

We present the change of basis in the operator formalism. In a first step, we derive the trans-
formation that cancels the interactions with the intermediate structure at the first order. Then
we rewrite the transformed operator at the second order. Interactions reappear as effective terms
between structure at the same time-scale in which the intermediate structures action is hidden.

6.1 Finding F
As explained in the text, we find operator F by solving (115):

[F,So] +1=0 (229)

where:

So= 3 B ( (a,p, S?) A~ (a,p,52)+%)

SxS

and by postulating form of F which is similar to that of I:

> Z > IIIIA* (e ph.59) (230)
n,n’ k 1 n, {Sk Sl}l 1o.n ,1=1s=1
7777 k=1...n

n mg
xFy, . ({og, 01,572, mi}, {o, pr, Sk mi }) H H (atk, Prs S7)

To solve (229), we will use the commutation relations:

m
A+ (aupa 52) A~ (aupa 52) ) H A+ (azupzu Sl/2) = mlDS/26 ((Oé,p, 52) - (a27p275ll2))

s=1

and:

my
[A’L (.0, S?) A~ (o, S?) [ A (ak,pk,Sﬁ)] = —mkﬁg‘gé ((a,p, %) — (. P, S7))

s=1

Inserting these relations in (229) leads to:

0 = ZZ (m;f):l’z mkD ) le,...,mn,mll,...,m;l, ({agupgusﬁ}a{akupkasz})
+Vm1,...,mn,m’1 ..... ({aluplusl } 7{akupk752})
and this yields the matrices elements of the trnsfrmtn:

le,...,mn,mll,...,m;‘b, ({azvpza Sllz} ) {akvpka Sl%})

!
n' I n SOk
21 mlelfz — Dkt mkDgg

le,...,mn,m’l,...,mill ({(X;ap;vsl/z} ) {akapkvsg}) = -

(231)
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6.2 Computing transformed action

Once the transformation matrix is found, we compute the transformed prtr (S(O))/:

(s<0>) = So+ = [1 Fl

by writing [I, F] as a series expansion:

n' Mg
> II II At (ak.p,57) (232)
L=1s"=1
n My
X[IvF]Ml ..... Mn,Mi ..... M:L, ({a/l,up/l,vsg}a{aKapKa‘S’%(}) H HAi (aKapKa‘S’%{)
K=1s=1

Using the series (230) for F and (113) for I. The commutator involves contributions of the form:

n’ mz n mg l1 :z ny Mp
= (LT A (et 1T I[A" (b JTTIA" (w87 TTTTA” (00 50)
1=1s=1 k=1s=1 g=1s=1 p=1s=1
(233)
and A is obtained by successive derivation of a given commutator. Actually:
n' 8m; n oMk
A= Z
11 o 1T { atmk] o c (234)
=1 6tl t= k=1 k tp=0

where C is defined by:

Cc = {exp (Z teA™ (o, Pr, Sg)) exp (Z t A (o, pr, Sg)) , (235)
exp (Z A~ (au,pr, 5’12)) exp (Z AT (au,pr, 5’12))} (236)

The commutator (235) is calculated by using the Campbell Hausdorf formula:

exp (3 1xA ™ (o P, 57) ) exp (3 1hA" (s, i, 57))
xexp (DA™ (i SP)) exp (DA™ (e, pi, 57))
= exp (Z teA” (o, pr, ) + > tA” (al,pl,sf))
X exp (Z t A" (e, P, S7) + Y AT (eu,pr, 312)) exp (Ztktﬂs ((ewk, prs S3) = (au, pr, 312)))

so that, we find for (235):

C = exp (Z th A~ (ak,pk, S]z) + ZtlA_ (al,pl, 512)) (237)
X exp (Z AT (o, P, S7) + Zt;AJr (ou, pi, SIQ))

X (GXP (Ztktlts ((ok, pr, S7) — (Oéz,pl,SlQ))) — exp (Ztktﬁ ((ak, Prs S7) — (az,pl,slz))))

104



Applying (234) to (237) leads to the expression of the coefficient (233) involved in (232). As a
consequence, we find:

