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Propagation, Interferences, Bound States.

Pierre Gosselin* Aileen Lotz'
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Abstract

We continue our study of a field formalism for large sets of interacting neurons, together
with their connectivity functions. Expanding upon the foundation laid in ([9]), we formulate an
effective formalism for the connectivity field in the presence of external sources. We proceed to
deduce the propagation of external signals within the system. This enables us to investigate the
activation and association of groups of bound cells.

1 Introduction

In this series of papers, we develop a field-theoretic approach to study the dynamics of connectivities
in a system of interacting spiking neurons. To achieve this, in ([9]), we established a two-field model
that describes both the dynamics of neural activity and the connectivity between points in the
network. This field theory is the outcome of a two-step process and is based on a method originally
developed in ([1]) and subsequently adapted for complex interacting systems in [2][3][4], and [5].
In the first step, we extend the standard formalism of dynamic equations for a large assembly of
interacting neurons, as outlined in ([7]), to include a dynamic system accounting for the evolving
nature of neural connectivity. We employ the formalism for connectivity functions presented in
([8]), which is rewritten in a format suitable for translation into field theory. In the second step,
we transform this two sets of dynamic equations into a second-quantized Euclidean field theory,
as detailed in (see [2][3][4] for the method). The action functional of this field theory depends
on two fields.The first field, analogous to the one introduced in ([6]), characterizes the assembly of
neurons, while the second field delineates the dynamics of connectivity between cells. Both fields are
subject to self- interactions, depicting interactions across the network, and also interact mutually
with one another, encapsulating the interdependencies between neural activities and connectivities.
This field-based description encompasses both collective and individual aspects of the system. The
system with these two fields is delineated by a field action functional that records the interactions
at the microscopic level. This action functional comprehensively encapsulates the dynamics of the
entire system.

This field-theoretic framework enables us to derive the system’s effective action, as well as the
corresponding background field, namely, the minimum of the effective action. This background field
characterizes the collective state of the system. The field framework allows us to compute firing
rates, i.e., neural activity, at each point in the system in a given background state. Additionally,
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we can derive the propagation of perturbations in neural activity from one point to another. In a
prior work ([6]), we demonstrated the existence of persistent nonlinear traveling waves along the
network by considering the field action for neurons alone. In ([9]), where the field for connectivity
functions is included in the system, our description enables the derivation of both background fields
for neural interactions and connectivities, which minimize the action functional. These background
fields represent the collective configurations of the system and dictate the potential static equilibria
for neural activities and connectivities. These equilibria serve as the structural foundation of
the system, governing fluctuations and the propagation of signals within it. They depend on
internal parameters of the system and external stimuli. We showed the existence of several possible
background states and their corresponding connectivities, the thread being mainly organized into
groups of interconnected points.

Assuming that the timescale of connectivities is slower than that of individual cells, we have
demonstrated how repeated activations at certain points can propagate along the thread, gradu-
ally altering the connectivity functions. Foroscillatory perturbations, the oscillatory response may
exhibit interference phenomena. At points of constructive interference, both the background state
for connectivities and average connectivities undergo modifications. These long-term modifications
manifest as emerging states characterized by enhanced connectivities between specific points. These
states are reflective of external activations and can be regarded as records of these activations. They
are slowly fading over time but can be reactivated by external perturbations. Furthermore, the
association of such emerging states arises if their activation occurs at similar times. The resultant
state is a combination of two states, describable as a modification of the initial background state
at several points. Activating one of the two states may reactivate their combination. Therefore,
regardless of the cause of their activation, these enhanced connectivity states exhibit the charac-
teristics of interacting partial neuronal assemblies.

Nonetheless, these results were derived solely by working with the connectivities field. We made
use of the findings from ([6]) and did not establish our results based on interactions between the
neuronal field and the connectivity field. The objective of th present work is to incorporate the
interactions between these two fields and ultimately derive an effective action for the connectivities.
Any modification in terms of cell activity resulting from external signals or cell interactions will
then be then inherently encompassed within the effective action for the connectivity field.

This effective formalism enables us to contemplate the dynamics of the connectivity system as
alterations of the connectivity field induced by external perturbations. The outcomes from ([9]) are
thus recovered as transitions between initial and final states of this field. The outcomes from ([9]),
such as the emergence of combined structures and the reactivation of one structure by another,
thus occur within a coherent field description of the connectivity system.

This paper is organised as follows: In Part I, we provide an overview of the model and results
from ([9]), Sections 2 and 3 revisit the individual dynamics of interacting neurons and the field-
theoretic formulation of the model, respectively. In Section 4, we review the characteristics of the
background states and qualitatively discuss the influence of external perturbations on these states.

To develop an effective field theory for the connectivity field, Part II integrates the degrees
of freedom of the neuronal field in the presence of external sources out. Section 5 details the
modifications to the neuronal field’s path integral induced by the presence of sources. Section
6 computes the saddle-path neural activity in the presence of sources and derives the effects of
interferences on this activity. Section 7 deduces the impact of interferences on the emergence of
bound states.

In Part III, building on the previous sections, we derive an effective field theory for the con-
nectivity field. Section 8 outlines the effective theory and the associated Green functions for the
bound states. These Green functions are then utilized to investigate modifications in the con-



nectivity background state. In Section 9, we present various applications, including activations,
associations, and reactivations of structures as externally induced transitions of the background
states. We uncover the effects of interferences as consequences of these transitions. Section 10 is
for the conclusion.

I. Model, static background fields and
external perturbations

We present the dynamical model for cells activity and connectivities between a large set of cells.
We recall the field translation of this model. We present the result of prtl: the static background
fields along with the associated equilibrium connectivities and activities, and the perturbations
associated wth external sources. Details are given in prtl.

2 A dynamical system of interacting cells.

Following [2][3][4], we describe a system of a large number of neurons (N >> 1). We define their
individual equations and the dynamics for the connectivity functions.

2.1 Individual dynamics

We follow the description of [7] for coupled quadratic integrate-and-fire (QIF) neurons, but use the
additional hypothesis that each neuron is characterized by its position in some spatial range.
Each neuron’s potential X; (¢) satisfies the differential equation:

Xi (1) =~ X7 (1) + Ji (¢) (1)

for X; (t) < X,, where X, denotes the potential level of a spike. When X = X,, the potential is
reset to its resting value X; (t) = X, < X,. For the sake of simplicity, following ([7]) we have chosen
the squared form vX? (¢) in (1). However any form f (X; (¢)) could be used. The current of signals
reaching cell i at time ¢ is written J; (¢).

Our purpose is to find the system dynamics in terms of the spikes’ frequencies. First, we
consider the time for the n-th spike of cell i, 0. This is written as a function of n, 0@ (n). Then,
a continuous approximation n — t allows to write the spike time variable as () (¢). We thus have
replaced:

0 — 0@ (n) = 0 (¢)

The continuous approximation could be removed, but is convenient and simplifies the notations
and computations. We assume now that the timespans between two spikes are relatively small.
The time between two spikes for cell i is obtained by writing (1) as:

dX; (t)
dt

=7X7 () + i (1)

and by inverting this relation to write:

d — dX;
B yXE+JO (H(i) (n— 1))




Integrating the potential between two spikes thus yields:

_ . Xp dX
09 (n) — 09 (n—1) ~ / R

Replacing J® (0@ (n — 1)) by its average value during the small time period ) (n) — 0 (n — 1), we
can consider J® (6(“ (n—1)) as constant in first approximation, and we find:
L_L) J(i)(e(i)(nfm)

Xr Xp v
arctan S0 (60 D)
1

00 (n) =60 (n—1) =G (o(i) (n— 1)) = \/ I (9TXZ)) (2)
SO (0 —

The activity or firing rate at ¢, w; (¢), is defined by the inverse time span (2) between two spikes:

1 i
I =F (09 (n-1)) (3)

wi (t) =

Since we consider small time intervals between two spikes, we can write:

09 (n) — 09 (n—1) ~ %9@ (t) —w; () =& (t) (4)

where the white noise perturbation ¢; (¢t) for each period was added to account for any internal
uncertainty in the time span 6 (n) — () (n — 1). This white noise is independent from the instan-
taneous inverse activity w; ! (t). We assume these ¢, (t) to have variance o2, so that equation (4)

writes:
d

Z 0@ () — (®) @ (p(® —
~600 (1) - G (9 (t),J (9 (t))) & () (5)
The w; (t) are computed by considering the overall current which, using the discrete time notation,

is given by:

T ((n=1) = J9(n-1) ©
e JZW; %5 (9@ (n—1) — 09 (m) @) Ty ((n—1,2:),(m, Z;))

The quantity J® ((n — 1)) denotes an external current. The term inside the sum is the aver-
age current sent to i by neuron j during the short time span 0% (n) — 6 (n —1). The function
Ti; (n—1,2;),(m, Z;)) is the connectivity (or transfer) function between cells j and i. It measures
the level of connectivity between ¢ and j.

In this paper, the connectivity function is a dynamical object whose dynamic equations are
described in the next paragraph. We will work in the continuous approximation, so that formula
(6) is replaced by:

i (1) = 70 (1) 4 2 Wi (8) s (o (1) — 00 16y — L= ZilN 14 7, |
JO (1) = JD () + % /ij o (00O =09 () 5 T (4, 20) (5. 27)) ds - (T)

Formula (7) shows that the dynamic equation (4) has to be coupled with the neurons activities

equation:

wi(t) =G (9@ (t),J (9@') (t))) i (8) (8)

and J@ (t) is defined by (7). A white noise v; (t) accounts for the possible deviations from this
relation, due to some internal or external causes for each cell. We assume that the variances of
v; (t) are constant, and equal to n?, such that n? << o2.



2.2 Connectivity functions dynamics

We describe the dynamics for the connectivity functions 7;; (n — 1, Z;) , (m, Z;)) between cells. To
do so we adapt the description of ([8]) to our context. In this work, the connectivity functions
depend on some intermediate variables and do not present any space index. The connectivity
between neurons i and j satisifies a differential equation:

dT;,; TZ
o= T ) +ATW Z(St—Atw—tl) (9)

where Tj; (t) represents the variation in connectivity, due to the synaptic interactions between the
two neurons. The delay At;; is the time of arrival at neuton ¢ for a spike of neuron j. The time té-
accounts for time of neuron j spikes. The sum:

> 6 (t— Aty —th)
l

counts the number of spikes emitted by neuron j and arriving at time ¢ at neuron i.
The variation in connectivity satisfies itself an equation:

dﬁj k A l
W:p(l— ) Zdt—t ; 25 t— Aty —th) (10)
where Cj; (t) and D; (¢t) measure the cumulated postsynaptic and presynaptic activity. The sum:
D> s(t—tf)
k

counts the number of spikes emitted at time ¢. Quantities C;; (t) and D; (¢) follow the dynamics:

dCij Cij (t)

I —T—i-ozc (1-Cy (t))zl:5(t_Atij _té') (11)
ddlZi _ _D;lgt) tac(1—Di(t) %5 (t —tF) (12)

To translate these equations in our set up, we have to consider connectivity functions of the
form:

Tij ((na, Zi) , (ny, Z5))

that include the positions of neurons ¢ and j and the parameter n; and n; which are our counting
variables of neurons spikes. However, equations (9), (10), (11), (12) include a time variable.

In our formalism, the time variable §() (n;) is the time at which neuron i produces its n;-th
spike. We should write classical equations depending on these variables.