[IaF]Ml,....Mn M., ({aLapLusLQ} {O‘KvpKvsK}) (238)
5 5 _ = /
=2 2 X H 0% (ee)* [T TT -0 €01 O, DS DS DEDEE
P, Pr, {e/, }{ec} {653.{0]} ki kL

x 0 ((ow, pr, St) — (87,57, 57%)) 0 (e, P, S7°) — (6, Brs SF))
5 ((acvpc; Sz) (a/da ls/da S@)) 6 ((a/dvp/da S&2) - aévl_)év S’g)
xF ({a;ap;a S ml + 6l} U {a/daplda S&27€Id} ) {akapkvszvml + 5l} U {ac;pca SSaec})
<V ({a4, b7, 577 mp + 0k } U { & B ST cat > {0 PR SE g + 0} U {@e, B 52 €c )

with Pg, Py, are partitions of {ax,px, Sk, Mk} and {a/,p},S?, M} }:

{a/Lup/LusfuMi} = {aluphsl 7ml/}u{a27ﬁgas/27m%}
{aKapKaS?{aMK} = {akvpkaskamk}U{akvpkas]%amﬁ}

We can rewrite (238) by using the fact that the elmnts of F are:
F(m1+51 ~~~~~ Mp+0n,€1,,---, ep)vm'1+6’1 ~~~~~ m! +87,€75 s 6;/ ({a;’ p;’ Sllz} U {ail’ pil’ Séiz} ) {ak7 Pk, Si} U {ac7 Pe, Sg})
V(m1+61 ..... M +0n,€1 4,00y ep),m’l—i-é’l ..... ',+5’ 6’1 ,,,,,, e ({(’X;,p278l/2} U {a:ivp:jastlf} ) {Oékapkws;%} U {acvpcvsg})

>t (mi + 52/) 5/2 =2kt (mk +0,)D + Zd 1 Ed 5/2 -1 fcf)gg

and this leads to the expression of the matrices elements for commutator (238):

[LF]MI ,,,,, Mn,M{,....M!, ({a/Lap/LaSg}v{aKvpKv‘S’%(})

== > X X I @ 0T 0 500k, D DD DY
Pr-Fr {el}decy (or3.{07} Rl Kl
{or}{or}

X 5 ((aun, pr, S2) — (&4, 52)) 8 (o), P}, %) — (&g, PRy 52))

x 5 (e, Pe, S2) — (&304, 57)) 6 (e, Py SIE) — @e, Pey SZ)
xVi ({e,p), S, m) + 6]} U{al, ply SE e} Lo, P, SF + 0} U {ae, pe, S2, ¢ })
<V ({&}, D}, S7.mj + o} U{a, Bl S7,ec}  {@g, PR, 57,5 + 01} U {@z, P, 52, €1 })

where we defined:

Vl ({a27p;78l/2’m2 + 52} U {afbp:i?‘s’(/jzaefj} ) {akvpk; S/? + 6k} U {at’,‘vpC?Schec})
V(m1+61 ..... M +0n,€1 5e-y eP),m’l-l—é’l ..... ,+5n 61 ,,,,,, ({a27p27 SlIQ} U {a:i’ p:i’ Sllf} ’ {ak’ Pk, S/%} U {ac’ Pe, Sz})

>y (mj+0,)D 5/2 — e 1(mk+5k) +Zd L €gD 5/2 _Zc 1€c Da

This is the results presented in the text.

6.3 Exemple

We present the previous computations for the example given in the text.
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6.3.1 Computation of F

In this case F is defined by:
I+[F,S)=0

and this equation writes in expanded form

0 = [Fu A+ (aiapia‘s?) A~ (azaplasf)}
+ Z I ((ampl) ’ (a;,ap;) ) ((XOapO)vSinSg) A* (aivpia 512) A~ (agvp;,a 512) (A7 (a07p07 Sg) =+ A* (a07p07 Sg))
i=1,2

which yields the matrices elements of the transformation. Considering the interaction term:

I= ZI ((aivpi) ) (a;,p;) ; (@0, Po) 51'2’ Sg) A* (ai7pi7 512) A~ (agapéa 512) (A_ (a07p07 53) + A" (aOal)Oa 53))

it can be written in a compact notation:

I = Ia,b,c,d,e,f ((alv pl) ) (all’ p/l) ’ (Oéo, pO) ’ Slz’ Sg)
(AJF (aupivsf))a (A7 (az‘,pmSlQ))b (AJF (ai’vpi’vsi%))c (A7 (O‘i”pi” Si%))d
X (.:AJr ((Xo,po,Sg))e (Ai (a()vp()asg))f

The only matrices elements arising in the interaction are:

I1,1,00,1,0 ((Oél,pl) ) (0/1, p/l) , (@0, Po) S127 Sg)
11,0001 ((@1,p1), (@), p)), (@, Py) » ST,57)
Io0,1,1,1,0 (a2, p2) , (ah, Ph) , (@0, Po) , S5, 53)
Io0.1,10.1 (@2, p2) , (@b, Py) , (@, Py) 5 S3,57)

6.3.2 Transformation matrix F

With these notations, equation (117):

.....