Moreover, the number of spikes Y, 0 (t — At;; — t}) emitted by cell j at time ¢! and the number of
spikes Y, 0 (t — tF) emitted by cell ¢ at time ¢ are proportional to & (%) (n;) — (t — At;)) w; (n;) and
§ (09 (n;) — t) w; (n;) respectively. Given the introduction of a spatial indices, we have the relation:

|Z: — Z;|

c

Atij =

and the first § function writes:
s (9(]‘) (nj) — (t Atij)) -5 (9(]‘) (n;) — (g(i) () — | Z; ; Zj|>) 5 (g(i) (ni) — t)
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As a consequence, we will write first the connectivity functions from ¢ to j as:
T ((2,609 () i (n0)) 4 (25,69 (n) . w; (ny)) )
This function, together with the variation in connectivity:
T (269 (mi) i () (23,69 (ny) 05 () )
along with the auxiliary variables:
c ((Zu@(i) (i), wi (nz‘)) , (Zjﬁ(j) (nj),w; (nj)))
and:
D (2,69 (n) w1 (m1)))
satisfy the following translations of equations (9), (10), (11), (12):

Vo np T ((Zi, 0 (ni) , wi (ni)) ; (Zj, 09 (n)) ,w; (nj))) (13)

10 (209 0 0). (5209 0150)

+)\( ((Zl,ﬁ (ni) ,wi (n z)) (Z],9<>(n]) w; (n ))))5(9@) (ns) — 6 (nj)_M)

C

where T measures the variation of 7' due to the signals send from j to i and the signals emitted by
1. It satisfies the following equation:

Vo (ny T ((Zzw@(i) (ni) ,wi (ni)) : (Zjﬁ(j) (nj) ;@ (W))) (14)
= 0 (09 () - 09 () - BB
x {(h (Z,71) - T ((zi,ow (ni) ,wi (ni)) (z 69U ( nj)) ) ( ) he (wi (1))

-D (H(i) (n)) T ((ZZ-,G(O (n;) ,w; (nl)) (Z oL ), wj (n; ) hp (w; (nj) }
where he and hp are increasing functions. In the set of equations (9), (10), (11), (12):
ho (wi (ni)) = wi(ni)
hp (wj (ng)) = wj(n)

We depart slightly from ([8]) by the introduction of the function h (Z, Z,) (they choose h (Z,Z1) =
1), to implement some loss due to the distance. We may choose for example:

h(Z,Zy) = exp (_M)

vc

where v is a parameter. Equation (14) involves two dynamic factors C (6®) (n — 1)) and D (6; (n — 1)).
The factor C () (n — 1)) describes the accumulation of input spikes. It is solution of the differential
equation:

Vo) (n-1)C (G(i) (n— 1)) = _%:_1)) (15)
tac (1-¢ (60 (n-1))) (9@') (n—1)— Zi=%l - ZJ")

6



The term D (6; (n — 1)) is proportional to the accumulation of output spikes and is solution of:

D (H(i) (n— 1))

Ve(i)(nfl)D (g(i) (n— 1)) _ -

+ap (1 -D (9<i> (n— 1)))%- (n:) (16)
For the purpose of field translation, we have to change the variables in the derivatives by the
counting variable n;

and replace Vya)(, ) =~ wi(n;) Vy, in the previous dynamics equations. We thus rewrite the
dynamic equations in the following form:

For the connectivity T

Vi (269 (i) i () (2,69 (1) 05 (ny) ) ) (17)
= —mil(ni)T ((Zz 60 (n;) ,w; (nz‘)) : (Zj, 09 (n;) ,w; (nj)))
oy (1 (2009 00 0 0) (2,09 ) ) ) ("“’ (1) 69 (n) - =2 Zj')

For the variation in connectivity 7

Vo, T ((Ziﬁ(i) (), wi (ni)) ; (Zj 09 (n;),w; ("j))) (18)
T oW é)m)a <0(i) (ns) = 09 (ny) — 2 ; Zj|>

X {(h (2,21)-T ((Zzw@(i) (i), wi (ni)) ; (Zja@(j) (nj),w; (nj)))) C (9(i) (n— 1)) he (wi (ni))
=D (09 (0= 1)) 7 (2656 () (1)) + (25,09 (n) 5 (n3)) ) b (; () }

and for the auxiliary variables C and D:

V,,C (9@ (n— 1)) = _%T(Ln_)l)) (19)
wj Zj,é‘(i) (11—1)—|Zi;czj|
+ac (1-¢ (09 (n-1)) ( ) )
and: 1. b (0(1_) (n— 1) 1.
VniD(G()(n—l)) Sl T (1_D(9<>(n_1))) (20)

Then, to describe the connectivity by a field, we have to describe the connectivity as a set
of vectors depending of a set of double indices kl (replacing ij) and interacting with the neurons
activities, seen as independent variables indexed by 1, j...

We thus describe connectivity by a set of matrices:

(Tkl (nK1) T (nw1) s (Zr (nw) = (Zx,, Z1)) o) (nit) ,wk (k) s w) (nit) s Cra (niat) , D (nkz))

where ny; is an internal parameter given by the average counting variable for cells or synapses firing
simultaneously at point Zj .

Then, we replace the description (17), (18), (19), (20) by a set of equation in which connectivity
Ty (ng) interact with all pairs of neurons at points Z, and Z; whose average activities at time
0D (ny) and OFD (ngy) — |Z’C—gZ” are given by wy, (ng),wj (nk) respectively. As a consequence, we



replace the notion of connectivity T;; ((n — 1,7;),(m, Z;)) between two specific neurons i and j by
the average connectivity between the two sets of neurons with identical activities at each extremity
of the segment (Z;, Z;) This approximation justifies if we consider that neurons located at the same
place and firing at the same rate can be considered as closely connected and in average identical.
Stated mathematically, variable is an average ny = 7; at a given time #*) and we assume that
in average, connectivity variable T}; (ny;) interacts with all neurons pairs located at (7, Z;) at times
0@ (n;) = 0D (ny). Writing @ (Z;,n;) for the average activity, we impose @ (Z;,n;) = wy, (n;) and
@ (Zj,n;) = W (ng) and 09 (nj) = 6*D (ny) — Zi2il yegpectively. The densities Ty (nj) are thus
the set of all connections between points Z; and Z; between sets of synchronized neurons at Z; and
synchronized neurons at Z;, i.e. between set of neurons or synapses at this points. In this point of
view, we replace vﬁ(i)(ni) ~ w; (n;) Vy, by:
Ong

VoD () = FED () L = @ (Zis1i) Vi

As a consequence, the dynamic equations (17), (18), (19), (20) are replaced by:

Vo Trt (nrr) = (— Z mTkl (ngr) + ﬁmsz (nkz)) (21)

%) (9@') (ni) — 6D (nkl)) 5 (Z1, — Z3) 8 (wi () — @ (Zi, ms))

Vi,
(Z (Z, Z1) — (nkl)) Cri (nwt) he (wi (n4)) ZDk i) T (ng) hp (w; (%)))

st (09 ) = 09 () = 2B 5 (09 ) - 009 ()

(Zz,m ¢
X6 ((Zk,, Z1) = (Zi,: Z5)) 6 (wi (n) — @ (Zi; 1)) 6 (@i (nk) — @ (Z5,15))
Vo€ () = (—% +3 ac (1~ Cu () %) (23)
8 (00 ) = 09 () = 250 5 (60 () - 00 (000 5 (2120 - (2. 2)

X0 (Wi (nkr) — @ (Zi,n4)) 0 (wi (nwy) — @ (Z5,n5))

T D) (—TDZ’}(ZTZ’“LW s S (1 Dy () <m>) 24

i,y

<5 (9(1') (ns) — 90D (’flkl)) 6 (Z — Zi) 6 (wi (nir) — @ (Ziym4)) 6 (wi (ni) — @ (Z5,n5))

Similarly, note that we can also rewrite the currents equation (6) as:

JO (= 1)) = O (( NZ% 5 (60 0= 1) - 09 ) = ZZ2D) 3 (0= 1,2 (. 2)
with:
Tij ((ni, Z3) , (my, Z; ZTM oy (9(i) (ni) — 6V (nkl))5(w;c (nk1) — @ (Ziyn4)) 6 (wi (ngr) — @ (Z5,m5))

(25)



3 Field theoretic translation of the system

This section presents the translation of the system neurons+connectivities dynamics in terms of
fields. The detailed derivation was given in ([9]).

3.1 translation of Equation (5) in terms of field theory

We have shown in [2][3][4] that the probabilistic description of dynamic system for a large number
of degrees of freedom is equivalent to a statistical field formalism. A concise version of this method
is given in ([5]) and this method was applied in ([9]) to derive the field theory counterpart of the
system presented in section 2.

Within this formalism, the system is collectively described by a field, which is an element of the
Hilbert space of complex functions. The arguments of these functions correspond to the parameters
used to describe an individual neuron. In this study, we will present the results directly.

The fields action for the neurons activity is a functional for the field ¥ (¢, Z,w) and encompasses
the dynamics (5) along with the activities described by (3) and (6):

2
S = —%\IJT (H,Z,w)V (%V—w1> \I/(easz) (26)

1 2 -1 R W1 |Z—Z1|
b [ 196 2.0) (w G(J(H,Z)Jr/Nw (0- 222 21

Using the fact that 2 << 1, we showed in ([9]) that we can restrict the fields to those of the form:

U (0,2)6 (ofl —w! (J,e, Z, |\If|2)) (27)

2

2
T (Z, 9, Zl) ledw1>>

where w™! (J,@,Z, |\IJ|2) satisfies:
Wl (J 6,7, |x11|2) (28)

— 22 2, w) 1 (2,0, 21,0 - 2221 2
1, y Uy 41, c —
N c

(J, 0.7, |x1/|2)

The ”classical” effective action becomes (see ([9])):
2
—%qﬁ 9, 2) (vg (%vg —w! (J,e, Z, |x1/|2)>) U (0, 7) (29)

with w™! (J,e, Z, |\I/|2) given by equation (28). As in ([6]) we add to this action a stabilization
potential V (¥) ensuring an average activity of the system. The precise form of this potential is
irrelevant here, but we assume that it has a minimum ¥, (6, 7).