/
n’ 25t n Nk
>im1 mlelrz DI mszg

‘/7711.,....,mn.,m’1 m:L, ({042, pgv Sl/za m;} 3 {akvpka Sﬁ, mk})

F({agap;aslavmg} 3 {akapkaszamk}) - -

solves as:

Fl,l,O.,O,l.,O ((ala pl) B (a/lvpll) ) ((Xo, pO) ) 8127 Sg)
Il,l,O,O,l,O ((alu pl) 3 (all7p/1) ) (a07 pO) 9 S]?a Sg)

W (D orst) - V (Do op s2) + \/ (Daomysa)?}

F1,170,071,0 ((alv pl) ) (allvpll) ) (a67 p6) ) 5127 Sg)
11,170,0,1,0 ((ala pl) 5 (a/lvpll) ) (a()a pO) ) 8127 Sg)

{\/(f)al,pl,sf)z - \/(]_)a’17p,17sf)2 + \/(Da07p07sg)2}
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and:

Fo01,1,1,0 (a2, p2) s (ah, Ph) , (o0, Po) , S3,55)
10,0,1,1,1,0 ((052, P2), (04271)2) (a0, Po) 32733)

(VPar) ) (Prv)|

FO.O,I,l,l,O ((Oé?a p2) ) (a/27 p/Q) ) ((16, p6) ) 8227 Sg)
o,0,1,1,1,0 ((a27 p2), (al27 p/2) ) (a67 p6) ) 5227 Sg)

{\/(Da1=pl=5%)2 - \/ (Do op s2) + \/ (Daovmsé)Q}

Written in term of operator, this is:

. I ((ai,pi), (@}, ), (@0, Po) , 57, S3) (239)

W(ﬁ%w)z (B 's2)2> ~ (Dayporsz)
N v o N o O
+< (D)~ (D apsz) /(.. )) AT <ao,po,ss>)

6.3.3 Remark

Note that formula (239) could have been retrieved also by postulating the form:
Z F ((aiu pz) ) (a{u p;) ) (aOapo) ) S'L ) S ) A+ (aiu Pi, 512) A~ (am pm S'LQ)
X (EA7 (a()a Po, Sg) + A+7 (a()a Po, Sg))

with € to be determined to ensure:
+[F,S)=0

As a consequence:

[F7 SO]
- [F ((ampz) ) (a;,?p;,) 3 (a()a pO) ) Sq, ) SO) A+ (aivpia Szz) A~ (agvpg,v 87,2) (A7 (a07p05 Sg) + A+7 ((XOvaa Sg)) ;SO}

_ <\/ (Pasost) - \/(D"?"Q’S? )2>

xF ((azapl) ; (agap;) ) (a07 PO) ’ 5127 SO) A+ (aiapiu Szz) A~ (a;7p;7 512) (5A7 (aOu Po, Sg) + A+7 (a()u Po, Sg))

_ 2
1/ (Dagpnsz) F (@i pi) (@, ) (@0, o) , S, 53) AT (i, piy S7) A™ (), B, 57)
x (=A™ (a0, o, S5) + AT (a0, Po, S5))

which leads to:

W(ﬁm,piﬁg)? \ Bar) (Dao,po,sg)j e\ Burms2) ) (Parr) 1 (Bupns)
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and:

D ? D ? D 2 r 2 @2
(Dai,pi,S?) - (Da;,p;,sf) + (Dao,po,Sg) F (((X“ pl) ) (aiv pz) ) (a07 pO) ) Sz ) SO)
= -F ((aiupi)7(a;7p;)7(a07p0)751'2753)

These two equations lead to (239).

6.4 Bounded states

We compute the eigenstates of (S(©)) that are the stable collective states resulting from the effective
interactions.
As stated in the text, those states are series expansion:

H((OLK,pK,S%(,MK))> = Z A((aK,pK,S%,MK)) ﬁ ﬁA+ (aK,pK,S%()HH/CL@K (240)

K (Mg) K=1s=1 K

Our aim is first to find the lowest gnstts which have the form:

H (oK, Pk, Si)> = ZA ((ax,px,S%)) AT (ox, P, Sk) H |Vac) g (241)

and then to generalize the result to obtain the full series expansion.

6.4.1 Lowest eigenvalues

As in the text, we start with the action of (S(@)) on (241):
(5©) |H (o, P s;)> (242)
K

= Y A((ak,pk,S%)) <Z DYE + 2]335) A (ak,px, S%) [[ IVac)
K K K K K

+ ZA (e, P, Sf\f)) L Flih0.,...0 ({aL. Pl St} {ak, Pk, Sk}, (ep,pp, 5123)) AT (af, P, S/LQ) H Vac)
K,L K

The condition for

[T (ax. Pk, SE()> to be an eignstate for n writes:
K

kX
+ZA ((a/lﬂplL’S/Lz)) [I’F]l,l,o,...,o ({aK7pK7‘S’%(} ) {alva/LvS/LQ} ) (anvaSIQD))
L

or, which is equivalent, in terms of determinant:

0 = de‘c{[I,F]l_’1 ({ar, P, S7} {ak. Pk, S%}) (244)

+ <Z 15‘;5’ + 2D — 77) 5 ((af, 1, ST) — (aK,pK,S%))}
K/
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that is:

_ I,F /7 /7512 , ,52
H(ZDQK/+2D3§I;_”> det{l—i—[ ]11({aL PL SE} {O‘K Pk K})}:O

Y DgF +2Dgf

For relatively small interactions [I ,F]( << 1 and the determinant equation is in

Nyr ), Mg —Mper+N e/
first approximation:

0=]1 (Z DGl +2Dgl ~ n) (245)

1— Z [Iv F]l)l ((aKvpKv‘S’%() ) (aKlvpKlv‘S’%(/)) [IaF]l 1 ((aK’apK’asf(’) ) (aKapKasg{))
ir (5;; +2D3f - n) (DaK, +2D% - n)

writing the eigenvalues solving (245):

n (ak, Pk, S%) ZDOLK'+2]_DE§ — ¢ (ok, P, Sk ) (246)

and inserting this expression in (245) yields the value of € (ax, px, S%):

Z [Iv F]l)l ((aKvpKv‘S’%() ) (aKHpK’,S?(/)) [IaF]l 1 ((QK’apK’v‘S’%(/) ) (aKvpKv‘S’%())

E(aKapKa‘S’%(): o o
K’ <D K'—|—2D K 77>

52
Inserting the eigenvalue (246) in the eigenstate equation (245) becomes:

0=¢ (aKupKus%() A (aKapKa‘S’%() + ZP ((aKupKa‘S’%() ) (aK’upKUS%(/)) A (CVKMPKHS%(/)
Kl
fL#AK:
0~ (DZ%L + 2]3(;%[/) A (aLapLaS%) =+ Z [Iv F]l)l ((avaLaS%) ) (aK’apKUS%(/)) A (aK’apKUS%(/)
K' M/
with solution:
[IuF]Ll ((aLupLus%) ’ (aK’ngUS%(/))
D} + 2D
L L

A(ar,pr,S7) ~ - A (ak,pk,S%)

In first approximation, using:
nk =Y DG + 2D £ ter
K/ ke

the ex are solutions of:

det{[] Flyy ({07, 52} aw, pr, Sk }) — excd (), P, SP) — (aK,pK,S%())}:O

So that the ex are eigenvalues f [I, F], ; and the coefficients A ((ax,px,S%)) are eigenvectors:
EKA ((QK, Pk, S?{)) = Z A ((aIL7 p/L7 522)) [17 F]l,l,O,...,O ({aK7 Pk, S%{} ; {alLa p/La 522} ) (aP7 ppr, 512—7))
L

As a consequence, the states arr:

H (oK, Pk, Si)> = ZA ((ax,px,S%)) AT (ox, P, Sk) H |Vac)

K K K
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6.4.3 Arbitrary eigenvalues and eigenstates. Full series expansion

To find the more general eigenstates, we consider a series expansion:

H(aK,pK,Si)> = > A((ex,px, Sk, Mk)) H ﬁA* (e, prc, Sk) [ [ IVac)e — (247)

K (Mg) K=1s=1 K

We first need to compute the correction to (S(©)) ‘H (ak, Pk, S§)> due to 3 [I, F], we thus consider
K
the action of the full operator:

T

K
6.4.4 Correction to eigenstates due to 3 [I, F]

1
K K

This correction is computed by first considering the commutator:
[exp (Z teA” (o, Pi, Sz)) , €Xp (Z tA™T (ou, i, Sf))} (248)
= exp (Z HAT (Oéz,pl,SzQ)) exp (Z teA” (ak, Pr, 513)) exp (Z tit;6 (o, Prs Sp) — (ou, pr, 512)))

From formula (248), we deduce that:

C

n mg
HHA (ak, Pry S7) HHA+ al,p,,S;) H|Vac)K
k=1s=1 g=1s=1 K

n Mmg
[H HA (otk, Pr, S) HHA+ q,pq,S"2 H|Vac>K
k=1s=1 g=1s=1 K

This expression is different from 0 if {(a,pr,S7)} C {(a, P, 5/?)} and my < mj,. In this case, let:
{ (o P, 877 my,) = {(e, gy S37) }\ { (e P, S7) }

: I o _ .
with my, = my_, — Mk=p and we have:

n mg ,
|:HHA (ctk, Pry S) HHA+ q,pq,S'Q) H|Vac)K

k=1s=1 qg=1s=1 K
g T TLA" (@), 52 TT Vet
Mg=p phabele 1%
As a consequence, using (247), we have:
1
n' Mg
(Mg) L=1s'=1
XZ[I’F]NI ..... Nn,]W{ ..... M;Z, {alLap/Lan}v{aKapK;S?{})
n Ng<Mg n Mg
lH H A~ OéK,pK,SK H I_IAJr aK;pKaSK) H|VQC>K
s= K=1s=1 K
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and this is equal to:

1
n' Mp
(Mg) L=1s'=1
XZ[I,F]Nl ,,,,, Nn,Mj,..., ({a/vaLvsL} {ax.pr. Sk })
n' ML n Mg—
X H H AT (o, pL. SE) (H NK'C'NK> H H AJr (ax,px, S%) H|Vac
L=1s'=1 s=

This expression can be reorganized as:

n Mg
1 N
E[I’F] H(OLK,pK,Sﬁ)>— Z A((ax,px, Sk, Mk)) H I_IAJr ak, Pk, Sk) H|VGC
K (M) K=1s=1
where:
(2)
>3 <H Nio M(2) N(2)>A((a§?)’ K,(SK) M(2)+N(2)))
P (@) \E=

FL iy (o8 o650 ) e 2500 0
and the sum is over partitions:
P:(aKapKa‘S’%(vMK) (ag)apKu(SK)(l M(l)) (a(K)upKa(SK) 7MI((2))

and where My = MY + M.
Note that (249) can be rewritten matricially:

A(aKapKNS’%(aMK): Z P((aKupKusf{uMK)7(aK’upK’usf(’uMK’))A(aK’upKlusf(’uMK’)

K',(Mgr)
with:
P((aKapKusf{uMK)7(aK’7pKlus§(’7MK’)) (250)
= Z (H NKACI?/Z?/)A((aK"pK”(Sff’)’MK,))[I’F](NK/),MKMK/JrNK/ ({aK,pK,(S%(),MK})
Npor <Mper \K’'=1
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13.0.1 6.4.4 Eigenvalues and eigenstates

The action of (S(©)) on

n Mg
3 A((ex. P, Sk, Mx)) (Z (D‘S"gf: +2MKD';§:)> [T T[] A" (ax.px. %) H|Vac

I1 (ex, Pk, S%) > writes:

K

H aKapKasK >
K

(Mg) K K=1s=1
~ n MK
+ Z A((aK,pK,S%(,MK)) H HA+ (OtKaPng%()H|VaC>K
(Mg) K=1s=1 K

and we look for eigenstates:

(5)

and consider eigenvalues of the form:

H(aKapKaSK >_77(MK)

K

H OéK,PK,SK >
K

NMy) = Z (Dgé:: + QMKD(;%I:> + &(My)
K

corresponding to perturbations of eigenstates without interactions.
The eigenvalues equation becomes:
0 = det ((Dgg + 2MKD;§ — 77) ) ((GK, Pk, S%(, MK) — Ok, PK!, S%(/, MK’) (251)
+P ((aK7 PK, S%{? MK) ) (aK’v Pk, S%{’v MK’)))

where the matrix P is defined in (250). We factor the determinant arising in (251) as:

det ((ﬁg%f: + 2Mi D3 - n) 6 (e prcs Sk, Mic) = @ Brcrs Sir, Micr) (252)
+P ((aKapKaS?{aMK) ’ (aK’apK’asf(’vMK’)))
= det ((D(ng + 2MKD§L§; - 77) § ((ax,p, Sk, Mk) — GKHPKMS?(/’MK'))