3.2 Translation for connectivity dynamics

The translation of the four action terms describing the connectivity dynamics (21), (22), (23) and
(24) is straightforward. Taking into account the projection (27), we obtain four terms: Sﬁl), Sg),
S®, s

2
SO = /PT (T, 7.0,2,7',C, D) Vr (%FVT - (—iT+ 5T>) r (T, 7.0,2,7',C, D) (30)

TW w

9



“V; (%VT =2 ((rz.2) - T)Cle®. 2)F he ()

i hp (d))) r (T, 7.0,.27.C, D)

xVo U—CVc-i- %—ac(l—C)

T (T,T,e,z, 7.0, D)

. 2 D .
s@ — (T,T,e, Z,7'.C, D) Vo (%DVD + (T—w —ap(1—D)|¥ (0, Z)|2>) r (T, 7.0,2,7'.C, D)
D

(33)
with:
w = w (J,e,z, |\If|2)
W = W(J,e— |Z_CZ |,Z’,|\I/|2)
and: 7
h(Z,2') = exp (—g>
vec
3.3 Full action for the system and partition function
The full action for the system is obtained by gathering the different terms:
1 + O_g 1 2
Spar = =5 (0,2,0)V (V= (10,2, [9F) ) W (6,2) +V (V) (34)

+2—7172 (s + 5+ 52 + 88 + () + v ({Ir 0.2, 2/, ¢, D)}

with S0, @ 5@ 5% given by (30), (31), (32), (33). In (34), we added a potential:
R 2 R
U ({|r 0,2,7'.C, D)|2}) —U (/T ‘r (T,T,e, Z,7'.C, D)‘ deT)

that models the constraint about the number of active connections in the system.
The partition function of the system is given by:

exp (g ((W1,)  (0.11))) D (#,9) D (£.1)

10



4 Background state and perturbation

4.1 Background state

We showed in ([9]) that Sf.; present several possible minima. These minima are characterized
by the shape of |¥ (6, Z)|2 and T (T, 1.0.2,7',C, D) for every point Z and doublet (Z,Z’). The
derivation proceeds in several steps. We first derive the saddle point |¥ (6, Z)|* of:

2
_%qn 0,2,w)V (%v —wt (J, 0,2, |\If|2)> U (0,2)+V (D)

as a function of the connectivty field T' and then work with an effective action:
SO+ 80 452 + 5P 4 s
for this field. In first approximation, the field I can be decomposed as a product:
r (T, 7,0,2,7',C, D) =T¢(0,2,2',0)Tp (0, 2,2',D)T (T T.0,Z, Z’)

and this allows to compute the background values for I'c and I'p, leading ultimately to consider
an action S\ + S for:
r (T T.9. 7, Z’)

with C and D replaced by their background values (C) and (D). For later purposes we recall this
action here:

s (F (T, 7.0,7, Z’)) (35)

Vr (VT - ((;Zoi%—(;?)) |‘I’(9=Z)|2)
+V5 (VT =7 ((h (2.2) = 1) () | (2) o (n® :o?;; )

— i (T, 7.0 7, Z’)

“nH (6 —T) — (D) T |Wo (2] %)) r (T, 7.0, 2, Z’)

We derive the saddle-points solutions and compute the associated averages for a static regime
and under some approximations. The background is determined by two possibilities for T for all
(Z,Z"). These possibilities describe an activated state T, (T, 1.0.2,7',C, D) and an unactivatd one
T, (T, 7.0,2,72',C, D).

We also showed how to derive the average connectivities in such background states. These
averages satisfy some set of equations:

2

acw' |U (6‘ - M,Z’)
<OZ,Z’> == D) (36)
L +acw |v (0- 2221, 77)
<DZZ’> _ aDw|\IJ(9,Z)|2

= +apw|¥(9,2)]
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(T(2.2)) = »(T(22)) (37)
 Xh(2,2)(Crz ()12 6. 2)))
- % (0,2, 7")|
with:
) ) OZ_Zf(9)|\IJ(9,Z)|2hc(w(9,Z))+DZVZ/(9)}\1/ (9—|Z‘—CZ/|,Z/) hp <w<9—|Z‘CZ'|,Z’>)
v©.2.2" = he (w8, 2))
(38)
for (Z,7') an "a” (active) doublet, and:
(T(Z,2")) =0 (39)
h(Z,2'){Cy 2 (0) he (w (0, 2)) |9 (0, Z)*) —
(70.29) - (2.2')(Cz.20 (0) ho (w (6, 2)) |9 (6, 2)]" ) ", w0

(ho (w(6,2)) |2 (6,2, 2)|")

We obtained under some assumptions and in the static case, the possible averages values for the

connectvt functns:
|z-2| 1 1
AT exp (_ ve TDOD + b’f2<‘\p0(z/)|2>z

T(2-.2%) —— =0 (41)
1 1 1 = [ A 2
7pop T acrc T b2 (w0 (2")%) , +0T (T<|\IJO (2" >Z,>
ot _ 2 2 )
AT exp <— |z-2 |> <TDa + 0T <T<|\I/0 (Z’)|2>Z) ) Arexp (_ |7-2 |>
T(Z4,2) = — ~ :
7 2
s + s + 0T (T (e (2)F),) +bT( <|%< oY)
z-z'
AT exp <——| u0_|> TDocD < < ) 7 Z/
T(Z 7ZL) = N/\TeXp 7| — 7]
" 1 , 2 2 ve
Tpap O‘CTC’ (T |\IJO Z | Z) + b—Q_TQ “P()(Z’” >
z-z'
/\Texp< > R (Z,)‘ > AT exp <_| i |>
17,7 -

1+ 2L 4 2

acTC bT2<\\I/0(Z’)|2>Z

+ @,

with T = %, b 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. They are determined by a potential describing some average activity depending on the
points. These results are derived under the assumption of a static field ¥, (Z).

4.2 source induced perturbation of the static background state

In ([9]), we also showed with qualitative arguments how an external activation may modify the
solutions of equations (36) and (37) (or (39) and (40)) for connectivity functions averages. Actually
external signals modify the field ¥, (6, Z):

U (9, Z) — Uy (9, Z) + 0¥ (9, Z)

1y~ G’ (0)
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and induce a modification dw (J, 0,7, |\I/|2). This modifies in turn the set of equations for T'(Z, Z’).

In ([6]) we showed that oscillating signals can induce non linear oscillatory response dw (J, 0,7, v
and produce interferences phenomena. These phenomena modify the solutions (41), linking points
where interferences induced perturbations dw (J, 0,7, |\I/|2) have a large amplitude, leading to some
emerging connected structures. We also discussed how such structures may interact and activate
each other.

However, these results were derived qualitatively in the context of switching static states. The
next sections provide the dynamical study of these phenomena in terms of field theory.

II Effective field theoretic approach to
transitions of connectivity states

In this part, we provide a rationale for adopting the local approach employed in the initial part
of this study ([9]) by using the system’s effective action. We elucidate the dynamic aspects of the
system presented in ([9]) within the framework of the field model. This approach is non-local in
nature due to the involvement of interactions between distant interconnected points.

The underlying principle remains consistent with our prior work. Our objective is to integrate
the degrees of freedom of the neuron field with respect to the connectivity field, denoted as I'. This
procedure results in the generation of an effective action for the field T', enabling the investigation
of state transitions in connectivity. However, within a dynamic context, this integration of degrees
of freedom must account for external perturbations that alter the path integral associated with the
neuron field ¥. We will evaluate this path integral by developing a time-dependent series expansion
for neural activity w(J,6,72), which depends both on the connectivity field and the perturbation
component of the field ¥, written AV (6, 7).

5 Principle: Integration of neuron field degrees of freedom in pres-
ence of external perturbation

As a general method for integrating the ¥ degrees of freedom, we start with the action functional
for cell field alone, along with its partition function:

/exp (%w 0, 2Z,w)V (?v —w! (J, 0,7, |\11|2)) V(0,2)+V (\I/)) DY (0, 2) (42)

We then compute this quantity as a function of the connectivity field I'. Actually, the time scale
of neuronal processes is shorter than that of connectivity dynamics, and perturbations first affect
the equilibrium of the neuronal system. Subsequently, these perturbations propagate to influence
connectivity dynamics.

To model some external perturbation that will propagate in the system, we modify (42) and
consider the insertion, at some point Z; and time 6y, the factor a (Z;,00) |¥ (Z;,6o)|” inside (42). The
partition function is thus replaced by:

/a (Zi,00) |¥ (Z;,00)|? exp (%qﬁ 0,2,0)V (%gv — ! (J,e, Z, |x1:|2)) V(0,2)+V (\I/)) DY (9, 2)
(43)
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The squared field:
(6, 2)]" =W (0,2) V" (0, 2)

measures the density of activity at point Z and for a given time 6. The presence of the additional
contribution:
@ (Zi,60)|* = ¥ (Zi,00) ¥ (Z;,60)

in the integral corresponds, in the field framework, to the introduction of a ponctual perturbation
at time 6y from the background field equilibrium, as described by the term ¥' (Z;,6,), which is
immediately switched off, as transcribed by ¥ (Z;,60y).

In other words, the presence of |¥ (Z;,6y)|*> corresponds to a ponctual signal sent from Z; and
time 6, that will propagate to the whole thread. The factor a (Z;,6p) is the amplitude of this signal.
To model several sources sending signals at the same moment 6y, we introduce a product:

Ha(zi,eo) W (Z;,00) [

We will consider the possibility that the number of active sources may vary over time and
consider a probabilistic combination of such sources. Furthermore, we intend to account for the
periodic repetition of certain signals over time. Consequently, we will incorporate these elements
into the path integral by including the factor:

/exp <Z a (Zl, 6‘0) |‘I’ (Zl, 90)|2> d90 (44)
The term >, a(Z;,0) |V (Z;,0)* creates and cancels some stimulations at several points Z; which
deviate the field ¥ (Z;,0) from the static equilibrium. The exponential factor accounts for the pos-
sibility of multiple similar stimuli occuring at the same location, as required. The summation over
6o guarantees the signal’s repetition over a certain time period. Furthermore, to ensure that per-
turbations only occur at specific points Z;, we assume that the perturbation is implicitely tensored

by:
I1 o (1w .00
Z#Z;
This will imply that outside the points Z;, there is no initial perturbation of the system.
The path integral to consider is thus:

/exp(—S(\I/))/eXp <Za (Z:,00) | W (zi,90)|2> dfo (45)

i

- /exp (%\Iﬁ 6,2)V (%gv —wl) v (9,Z)> /exp (Za(Zu@(J) v (Zi790)|2> dfo

K2

Then, we evaluate the effect of the inserted term (44) on activities by expanding w=! as a

serie of AW (0, Z), the fluctuation of the field around the background field ¥, (Z) induced by the
perturbation. The knowledge of w=! in the perturbated background state will provide the effective
activity, which will be incorporated into the action for the field T.

We replicate the sequential steps of the derivation as outlined in ([6]) and tailor them to our
specific context. This series expansion subsequently enables us to calculate the transition in the
background state induced by the perturbation (44) and derive the interferences phenomena pre-
sented in ([9]).

14



6 Activities w(J,0,7) series expansion in field in presence of ex-
ternal sources

This section computes the modification of w™!' with respect to its background value due to an

external perturbation. This is achieved by first computing the expansion of w=! in terms of field,
and then by including the effect of the sources. These sources modify the background state at
specific points, thereby influencing the activities.

6.1 Formal series expansion

We showed in ([6]) that in first approximation, the effective action for ¥ obtained by replacing:

‘\1/ (9 _ M721>
c

in (28), where G (0, Z1) is the free Green function computed in ([6]). In average, Gy (0, Z;) is some

2 2

(46)

Z — 7
—Go(0,21) + “I’o (Z1)+ ¥ (9— %,Zl)

constant % The field ¥, (Z;) is some static background, while ¥ (6 — IZ_—CZ”,Zl represents the

dynamic part of the background field, i.e. a modification above the background state, which may
be induced by external sources.
Formula (46) can be written in a more compact form if we define:

Go (0, Z1) = Go (0, Z1) + |Wo (Z1)[° (47)

(o250
C
as a shorthand for:

\1;(1;(21)\1; (9_ M,Zl) 10, (Zl)\IIT (9_ M,Zl) + ’\If (9_M721>
C C C

As a consequence, formula (46) writes:

and write: ,

2

2

Z-Z . Z-7z 2
'm@_LirizO %%mggﬂw@—Lifia) (48)
Taking (48) into account, our starting point the equation for (inverse) neurons activities:
w o (202802, w)T(2,0,2:,0 - 2240
wt,0,2) = G|J(O)+ —/ 5 (49)
N w (J,@,Z, | )

X (g_o (07 Zl) + ‘\Ij (9 - @,Zl)

o)

Then, we replace T (Z, 0,21,60 — ‘Z_—CZ”) in (49) by its average over the connectivity, which is, given

(37):
<T (Z,e,zl,e—@»:fr(z,zl)w (W (9_‘“221)) (50)

T(Z,Z1) =h(Z,7Z1)

where:
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and:

w(0,72)
W<w(e_lz—+1,zl))

Xt (2, 21) (Czzy (0) he (@ (6, 2)[¥ (0. 2)F)  Arh(Z,21) (Czzy (0) |9 (6, 2))

he (w(0,2)) |96, 2, 2,) | 0 (0,2, %))

Thus (49) writes:

“1(1.0,2) = G J(9)+%/T(Z,Zl)

<go 0.2,) + ’w (9 = ) 2) dZ1>

and we aim at expansion of the solutions Of (51) around the static background equilibrium. To do

so, we write the series expansion in |\I/ ( ), Zy) ‘2 of w™!(J,0,7) around its background state value:
(4,0,2) = W (0,2)192—0 (52)

o0

n, ,—1
+/ n(S(U (J,H,Z) H|\IJ —lZ,Z
n=t \ T1 1% (0 —1;, Z)
1=1

\\11\2:0
and finding w (J,6, Z) amounts to finding the derivatives:
w1t (J,0,2)

51 (0 — 15, Z:) [

,’:]:

i=1

These derivatives are computed by expanding the right-hand side of (51) in |¥ (H(j),Z1)|2. We
present the computations in the next paragraphs.

6.2 First term of the expansion

The first term in (52), w=! (%, Z) is a solution of:

v2=0”

0, 2) g2 (53)

|Z—2,|
K OJ\\I/|2:0 (9 - c 7Z1) w“y|2:0 (9, Z) _
= G J+—/TZ,Z w Go(0,21))dZ
( N ( 1) W)y 2o 0,2) Wiy (9_ IZ_CZl‘,Zl) ( o( 1)) 1

To uncover the internal dynamics of the system, we will first consider a constant external current
J (0) = J, typically with J = 0. However, the findings of this section remain applicable even in the
presence of a non-static current J (). The static solution of (53) satifies:

1(1,2) = G <J+ % /T(Z, Z1) Z((Zzl))w <:j((zzl))> Go (0, Z:) le)

= GlJ,w, 7]
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We assume this solution to be known, and we chose to expand w (J,6, Z) in (52) around this solution,
the dynamics being determined by the time dependency of |¥ (1), Z;) ]2. We thus set:

w (0, 2) g2 =w(J, 2)

6.3 Computation of the derivatives arising in the series

Appendices 1 and 2 compute the derivatives M in (52).
[ olee-tz) |
i=1 |w|2=0
Defining;:
T(0,2,21,w,0) (54)

20 (J,0,2)T (2, 21,0) G' [J,w,0, Z, V]
1—([NW(J9——'Z 2L g ( (0,27) + |w (0 - 2221, 2)

2
) T(Z,7,6) dZ’) G'[J,w,0, 7,0

and the operator with kernel:

7 ((Zafl),@(zfl)) : (Za), 9<Z>)) - 7le— li M 70D 70 (55)

appendix 1 shows that:

Sw=t(J,0,2)
2 (56)
§|W (0 —14, Zy)
ZU=1) _7()
oo / ! (J,9 — > J%,Zl)
= (G002 + 1w (60 - 20))
n =1 | (- ;
. ZG-1) _ 7() Z0-1) _ 7()
<[[T(e-> Q,Z“’”,Z(l),w,@ 5 <11 - Z Q) H dz®
= Jj=1 ¢ =1
and appendix 2 builds on (56) to compute the derivative arising in the series expansion (52):
5w (J,0,Z =
w(J,8,2) IT1e 6 -, 2 (57)
|2 i

[16%0-12)
=1

[w]2=0

by a graphical representation. We associate the squared field |¥ (6 — I;, Z;)|*> to each point Z; and
draw m lines for m = 1,...,n. One of them at least is starting from Z. These lines are composed of
an arbitrary number of segments and all the points Z; are crossed by one line. Each line ends at
a point Z;. The starting points of the lines branch either at Z or at some point of an other line.
There are m branching points of valence k including the starting point at Z. Apart from Z, the
branching points have valence 3,...,n — 1.
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To each line ¢ of length L;, we associate the factor:

L; -1 i ;
d 7G-1) _ 7
F (line;) T Q, AR ACNAN 1 (58)
=1 Jj=1 ¢
| z=D_z0
—Wo <J, 9 — ZlL:Zl J%, Zz)
X _
Go (0, Z;)

and to each branching point (X, 6) = B of valence k + 2, we associate the factor:

57(2,20) F'[1,6,00,2]Go (0,21) )

51@
F((X,0)) = (

wo(J,0,20))
(59)
5’%}0 (J, 9, Z(l))
and (57) writes as a series of lines contributions connected by the branching points:
"w(J, 0,7 =
_ulh62) 1w -1 2)" (60)
[101w (-1, %) =
i=1 |¥|2=0
= (DY > HFlmez H B) | [[ve-1uz
m=11i=1 (lineq,..., linem,) i=1

The graphical representation is generic. The integration over the set of lines also accounts for the
degenerate case of lines that share some segments.

6.4 Summing the series expansion for w(J,0,7) in absence of external source:
auxiliary path integral description

Having obtained the successive derivatives of w (J,6, Z) in (60), we can now sum the corresponding
series expansion for w(J,0,7). Appendix 2 uses formula (60) to derive a non-local formula for
the summation of successive derivatives of w(J,0,2) and w™! (J,0,2). Actually, equation (60) can
be reformulated to calculate the expansion (133) as the sum of graphs for an auxiliary complex
field A (Z;,0;). The computation organizes the graphs in (60) so that their sum transforms into a
summation over graphs drawn between an arbitrary number of branching points, viewed as vertices
of arbitrary valence k& with an associated factor (59) These vertices are connected by the edges

of the graph with associated Green functions W where T is the operator whose kernel is

defined in (55). The factor |¥|* is the operator multiplication by |¥ (6, Z)|* at point (6, Z).
Appendix 2 shows that the series expansion for activities has the following auxiliary path integral
form:

] TE(Z,0)exp (=S (F) = [ F (X.0)w;" (4,6,2) |9 (J,0,2)]* d(X.6)) DF

TH6.2) =wy ' (J.6,2) + Jexp (=S (F)) DF

(61)
where the action for the auxiliary fields £ and £ is:

S(r) = /F(z,e) (1=19f T)r1(z.0)d(Z.0)

7 — 7@ . 7 — 7@
/F(Z o) T <9— |72 2, 2N wo + TFT> Il <Z<1>,9— |z-2%] dzdz™de
C (&
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with:

5 zW0 _z .
T <9 - g,zm,z,wo + TFT>

C

1 — _ 7z _ 7z
T(g_ujz(l)7Z,wO(Z,9)+/ T(g_wjz(QZ,WQ It (Z(l),g_w> dZ(1)>

C C C

6.5 Modification of w(J,0,Z) due to source terms

Formula (61) was derived without considering the presence of source terms in the path integral
(45). In Appendix 3, we show that these terms modify the formula (61) which can be replaced by:

wl(6,2) (62)
= wy'(J,0,2)

JTF(Z,0)exp <—S(F) — [F(X,0) w5t (J,6,2) % (J,0,2)]?d(X,0) + 3, a(Zi,0) %F (Zi,o))
Jexp (=S (F))DF

_|_
This integral will be computed by a saddle path approximation.

6.6 Saddle path approximation
We then show that the saddle point approximation yields the equations for 1 (Z,0) and r (Z,6):

-1
27 - wo (4,0, 7Z)
(L=19PT) ) (2.0) = (Tyor i) (26) - > a(2,0) ATz~ 2) =0 (63)
F(Z,6)=0
In this approximation, equation (62) for w. becomes:

w(,0,2) =wy(J,0,2)+TF"(Z,6) (64)

6.7 Series expansion for activities in the perturbated state

We show in appendix 3 that, in first approximation, we can replace |¥|* with % in (63). When
considering perturbations around a static backgrund state, it enables us to rewrite the saddle point
equation (63) as follows:

<(1 - %T) H) (2) ~ (T oy 1) (2) - (Za@,o) WF(Z%)) 0

and to find a recursive solution for Tr f(Z) and w(J,6, Z) by rewriting:

-1
Trt o= T b ( a(Z:,0) M’QQ’ZZ’)F(&-,@O (65)
(1 _ %T—Twogﬂ) Z A
. 1 wil (Jaea Zl)
= T - - . a(Z;,0) 2—5"—=F (Zi79)>
(1 - (1 + %) T- (TwoJrTFT - T)) (2 A
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Gathering (167) and (166), leads to the recursive formula under some approximations
(_ Trf (ZQ)T) "
wWo Z)

§ T Trt(z,) v>”1 1
TFT ~ _ (— T _
i nt e ) [ mar | ez
1 wo (J,H,Zi)
U S— - Z;,0) 2o L2
To(+2 )T( zi:“( )T )
[rt. Keeping the lowest order

We explain in appendix 3 how this formula builds recursively T
solution of the saddle point in the local approximation Z’ ~ Z leads to:
T wo (4,6, Z;)

Z a(Z;,0) OT

(1 o (1 %) T) i
wo (J, 91', Zz) } del

/K(Z,H,Zi,Hi) {Za(zuez) A2

(66)

TF'

%

so that the correction to the background state activities (62) due to the stimuli become
J oia Z’L
&DJ;;_____Z} db; (67)

(J,0,2) =wy ' (J,6,2) +/K(Z,9,Zi,9i) {Za(Zi,Hi) o

Appendix 3 computes an estimation of the second term in the RHS at the lowest order for oscillating

signals a (Z;,0) x aexp (izwf). We obtain
(68)

aexp (—|Z — Zy|)
2)2
w |Z; — Z0|>

(J0,Z2) = wy'(],0,2)+
e/ (1+2a12 = Zol)" + (2
XGXP<Z'<M_mtan<c(1+2aw|2—zo >>)Zexp< c|Z = Z|

c

and this terms induces interferences. As a consequence, for a large number of points Z,
w |Z; — Z0|) ~0

Ze"( |7~ Z

except for the maxima of interferences with magnitude
aexp (— |Z — Zy|)

C\/(l +20|Z — Zo|)? +

(=)

Note that for these maxima and N large
@ |Zi — Z0|>

a_zex( 2

is proportional to N so that a >> 1.
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6.8 Graph expansion for the partition function and modified background ac-
tivities

Once the activities w (J, 60, Z) are expressed as a function of the field, we can substitute their form in

(45) to calculate the background state and equilbrium activity. In appendix 3 the graphs expansion

of (45) is derived with w='(J,0,Z) given by (67). To achieve this, we expand ¥ (¢, Z;) around a

quasi-static background state? W, (6, Z;) and |¥ (6, Z1)|* around |¥, (Z1)|* so that we replace:

U (0,21) — Vo (0,2Z1) + ¥ (0, 7)
and:

U (0, 20)° = [0 (20)]* + U} (Z1) W (0, Z1) + Vo (Z1) ©T (0, Z,) + | ¥ (0, Z1)[

We are thus left with the following form for the path integral with external perturbations:

/exp (—S(\I/))/exp <Za (Zs,00) | W (zi,90)|2> by

%

- /exp ((% (vi6.2)+ v (6,2)) v (%v - (wo_l _ %?OZ)Z))) (Wo (6, 7) + W (6, Z))>) it

0

with the correction Q (6,6y, Z) to the activities computed by (66):

Q(0,00, 2 Zwo K(Z,0,Z;,00) {G(Zi,b’o) W}
The expansion of:
eXP/ (\115 (0,2)+ W' (0, Z)) Vo (% (To (0,2) + W (0, Z))) (69)

is performed in appendix 3. We specifically focus on the second-order expansion to identify the
first order corrections to activities only, although higher orders can be determined using a similar
approach. Our derivation shows that at this level of approximation and under the condition that
Wy (0, Z)° >> L, formula (69) becomes:

exp <A + B — %Az)

where:

A:W/(qﬁ 0,2)V < <</ / (VQ (0,60, Z d90>—A1 (/Q2d90>\110(9,2)>>>d2
and:
B:(/‘I“T (6. 2) \// VO (6, 60, Z))? dbo s (6, zmz)

The term B — 142 is a correction to the potential for the background field ¥, (6, Z). It should
thus modify this background, but this can be neglected in first approximation.