P ((aKapKa‘S’%(aMK) ) (aK’apK’v‘S’%(HMK’))

xdet | 1+ — —
(D‘;K +2MxD2E — 77)
K K

For relatively small interactions:

[I’F](NK/)-,MK*MK/JrNK/ << 1

and in first approximation the determinant (252) write:

det ((Dg%f + 2MKD:;§; - 77) § ((ax,px, Sk, Mk) — aK’vpK’v‘S’%(MMK’))

« 1= Z P ((aKapKaS?{aMK) ) (aK’apK’asf(’aMK’)) P ((QK’apK’asf(HMK’) ) (aKapKasg{aMK) a)
K (Dg%f +2M DL ~ n) (]‘355 1 2MK,135§:,, ~ 77)
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As in the previous paragraph, we replace the eigenvalue by:

where ¢ (ax,px, Sk, Mk) is given in first approximation by equation:

~0

1— Z P ((aKapKaS%(aMK) ) (aKlapK’aS?{/aMK/)) P ((aKlapKUS?{HMK’) ) (aKapKaS%(aMK) a)
K’ E(OéK,pK,S%(,MK) (DQK/ =+ 2MK/D(;§K/)
K!

52,
with solution:
¢ (ak,px, Sk, Mx)
~ Z P ((aKapKaS?{aMK) ) (aK’apK’asf(’aMK’)) P ((aK’apK’asf(’aMK’) ) (aKapKaS?{aMK) 7)
7 (D3t + 20100 )
K’

2
SK’

Once the eigenvalue is found, we can come back to the eigenstate equation:

0 = (D3 +2MkDZL —n) A (e, pr, Sk, M)
K K
+ Z P((aKvpKaS?{aMK)a(aK’apK’aS?{’vMK’))A(aK’apK’aS?{’vMK’)
KMy,

for:
n:n(aKapKasg(aMK)

Using (253) this eigenstate equation is:

0 = 5(aKapKa‘S’%(aMK)A(aKupKusg{uMK/)
+ Z P((aKvpKasg{aMK)7(aK’apK’asf(’vMK’))A(aK’apK’a‘g?(’vMK’)
K'M s

Now, if L # K it writes:

0~ (Dg%L+2MLI_)§%L)A(QL7PL7‘S’%5ML)+ Z P(((XL,pL,S%,ML),((XK’,pK/,S%(/,MK/))A((XK’,pK/,S%(/,MK/)
K'M s

and leads to:

P ((aLupLu S%aML) ) (aKupKu S%(uMK))
13‘;‘% +2MLD§2L
L L

A(avaLaS%;ML) = - A(aKvpKv‘S’%(vMK)

Appendix 6 variable localisation

6. 1 Interaction term

To compute the interaction term:

I=> TI'(T,a+da,pt+ép, 5% +55*) U (5%,5% + 6S*) L (T, a, p, 5%
552
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we choose the following form for the potential U (S?, 52 + §52):
U (S2,8% +85%) = / /- (2,2')U (6T (2.2"))
552
- / (2, 2')U (5T (2, 7')) - / i(2,2')U (5T (2, 7')
524552/52 52/524652
where:

5?4+ 68°%/5? (8% +65%)\S? N (S? +05?)
S?/S%+65% = (5*)\S*N (5% +657)

and 0T (Z, Z') is the variation defined by:
5Tg (Za ZI) = Tg ((Za ZI) + 5(Za ZI)) - Tg (Zv Z/)
In a continuous approximation, this corresponds to:

U (5?5 +05%) = /wz U (6T (2,2")) (n (2,2") %) d(2,2")

with n ((Z,Z")) the normal to S2.
A second order expansion rewrites the potential:

I = Y I'(T,a+da,p+ip,S* + 65 U (5%, 5+ 65%) L (T, a, p, 5%) (254)
5§52
— ZET (T,c,p,S?) U (S%,5* 4+ 6S*) L (T, o, p, 5%)
552
> I (T,a,p,8%) U (8,5 +657) 552%r (T,a, p, S?)
552
oL (T,o,p,5?)