2

2As quoted previously, the series expansion for activities is valid for a non constant background.
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The correction to the activities comes from the term A and leads to switch the equilibrium

inverse activities:
Awi (Z)

w()_l(Z)—> Ol(Z)_ wg(Z)

or, which is equivalent:
wo (Z) = wo (Z) + Awl (2)

In a developped form, the equilibrium activities are modified by the term:

w0 (Z) = w0 (Z) + AAwO <<<//v9990, d90>—A1</92d90>>>

for a given background field ¥, (6, Z).

6.9 Interferences

As explained after formula (68), the corrections Q (6,6, Z) can be considered equal to zero outside
the points of maximal interferences. At these points Q (6,69, Z) = Tr ' is proportional to:

aexp (—|Z — Zy|)

Q-
/(142012 - zo)* + (2)°

and the correction to activities are:
2((S"J (=) doo ) — A1 (J Q%))
AlAwg (Z)

2((To (=9)*) = A1 (%)) T

AlAwg (Z)

wo (Z) —  Wo (Z) +

12

wo (Z) +

where Ty is the duration of the signals at time #. Note that for Tyw? > A4, i.e. for long enough
stimulation: ., )
2((To (=9)") = A1 (22)) T
AlAwg (Z)
Moreover, since a >> 1, we also have Q >> 1 so that:

2((To (=0)%) = A1 (%)) Ty

AlAwg (Z)

wo (Z2) + >> wg (Z) (70)

and the stimulated cells have a much higher activity than others.

7 Implication of modified activities on the emergence of bound
states

The modification in the background activity (70) allows to recover the existence of bound states as
a consequence of interferences. Actually, given the formula for connectivity functions (37):

(T(2,2) = a(T(2,2))
ATh (2, 2')(Cr,20 (6) he (w0 (6, 2)) | (6, 2) )

“ho (w(o-122 7))

Cr,20 (O) 1 (6, Z) he (w0 (6, 2)) + Dz (0) |w (0 = 12221, 2)
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So that:
(T'(Z,Z2")) =0 (71)

if Z' belongs to the maxima of interferences, but Z does not. Moreover, if both Z and Z’ belong to
these maxima:
(T(2,2") ~(T(Z', 2)) (72)

As a consequence these maxima bind together, in a reciprocal manner. They form a connected
set, relatively disconnected from the rest of the thread. The description of these sets has been given
in the first article ([9]) of this work.

111 Effective formalism for connectivity field

The preceding section has recovered the findings of the first part of this work ([9]). Certain bound
states may emerge due to positive interferences in activity. To delve deeper into the dynamics of
such states, we establish an effective field formalism for the connectivity field I'. We also investigate
several applications.

8 Effective field formalism approach to connectivity functions tran-
sitions

We investigate the modifications in activities, as derived in the preceding section, and analyze
their influence on the background field of connectivities. Our focus lies in understanding the
dynamic processes involved in transitioning between different background fields, which arises from
perturbations in neural activity. To achieve this, we employ an effective action for the connectivity
field, which is computed through an expansion of the system’s action around a specific background.
This expansion captures a situation in which the background field has been perturbed by external
influences. Consequently, the actual state of the system at the moment of the transition which is
still characterized by the previous background field, differs from the new equilibrium defined by
the new background field and may undergo a transition to a new state. We leverage our effective
formalism to quantitatively compute these transitions.

It is worth noting that, in this section, we consider the modification in activities as exogenous,
primarily resulting from the sources. However, in the third part of this study, we will adopt a
more comprehensive perspective, considering that the change in activities is itself contingent on
the connectivity field.

8.1 Modified action for I (T, T,C, D)

In the perturbated state considered in the previous section, the equilibrium activity has been shifted
by an amount of dwy and the action of the system can be approximated by:

5 [E0DV ( LV ot 50) ) 00 0.2)+ [V (00(0.2) + 6V (0 0.2) (73)

n zj; S (F (T, 1.0.2.7'.C, D))
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where U (6,7) is the neuron field equilibrium background state for ¥ (6,7). The deviation in
activity and potential have been obtained in the previous section:

2 ((T (=9)?) = Ay (02)) Ty
NI (GERALD -

and:

5V (Vo (6, 2)) (75)

_ </M\// VO (6,00, 7)) dbo Vo (6, Z)dZ>2
_% (W/ (ng 0,2)V (2 ((/ /(VQ (9,90,Z))2d90> A (/QQdQO) v, (9,2)))) dZ>2

The form of the effective action (73) is justified by the distinct time scales governing neuronal
activities and connectivities. In first approximation, equilibrium shifts in activities occur before we

need to consider the dynamics of connectivities.

The modification in potential and equilibrium activities, as described in Equations (74) and (75)
are expected to impact the background state ¥, (0, Z). Nonetheless, given that the shift is localized
at specific points, and considering that this potential characterizes some collective configuration, we
can assume, in first approximation, that ¥y (6, Z) remains unaffected by the signals. Consequently,
the new background field for the connectivity field is shifted only at the points where Q (6,60, Z) # 0
and remains unchanged elsewhere.

This change is induced by the activities. Actually, in the perturbed state, after mtegratlng

over W, (6, Z) the system is described by an effective action for the connectivity functions 3%, g)

where |U (2)|? is set to [Wo|> and w (J,e, Z, 0| ) to wo (Z) + Awp (Z,|\I/| ) where |[¥o[* and wp (Z)

correspond to the initial background state.
For TC 1 and we write the

effective actlon for T (T, T, C, D) by replacing C and D with their averages:

acw’<'\lf (9 lz=2] Z’) >
_ %+acwf<]\1/ (9— 'Z*—CZ",Z/) 2>
apw (1% (6, 2)F)

D = (D(9)= =D (6) (77)
L +apw (w6, 2))

C(9) (76)
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so that the effective action becomes:

S (r (T, 1,0,2,7',C, D)) (78)

( ( (—T+ /\T) ) 2)
Vr | Vo - ~ | 1w ©.2)
Two (Z) + Awg (z, 0| )

, he (w0 (2) + Awo (2, 191) )
wo (2) + Do (2, 9P)

— rf (T, T.0,2,7',C, D)

+V (vT —p ((h (2,7') - T) C W, (2)]

—nH (5 = T) — DT %o (2 " (wo 20+ B (Z/’ |;IJ|2)) ) ) r (T, 7.0,2,7'.C, D)
wo (Z) + Awg (Z,|\IJ| )

The minimization of this effective action yields a background field similar to the one derived using
(35), but with modified averages:

(T(2,2') = /\T<T(Z,Z’)> (79)

ATh(Z,Z") Cyzrhe (wo (Z) + Awo (2)) W (2)]
Cy.z W0 (Z2)] he (w(Z)) + Dy z0 |00 (2')]* hp (wo (Z7))

for (Z,7') an "a” (active) doublet, and:
(T(Z,2")) =0
<T(Z Z’)> __ N(4,2') Crzho (wo (Z) + Awo (Z)) [Yo (2)F —n <0 (80)
7 Cz.2: |90 (2)" he (0 (2)) + Dz,z0 [0 (Z2')* hp (wo (27))

for an ”w” (unactive) doublet.
Ultimately, remark that the modification:

wo (Z) + AWQ (Z)
may induce some switches in connections in the new background field . Actually, if:

h(Z,2')Cyphe (wo (2)) %o (Z)F =0 < 0
h(ZaZ/)OZ,Z’hC(WO(Z)+AWO(Z))|\I/0(Z)|2_77 > 0

the connection becomes active, i.e. a connection is created between Z and Z’. On the other hand
, if:

h(Z,Z") Cy phe (wo (2))[Wo (Z)F =1 > 0
h(Z,2") Cyphe (wo (Z) + Awo (2)) |00 (Z2)P =0 < 0

the connection may be deleted in the new background.

8.2 Expansion around the background state I (T, T, 0,72,7' C, D) and effective
action

Dynamicaly, the transition between states is achieved by expanding (78) around the new background
state, after perturbation. The expansion be will subsequently used to compute the transition
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functions. The threshold term nH (6 — T') will be neglected in the sequel to consider only the active
connections. The field is expanded as:

r(1.1.60,2,2,0,0) = Ty(T.7,0,2,7,C,D) + AT (T.1.6,2,7',C,D)
rt (T, T.0,2,2',C, D) =1 (T, 7.0,2,7',C, D) + Art (T, T.0,2,7',C, D)
and the action writes:
S (r (T, 1,0,2,2',C, D)) (81)
- 3 (ro (T, 7.6,7.7'.C, D)) + 8. (AF (T, 7.0,2, 7', C, D))
with:
S. (AF (T, 7,0,2,7',C, D)) (82)

Vi (vT (D) -a-m) 1y <Z>|2)

Two (Z) + Awg (z, |\11|2)

— Art (T, 7.0,2,7',C, D)

vo (oo [P ke (@02 + dw (2.19F))
AR wo (2) + Awo (2,97

o (2)* b (w0 (2) + Ao (7', 9[%))

wo (Z) + Awy (Z, |\p|2) ) (T - <T>)) AL (T, T,0,2,2',C, D)

+D

8.3 Individual transition functions

The effective action (81) enables the dynamic study of transitions between different connectivity
states. This is based on the calculation of transition functions for individual states. We write a
final state defined by some given values (T, 1.0,C, D)f between Z and Z’ as:

(T,T, 0.2.7',C, D) f>

and an initial state with given values (T, 7.0,C, D) ~as:

2

<(T, 7.0,2,.7',C, D)

The computation of transition function between two states, initial and final, is obtained by com-

puting the Green functions:

<(T,T,9,Z, Z’,C,D)i (T,T,e,z, Z’,C,D)f>

- /AF <(T 7.0,2,2',C, D)f) AT ((T 7.0,2,2',C, D)i)
~ ~ 2
X exp <—Se (AI‘ (T, 7.0,2,7',C, D)) ta ’AF (T, 7.0,2,7',C, D)’ ) DAT

where « is the inverse average time of transition of the system as we will see below.
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Given the form of S, (AF (T, 1,0,2,2,C, D)), the integral is given by:
<(T,T,9, Z, Z’,C,D)i (T,T,e,z, Z’,C,D)f>

= ((1.1.6.2.2.¢,D) % (T,T,H,Z,Z’,O,D)f>

1

where O is the operator:

(T (1)) - (A\(T-(T))) " (Z)I2> (83)

O = Vr|Vr+ 5
Two (Z) + Awg (z,|\11|)

o (oo [P @ ke (@) + dw (219F))
AR wo (2) + Ao (2, |9P)

+D

190 (2" b (w0 (2) + Aan (2, 9[*) ) )) (- ()

wo (Z) + Awg (z, |\1/|2)

To interpret the formulas in terms of time transition, we write also:

<(T, T.0,2,7',C, D)

(T, T.0,2,7',C, D) f>

%

T,7,0,2,72',C,D
(( )

/ exp (— (a+ O)1t) dt’(T,T,H, Z, Z’7C,D) >
0 f

%

/OOO exp (—at) <(T 7,0,2,2',C, D)i exp (— (a + 0) 1) ’ (T, 1,0,2,7',C, D)f> dt

That is <(T, 1.0,2.2',C, D) _ (T, 1.0,2.2',C, D) f> is the Laplace transform of the time transition
between two states defined by the operator O. This justifies the interpretation of o as the inverse of
an average transition time. Moreover, this shows that the probabilities of transition of the system
are defined by O. Before the Laplace transform, the probability of transition of the system between
two states during a time span ¢ is given by:

i

P ((T,T,e, Z.7'.C, D) , (T, 7,0,2,7',C, D)f) (84)

= T,7,0,2,72',C,D
(( )

K2

exp (—O1) ’(T 7,0,2,2',C, D) f>

This probability satisfies a differential equation given in appendix 4. We show in this appendix
that the transition between T— (T) and T'— (T) during a time ¢, written Gy (T—(T), T/—(T) ,t), is
given by:

CTVO (T_ <T> 7T/_ <T> 7t) (85)
= (2m) " (Det (o (1))

scenp (= (0= (1)) = 21 ) (P~ () T3 (2 (1) - 2 ) (- ()

S

where the matrices M (t) and o (¢) are defined in appendix 4.
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For large t, the transition simplifies and writes:

[V
—~
Qo
=2}
~

Go (T (1), T'—(T)) = (2m)" (Det (0 (20)))"
<exp (=3 (T= (1) o~ (50 (T ()

with:

l+ s> _ s
U(OO) = ( u_ u'us(quv) ljiii;rgj) )
v(u+v) v
8.4 N states transition functions
Formula (85) generalizes directly for the transition of N states:
(T (Zi, Z;) = (T (Zi, Z))) = (T—(T)),; = Tij— (T),

located at different points (Z;, Z;), ; fluctuating around the background state, without interactions.
We have:

Go (T ()., (T~ (7)), 1)
- H Go ((Tij—(Tij)) , (T3~ (Tij)) 1)

Nz

= (2m) " (Det (o (1))
vo (1)

Hexp <— ((Tij— (Tij)) — M (t) (T};— (Ti;))) 5 ((Tij—(Tij)) — M (t) (T};— <Tz'j>)))

9 Several applications of the effective formalism

We present several applications of the effective formalism and compute the transitions between
several activated states, including reactivation, association and sequences of activations. We recover
the results presented in ([9]) as consequences of the effective field formalism.

9.1 Transition function approach to the change in connectivity background
state

We apply the formalism to the dynamics around a modified background field. Assume that, due
to the change in background activities, the ¥, (6, Z) field action is modified from:

_%/\pg 9,2)V (gv_ (w0)1> 7, (9,Z)+/V(\I/0 (0, 2)) + 6V (o (0, 2)

to:
2

_%/\yg 0,2)V (%v — (wo +5w0)—1) Uy (0,7) + /V(\Ifo (0,2)) + 6V (W (0, 2))

where the background activity modification dwy is equal to zero except at some given points (Zj)jev
where U is a finite set. Consequently, the averages (T;;) are modified only at points Z;;, j € U
ori € U. We define U = (ij,j € U or i € U) and write <T7jj>0ld for the old background state and
(Ti)™" = (Ti;)*'* + A (Ty;) for the new one. We have:

A(Ty) # OforijeU

A(T;;) = 0 otherwise
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Consider the transition from a state corresponding to the previous background state to a other
state We thus set:
old
T}; = (Ty)
As explained in the previous paragraph, the transition for the system of points ij € U in the new
background state is, up the normalization factor, given by:

o1
Hexp <— ((Tij— (Tij)™ ") — M (t) (T~ (Ti;)""))" 2(t) ((Tij— (Tij)" ") = M (t) (Tj;— <Tij>new))>

- HeXp <_ ((Tij— (Tiy)" ") = M (t) A(Ty5))

eftu Seftu_eft'u
M (t>—< 0 s )

As time t increases, the corrections due to the gap between the initial value and the new background
state reduces, so that in average T;;— (T;;)"““. The higher the values of u, v and s the faster
the modification in connectivity functions. Considering that u and s are increasing function of
the modified activity, the higher the average activity in the state, the lower the modification in
the transition functions. Higher activity levels hinder the system from transitioning to the new
equilibrium state.

wth:

9.2 Activation and reactivation of states

As before, an additional activation at one point for constant connectivities corresponds to the
computation of a transition function. Assume now that, after stimulation for activities wy —
wo (Z) + 8wy (Z), the connectivities have experienced a transition: (Ty;)"*" = (Ty;)”" + A (Ty;). This
is equivalent to consider the modified action for the system:

—%/\yg 6,2)V (%gV—(wo—i-éwo)_l) Wy (6, Z)+/V(\110 (6,2)) + 0V (W0 (0,2))  (87)

4
+3 50
i=1

Then, switching off the perturbation wg(Z) + dwo (Z) — wo (Z) relatively quickly, the connec-
tivities remain at their new level (T;;)"“" for a while. Actually, as shown in appendix 1, the
transmission of the perturbation of activities includes a factor:

/exp (—cl —a ((01)2 . ZZ-|2)) exp GM) dl

so that after switching of this perturbation at some time tq, the correction to the activity decays

with a factor exp (—ct —tp). Considering again the time scale for the connectivities to be higher

than for activities, the state (T;;)”'? + A (Ty;) will decay slowly to (T;;)'? over a timespan T >> 1.
Assume now that at some time ¢ << T, some perturbation raises again:

wo (Zm) — W (Zm) + dwo (Zm)

at some of the interferences maxima. Given (71) and (72) the perturbation will propagate only
along the all set of maxima.
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As a consequence, in this particular case, the computation of the series expansion for the
corrections (65) to the activities simplifies. Actually, replacing the perturbation:

-1
w (']7 97 Zz)
Za(zi,e) T F (Z0)
by:
Wo ' (Zm)
e
representing the activation of one of the maxima, the correction (65) to activities becomes:

5&)0 (Zm) F (Zl, 9)

- T L )(mo(zm)%F(zi,e)) (38)
T At T Lwe+Trt
. 1 wil(Zm)
g 1-(1+3T— (T, 7p1 T (6WO(ZW)OTF(Zi76)>
(1= 0+ T = (Togsrri - T))

The series expansion in 7' has to performed over paths that connect the maxima since the oper-
ator T is nul outside these paths. Due to the exponential term in connectivity functions, in first
approximation:

owo (Z2) ~T(Z, Zpm)

if Z is an interference maximum, and:
dwo (Z) =0

otherwise. As a consequence, the activation of one of these maxima reactivates the whole set.
In turn, doing so and if the stimulation duration is long enough, the connectivity functions are
reactivated towards (Ty;)”" + A (T;).

9.3 Distant activation

Consider the sequence of distant signals as in in the first part:

fwo T} = {T(2,202)) jon} - {1 (200, 202)) w0 }
o (o (a8 ol (5,47 )
- {1 (20,27 jwo} +{T (2350, 257 o}
Starting from the equilibrium state, the sequence describes the subsequent activations of collective

states due to some perturbations. This perturbation initially binds a set (Z](\jl), Z](\ZZ)) with high

activity wys and high conncetivity T (Z](\jl), Z](\ZZ) . Then, the activity dampens and returns to some
equilibrium wy. This new state may itself induce a transition involving another connected element
{1(25,2357)) o }.

The transition can be described by considering the transitions computed by the path integrals
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involving (45) and the action for the connectivity field:

< I1 (T, 7.0,2,7',C, D) , <exp <_ zj; Q) (r (T, 7.0,2,7',C, D))) (89)

z,7'

X /D\I/ (6, Z) exp (%\Iﬁ 6,2)V (?v —w_1> VU (9,7) - /V(\Ifo (0,2)))

(3)
90
exp (Za (Zi,00) | @ (zi,90)|2> by

2
o

(1)
/00 exp <Za(Zi,90) |\I/(Zi,90)|2> doo) [1(r.7.0.22.c D)_>

i z,7!

where the product [] is over points for which we study the transitions between different states
z,7/

’(T,T,@,Z, Z' C, D) > and ‘(T, 1.0,2,7',C, D)f>. This transition is defined as a Green function

for the field T (T, T7.0,.2,7.C, D):

/DF (T, 7,0,2,2',C, D) DY (0, Z) (Hr ((T 1,0,2,7',C, D)f)) (90)
x (H rt ((T 7.0,2,7'.C, D)i))
X exp (—24:59 (r (T, 7.0,2,7',C, D)) + %xlﬁ 0.2)V (?v —w_1> U(0,7) - /V(\Ilo (0, Z)))

3

“Jo
%o

with 9(()2) >> 9(()1). The insertion of the exponential terms corresponds, as in (45), to two different
perturbations distant in time, so that their effect are disconnected, due to the exponential decay
of their persistence.

Expression (90) thus computes the transition function between two states where two distant
perturbation have been inserted. Given that these perturbations are independent, the path integral
can be computed by inserting a complete basis of states as border conditions. As a consequence
(89) writes:

o
exp <Za (Z:,00) |V (Z;, 90)|2> d90/ exp (Z a(Zi,00) |V (Z;, 90)|2> dbo

%

< I1 (T, T.0,2,7',C, D) e <— 24: So (F (T, 7.0,2,7',C, D)) S (W (8, Z))) (91)

z,7'

o3
x/ ° exp (Za(zi,oo)m/(zi,eon?) dfo

2
6

[1z 9)> I1 (T, 7.0,2,7'.C, D)>

i z,7!