Here, P should be considered as a full derivatives, but, to focus on nonlocalization, we
neglect variations in a, p. We have defined:

552522 (T, a,p, 5?) /5ZZ)V(ZZ,) (T, a,p, S?)

In (254), the first term can be neglected. Actually:

> U(8%,8%+65%)
552

_ Z(/ (52 +85%/8%) U (Tg (2.2')) - /(32/S2+532) (T <ZZ>)> =0

552
The second term in (254) can be rewriten as:
S U(S%,8*+65%) | 6(Z,2")V(z20L (T, p,S?) :/ U(S%2,2")V 2,2/ (T, a,p, 5?)
552 S2 S2

where:
U(S%2,2") =) U(S*S*+65%)6(2,2")
552
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As a consequence, the potential (125) writes:

I = ZET (T, + S, p+3p, S* + 6S%) U (52, 8% +65%) I (T, o, p, S?)
552

_ /S U (8%2,2') Vi mL (T, . p, 5%)

5
—U (S?) 552 (T, p, 5?)

6.2 Computation of the Green function

The Green function between two states }TO‘ 5?) and }T;“, 5’?) is computed by changing the variables
in the action:
1 & )

(T8 (< 0 () 35 Ve 5 (T (40 4T 4 € (5 )£ (T )

Replacing:
52
E(T,a,p,Sz) —  exp (/ (52) dS2> (T « p,S2)
52
I'(T,a,p,8%) — exp (-/ U (S?) d52> I'(T,a,p,S?

the action becomes:

L' (T, a,p,5?) (255)
(T 0 (57) 4 L ST (57) — SV, 4 (OT9) (A7) ATS + O (57) | D (T p. 57)
25(52)* 2 2052 (Ms2 7 9 P ’
with: 5
WU (5%) /VZZ/)U(S Z,2')d(Z,2")

For U? (52,7, Z') quadratic in (Z, Z'):

]
o
N

N
_l’_

|

-
o

12

1 U 2 2
/522A(Z,Z)(Z 4 27)

/ % (A) (Z° + 2"%)
52

1

with (A) is the average of A(Z,Z') on S2.
We also expand C (9?) with respect to some C (S3). In first approximation:

C(s*) =C(sh) + [ (220 +(7 - Z)T(s?)

so that, up to come constant:

0(s2.2.2) + 5250 (%) ~ 5/ <A>((Z—<A)1(_3(52))2+(Z’—<A>1@(52))2)

N~

115



The Green function of:

_ L@ +%/<A><(Z—<A>1(_3(52))2+(Z'—<A>1(_3(32))2>

25(7)°
_§V%T)S2 + 9 (ATP) (Ap)s2 ATy +C (52)

is written:
2 fe% 2 le%
G(S’ ,T;, , S ,Tp)

between two close structures S? and S? + §5? is approximatively:

exp (= (X)) (A)gay552 X' = (X) {A)ga X (C(5?) - C(52)))

G (ST, 52, T9) =~ A (256)
o (- (1) ARTy - (T5) AL T))
det (A%,;)
where
X' = (Z —(A)7'C(s%). 2~ (47 C (52))(Z,Z’)6S’2
and:

X=(Z2-(A)7"C(5?),2 — (A" C (s
( (4) ( )’ (4) ( ))(Z,Z')es2

We have set (A)g. for the average A(Z,Z’) in S* and (A)g,s¢2 for the average A(Z,Z7') in
S2+65%. As a consequence, successive convolutions yield in first approximation the Green function
for the system defined in (255):

exp (= (X)) (A e X — (X)) (A) 2 X— (C (572) — C (52
G (52, T, 5% Tg) =~ P (-0 s (<A(>) <<A>>S . (©(5 -0 () (257)
g2 52

T (T5)" AL T;)

exp (— (T;O‘)t A2

S72
X
det (Agg)
Expanding X and X’ leads to:
G (97, Ty, 5% Ty) (258)
n¢ n' 1 n' /
exp (- ((2.2)) (A)g2 (2.2) - (2.2)" (A)g (2,7)) - (C(57) - C (52))>
B det (A)

exp (— (T5)' AgaTy — (15)" AZTS)
X

det (Agz)

where (Z,Z’)I =57 and (Z,Z') = 5%
Coming back to the initial variable amounts to add a factor in (257):

° o (5'2)> (259)

5
exp (@U (52) — 58/2

which yields the result in the text.

116