X <H (T,T,o,z, Z’,C,D) <H(Z,9)

Z

Z
exp <— >SS (r(1.1.6,2,2,0,D)) +5 (¥ (6, Z))>
oM
X / €xp <Za (Zl', 90) |\I/ (Zi, 90)|2> dby H
Z,7!

i



The introduction of the complete set:

H(Z,9)> 11 (T,T,o,z, Z’,C,D)><H (T,T,o,z, Z’,C,D) <H(z,9)
Z,7! z

z z,7'

in the amplitude(91) represents the projection on all possible states. It includes the possibility of
multiple activations for (T.,7,60,2,7'.C, D) and (Z,6), modeling various potential types of connec-
tions at the same point. Technically this multiple states at the same points correspond to tensor
products of states |(Z,0)) or }HZ,Z’ (T, 1.0,7,7',C, D)>

The sum over the inserted states |[], (Z,0)) can be carried out, yielding two factors of the type
(45). The transition at stake becomes:

. ; N
<Z]_Z[ (T, 7.0,.2,7.C, D)f exp <— ; s (r (T,T, 0,2,7'.C, D)) LS (U0, Z))) (92)
o

L
6

x < I1 (TT 0,2,7',C, D) exp <— Z: S (r (T, 7,0,2,7',C, D)) +5 (W (0, Z)))

z,7!

exp <Za(Zi,90) |\11(Zi,90)|2> doo | ] (T, 7,0,2,2',C, D)>

z,7'

(1)
x/eo exp (Za(zi,oo)mf(zi,ooﬂ?) doo | ] (T,T,@,Z,Z’,O,D)_>

i z,7!

and each transition can be computed independently. To describe the successive activations, we
assume that the initial state:

I1 (T,T,@,Z, 7., D)i>

2,7/
is the background state ’<Tij>0ld> previously described, corresponding to a product of background
states at several points. We have observed that, given the insertion of a term similar to (45), the
state ‘<Tij>0ld> undergoes a transition, with the highest probability, towards ‘<T7jj>0ld +A <Tij>>.
The insertion of the complet set:

I (170,27 c. D)> < [1 (r.7.6,2,2'.c.D)

z,7' z,7'

thus yields a projection:
‘(Tz'j>0ld +A <Tij>> <<Tij>0ld + A(Ty;)

and the transition reduces to:

< [ (r.7.0.2.2.c D)f exp <_ 24: ¢ (v (7.1,0,2,2',C,D) ) +5 (¥ (6, Z))) (93)

7,7 i=1

0¥
/0(2) exp (Za (Zi,600) |¥ (Zs, 90)|2> dbo }<Tij>01d +A <Tz'j>> <<Tij>01d + A(T;)

exp <— ZSéi) (F (T, 17,0,2,7',C, D)) + S (W (6, Z))) /951) exp (Za(zz»@o) | (Zi790)|2> dao) ‘<Tz‘j>0ld>

i=1 p
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The second insertion in (93) shifts the state ‘<Tij>0ld> with highest probability to some:
[(T3) + A (Ti5) + A (Tyy))
with an amplitude:

<<Tij>0ld + A (Tij) + A" (Ty)

exp (—iZ:Sﬁi) (P (T, T,0,2,7',C, D)) + S (T (9, Z)))

o{¥
exp (Z a(Zi, 00) |V (Zi, 90)|2> dbo ‘<Tij>0ld +A <Tz'j>> <<Tij>0ld + A(T;)

2
6

exp <_ isﬁ” (r(1.7.0.2,2',c.D)) + S (¥ (6, Z))) /eél) exp (Za(zi,eo) | (zi,90)|2> ad | | (7))

%

This computation describes formally the qualitative discussion about transitions presented in ([9]).
The distant activation provides two independent structures of connections that can be reactivated
independently as described by the sequence:

{1 (269, 27) wo ) + {1 (2357, 2157 i }

9.4 Subsequent activation

For a sequence of subsequent activations, as described in ([9]), we consider the scheme:

{w07T0} — {T (Z](\?),Z](\ZZ)) ,(UM} (95)
(o o (5.5 o (255 2, 25)

Here the transition including the second structure is directly caused by the action of the first
structure before its activity dampens.

Technically, the scheme of transitions (??) implies that the insertion of perturbations are no
longer independent and the transition in (89) cannot be shared as a product. It rather writes:

< I1 (T, T.0,2,7',C, D) , <exp <_ 24: s (r (T, T.0,2,7',C, D))) (96)

zZ,Z' i=1

X /mu (6, Z) exp (%\Iﬁ 0,2)V (?v —w_1> W (0,2) - /V(% CA Z)))

3
6%

o
X /0(2) exp <Za(zi,9o) |¥ (Zi,90)|2> d90/ exp (Za(zi,%) |W (Zi790)|2> d90) ‘<Tij>0ld>

%

and projects the final set to some state ‘<Tij>0ld + {A(Ty;) + A7 <Tij>}>. The additional activa-
tions {A (T;;) + A’ (Ty;)} differ from the set A (T;;) + A’ (T;;) obtained in the previous paragraph.
Actually, the set A (T;;) + A’ (T;;) describes a priori disconected structures that can be activated
independently, while {A (T;;) + A’ (T;;)} encompasses connections between elements of A (T;;) and
A’ (T;;). This implies that reactivation of one set A (T;;) or A’ (T;;) will induce the reactivation of
the other one.
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10 Conclusion

We have shown how the effective field formalism for connectivity enables the derivation of results
pertaining to the activation, association, reactivation... of states composed of interconnected sets
of cells. These states originate from the deformation of the background fields induced by external
sources. In the subsequent article of this series, we will explore the internal dynamics between such
states as an outcome of the formalism. Ultimately, in Part IV, we will expand our formalism into
a field theory for groups of interconnected states.
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Appendix 1 Activities w (J, 0, Z) as functional of the field.

To obtain the activity w (J, 6, Z) as a fld series expansion, we start with the recursive relation defining
w1 (J,0,7Z). We then proceed in several steps. In this appendix we compute the first derivative in
1.1. They are estimated through fourier integrals in 1.2. Then we will obtain the whole series of
derivatives by iterating this result in 2.

1.1 Computation of the first order derivatives in (52)

1.1.1 General formula

In the sequel, to simplify the notations:

-2

c

2

stands for: ,

Go (0, Z1) + “I’ (9 - @,Zl)

where3:
Go (0, Z1) = Go (0, Z1) + [Wo (Z1)]

Using the recursive definition of w=!(J,0, 2):

w J,@— |Z7Z1|’Z1) A 7 2
“1(J,0,7) = 0,7 /i( c v(o- 1222 2\ 122,04z
w (‘]7 ) ) G(']( ) )+ N W(J,Q,Z) c s 41 ( y L1, ) 1 (97)
Sw™1(1,0,2) .
we first compute I ALE
Sw=t(J,0,2)
2 (98)
5| (0 -1y, 7))
|z-2'|
wl J,0— z ,Z> |Z—Z/| 2
0G| J(0,2)+ [ IeLN) ‘\If (9 — T,Z/) T(Z,7',0)d2'

§|W (0 -1, Z0)

3See the discussion after (46)
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Expanding the right hand side and regrouping ﬁ on the left yields:

Sw™t(J,0,2)
S| (011, 21))

s T (2, Zl,e)G’[J,w,O,Z,\IJ]w(J,G— |2- Z' Z’)é(l M)

1- (f%w (J,o—'Z‘—CZ",Z/)T(Z,Z/,o)’\I/ (0- 222 77)

2
de) G'[J,w,0,7,V]

z-2'| ,
Swl( J,0— z ,Z

2
1 L ’ |Z_Zl| i 1
w002 | N S L(4250) “I’ (9 -z )‘ dz'G' [J,w,0,Z, V]

1—< £ (J,@-@,Z/)T(Z,Zf,@)‘qf (9—@,2/)

, 2
w(e-'z 7| Z)

+

2
de) G'[J,w,0,7,V]

1 o |z-z'| _,\ o1(229)
w(J,0,2) f Fpad <J79 T T ¢ ’Z) BV (6—11,21)|?

dZ'G' [J,w, 0, Z, V]

+ 5 (99)
1- (f £ (J,e - @,2/) T(Z,2',9) ‘\1/ (9 - @,2/) dZ’> G'[J,w,0, 7, V]
neglecting BT(Z’ZZ ’Ze,) in first approxmtn, this leads to:
dw (J,eJ*—c',Z/)
-1 0,7 ~ Z -7
0w (J7 ’ )2 = w(J,H—ll,Zl)Tl (H,Z,Zl,w,\ll)6<ll—g) (100)
5|V (0 -1y, 21)| c
> (J’e‘ |ZcZ|’Z/> z-271 )\
+/ > }\IJ <9 — 7,2’) T (0,2,Z' \w,¥)dZ'
S|W (014, 7)) c
where we defined:
- 1
T1 (H,Z, Zl,w,\Ij) = m (101)

KT (2,21,0) G [J,w,60,2,9]6 (1 — Z22)

X
! U 2
1— (I%U(Jﬁ—ZTZ',Z’)T(Z, Z’,@)‘\I/(G—‘Zf—(:Z',Z’)

dZ’) G'[J,w,0, 7,V

Equation (100) shows that we also need ﬁg to compute ﬁg This is obtained by:

e J,e—'ZﬁZ,|,z’> g7 2
SF | 1(0,2) + [ £W S ‘\p <9 | |z'> T(2,2')d2'
ow (J,0,72) B
S|W(0—1y,2)) §|W (6 —1y, 20

- 77—z
= w(J,0—1,Z)T0,2,21,0,0)5 (h _ g)
C

|z-7]

2

dw (J,H —
T0,2,72' w,v)dz"  (102)

)
o (o- 2221 )

+f ;
S|W(0—11,7Z1)] c
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with:

T (9,7, Zw,0) (103)

Z-Z
1 = 1l Zl)

_ w( J,0 s
£0(J,0,2)T (Z, Z) W’ <((—

w(J,0,2) ) FI [‘Lw?ev Z7 \Ij]

< T T(Z,2',.6)dZ’

w1022 70 w(r6-1222" , 2
W2 (J,0,2) + F' [ J,w,0,Z,9] [ ( >W/ ( ) ’\1/ (9—'Z*—CZ‘,Z/)

Equation (102) and (103) define ﬁ recursively. Actually, writing:

S <J,9 _ =z Z’>

51T (011, 20)
zZ -7 AR A ~ zZ -7 zZ -7 AR A
— /W(J,9—| |_| |,ZI/)T(9_gjzlecw’\l})é(l |+| |_ll)dZ/I
(& C

C C C

Sw (J,e— 7z 7 Z”> , ' 2 ,
+/ }W<9_|Z_Z|_|Z_Z|7zll) T(@—|Z_Z|,Z',Z”,w,\ll)d2”
5|\IJ(6‘—11,Z1)| & Cc c
we have:
ow (J,0,72)

S1W (0 -1, 20))
_ !
= /w(J,@—M ) (QZZl,w \IJ)(S(M—ll)dZ/
C C

YA z' -z ~ YA
+/w<!]79_| |_| |,Z”>T<0—| |7Z/,ZN,UJ,\I/>
C C

c

2

A ~ A z' -z
X‘\I/ (9— | |,Z/> T(G,Z,Z’,w,\ll)5<| | + | | —ll) az'dz"”
C C C
0 =4 B |7/ 2" -
ow <J, P pra— \Z - 7| z' -z _, 2
+ 5 v(6— - 7
6|\I/(6‘—11,Z1)| c c

T0,2,2' \w,¥)dz'dz"

C C

. A zZ-7 2
<T (9— | |,Z’,Z”,w,\1!> ’xy (9— 1z2-7] |,Z’)

By a redefinition of 7" and T;:

2
— T(0,2,7' ,w, W)

- A
T(@,Z,Z’,w,@)'@(@—' |,Z’>
c

. / 2 -
T1(9,Z,Z’,w,\11)‘\11 (G—M,Z’> = T1(0,2,7',w,T)

c

we find the series expansion:

dw (J,0,7) - °°— |Zl ) _g» l>|
51w (0—11,20)> Z:: —zl,zl)|/ (” Z (104)
<

‘Z(l H_gz

0) |> H 70

lzé | 20- U—Z“‘

7D 70 w5l =
c ) y W, <1 Z

7j=1 =1
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and:

-1 0 Zl 1)_ O] ~
S (10.2) Z;/ e Z! AT (0.2.29,0,v) (105)
51U (0 —11,21)] 90—, Z0)]°

n=1
n -1 n _ n—1
1=2 j=1 =1 =1

with the convention that Z(® = Z and Zz("™ = Z;.
We can write (105) in a more symetric way. Defining:

T (9, 7,7 . \11) — _? (J,e _ —@, Zl) T (9, 7,70 . \11)

Relation (100) writes:

Sw=t(J,0,2)
N ACE A

. Z-z
—w N0~ 1, Z)T (0, Z, Z1,w,T) 6 <11 _ M)

C
S (J o 1271

) ZI) ’ 2
+/ ‘\If<9—L_Z|,Z’)
§|W (6 —1y, 20 c

T0,2,7' ,w,v)dZ'

and we have:

~1(J.0,Z > 1 n_ | Z0-1) _ 70

Mo 0A L [ go-y =20, (106)
S|V (0 =11, Z1)] 1O =1, Z) ey ¢

n -1 i 1

. zG-1 _ 7() AU
I (-3 =2 s 0w ) s zl_z‘ HdZ(l)
C
=1 j=1

1.1.2 Static approximation

We now use a static approximations (104) and (105). Actually, the values of T} (6, Z, Ziw, ¥) and
T (0, Z, Zyw,¥) can be estimated for the static approximation for activity o~ (J,Z). Moreover, in
the limit of small fluctuations, o= (J,Z), F'[J,@, Z,¥] and G’ [J,&, Z, ¥] can be approximated by
their average over Z, denoted @', F'and G’. We also have:

w(J, 2"

~1
w(J,Z)

1

2
s 1 2T
V(o) s

T (0,2, 2,0,9) ~ T(Z,Z1,o) (107)
1 £07\T(Z2,2,) G
G'o [ £T(Z,2")d2'

2
s 1 + 2ra 1 — >
2 0‘2Xr o2 \/Tr( 1 ) +27‘ra
2\ 52X, o2

. Moreover for @, both T} and T can be considered inde-

We also replace |¥|* by

pendent of 6:

o4 Xy
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and:

T0,2,21w,%) ~ T(Z,7Z,o) (108)
1 % (Z,Z,) F'
F [ &£7(2,2")dzZ’

2 _
1 2ra W+
\/%(W) +T 5 (i >+zm
2

as a consequence T, (Z,Zy,@) and T (Z,Z,,&) are functions of |Z — Z;| denoted T (|Z — Z;|) and
T(|Z — Z1]). As a consequence (104) becomes:
dw (J,0,7)
5|x1/( —ll,Z1)|2

‘Z(l 1) Z(l)‘ no )
g —ll,Z1| / <J9 Zf,21 HT(’Z(Z 1)_Z(1)D

=1

(-1 _ 71 n n—1
%0 <11 - Z u) x 0 <Z ~72-Y (Z<l—1> - Z<l>)> I az® (109)
=1 =1

C
=1

2

and (105) can be estimated by:

Sw=1(J,0,2) (110)
S|1U (0 -1y, 7))

- Saamiar ] <” Z’Z sl Zl>T1<|Z—Zl|>
xﬁT(‘Z(Fl) D <z _Z|Zl V-7 ”|> (Z—Zl—i(Z(l n ))HdZ“)

=1

1.2 Estimation of (110) and (104) close to the permanent regime
The series (110) can be computed by using the Fourier transform of the Dirac functions:

—1
w1 (.0.7) 1)
S| (0 — 11, Z1)]

Z/ (1.0 10, 7)) le(}Z Zl)DﬁT(‘ (-1 _ z(l)DeXp(m<dl—z‘Z!1> <l>‘>>

=2 =1

n 2
X exp <M1. (Z -y (Z Z<l>)> A\ H ’Z(l n_ <l>’ d ’Z<H> —Z0

=1

U (0 — 11, 21)?

d’Ul

where the unit vectors v; are defined such that:

ZU=D _ 70 —y, ‘ZU*” _ Z(l)‘

We also define:
/\1.(2—21) = |/\1||Z—Zl|COS(91)
Ap = |Aq]cos(6;)

The angles 6, are computed in the plane (A1, Z — Z;) between the projection of v; and Z — Z;.
Before computing the integrals in (111) for arbitrary connectivity functions, we develop the
particular case of an exponential transfer function.
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1.2.1 Exponential connectivity function

We first choose:
exp (—c ‘Z(l_l) - Z(”D
‘Z(lfl) — Z(l)‘

(
T (’Z“‘”—Z@D ~ ﬁCT(’ZU—l)—Z(“D
)

(112)

2

A

. (1-1)_ 41
(60—, 7‘2 z ‘,Z,Z(l),w,\ll
A _ - (113)
A - (-1 _ 7z
T (9 o, Mj 7,70 w, \I/)

-1

£07T (2, 7,) & £T(Z,7,) F'
G'a [

L£T(Z,2"dZ’! _ F! [ £T(Z,Z2")dZ'
N ( ) o+ IN ( )

2 2
1 2ma o _1 2ra
<a25<7.) T2 \/7<U2X7-) 152
t
)

exp (—cly) x Z /exp <i/\ <011 _ Z ‘Z(l—l) _ Z(l)D)
n=1 =1
X exp (i/\L <Z — 7 — Z (Z(l—l) _ Z(D))) dM\d\ HO ’Z(l—l) _ Z(l)’ d ‘Z(l—l) _z0

=1 =1

dvl

that can be written in terms of the angles as:

exp (—cly) x Z/exp (iXely + i |\ || Z — Z1| cos (61)) (114)
n=1

X exp <—i 3 O+ A cos (61)) ’Z(“l) —z0 ’) ddn [ }ZU*U - Z<l>} d }ZU*U — 70| dy,

=1 =1

The integration over 0 is:

w/ exp (—i (A =+ [A1] cos (1)) ]z”—” - z<l>D sin (6;) d6;
0

= —|)\1| ‘Z(lj—f) _ Z(l)‘ (exp (—i A=A ‘Z(l—l) — Z(l)D — exp (—i A+ M) ‘Z(l—l) . Z([)D)

e (s (5 [0~ 20 o (02— 00 < 20])

and (114) rewrites:

- — . . . .
exp (—cly) x Z / NZ -7 (exp (ixcly + i | M| |Z — Z1|) — exp (iXclh — i |M||Z — Z4]))
n=1

To i (-1 _ m‘ ~exn (—i () — (-1 _ m‘
XHCIMI (exp( i(A+ M) | Z Z ) exp( i(A— |\ |Z Z ))
xd‘Z(l‘l)—Z(l)‘d/\|/\1|2d|/\1|
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We can then perform the integrals over the norms |20~ — Z(\)|, which yields:

> — . ) . .
exp (—cly) x Z / NZ -7 (exp (ixcly + i | M| |Z — Z1|) — exp (idclh — i |M||Z — Z4]))
n=1

e 1 1 5
X C— — dA | A1|7d A
g ] (/\+|)\1|—ia /\—|)\1|—ia) el d ]

Performing the sum yields then the following expression for (114):

exp (—cly) x / — T (exp(idely +i M| |Z — Z1|) — exp (idely — i |M||Z — Zu]))
|MIZ = Z4|

-C 1 R
AtIMaf—ie) A—[Mi]—ie) d)\|)\1|2d|)\1|
1+Cy 27

At+Ar[—ie) (A=[A1]|—ie)

—T

= exp(—cly) X /7 (exp (iAcly + i | M| |Z = Z1|) — exp (iXclh — i |\ || Z — Z1]))
MIZ = 24|

y —2nC
A+ [M1] — i) (A — [M\1] — ie) + 27C
Ultimately, the previous formula can be reduced to a single expression, by performing the change

of variable z = — |\;| in the term with exp (iAcly — i [M\]||Z — Z41]) in factor. We obtain:

—271'0)\1

A+ X —ie) (A= A —ie) +27C

where the integral over ); is now performed with A; € R. This integral is computed by the residue
theorem, where the residues satisfy:

A\ M7 d A

exp (—cly) x /iexp (ixelh +iM | Z — Z4]) dAd )\
|Z — 2|

A2 = (A —ie)’ +2nC
leading to write (114) as:

exp (—cly) x /ﬁ exp (i/\cll +i\/(A—ie)® +2xC | Z — Zl|) A (115)
— 41

+exp(—cly) X /ﬁ exp <i/\cll —iy/ (A —ie)* +2nC |Z — Z1|> dA
-4

We then perform the change of variable:

T = A+VA2+27C
A
dr = 14+ ——— ) dX
( \//\2+27TC)

T 212

—d\ = ————d\
VA2 +21C 22 + 27C

and rewrite the exponents in (115) as:

L+ |Z2-7Z2
Al + /(A —ie)’ + 2002 — 2y = %(H /35 220
L —|Z-Z

+Cl |2 1| (A— /)\2+27TC)
_ ch+|Z -7 3 ch —|Z — Z4| 27 C
= . (A + VNt 2mC) - . e
. Cll+|Z—Z1|x_Cll—|Z—Zl|27TC
B 2 2 T
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and:
ll — |Z_Z1|:C— Cll + |Z—Z1| 2wC

Ay —\J( —ie)? +21C|Z — Zy| = &

2 2 T
As a consequence, expression (115) becomes:
( l)X —Tt . Cll+|Z—Zl| Cll—|Z—Z1|27TC d
exp (—cly |Z—Z1|eXp i 5 x 5 - x
—i h—|Z—-Z [ Z — 71| 2nC
+exp (—cly) x ﬁexp (z (cl |2 1|x—cl+|2 1 7; ))dw
—ri [ A Iy — |Z — Z1| 2nC 1
+2wCexp(—cll)x/ﬁexp (2 <C1+|2 1|x_01 |2 1 7; )) Fdgc
Cll—|Z Zl| Cll+|Z—Z1|27TC 1
27 C — —d
+2m x/lZ leexp<< 5 T 5 - $2:c

Performing the change of variable y = % in the two last expressions yields:

l Z -7 I —|Z — Zy| 2nC
exp (—cly) (1 +27C) x (/ 7 21 exp ( <01+|2 1|$_01 |2 1] 7; ))dw

/ exp Cll—|Z Z1|$_011+|Z—Z1|27TC du
|Z Z1 2 2 x

and by analytic continuation x — iz, this becomes:

{ Z -7 I —|Z — Z1| 2
exp (—cly) (1 4 27C) x </|Z Zi exp < <c1+|2 1|I—Cl |2 1| 7;0)>d

+/ o _ Cll—|Z—Z1|$_Cll+|Z—Z1|27TC da
Z— 2, &P 2 2 z

Ultimately, reintroducing the constraint H (cl; — |Z — Z;|) and the factor ﬂ , (111) writes:
Sw1 (J9 Z) Aq exp( Cll) Cll—|Z—Z1| Cll+|Z—Z1|
U1y, 2Z0)) ad = (1+2nC +
76 —0, 20)] S|U(0—11,2,) ( ) A |Z - Zy] chi +|Z — 7| ch —|Z - 7|
x K, (Cll — |§ — 2yt |§ - Zl') w(J,0 -1y, 2Z,)
Al exp( Cll) Cll — |Z — Zl| Cll + |Z — Zl|
= (1+2rC +
( ) |Z Z1| Cll+|Z—le Cll—|Z—Z1|
2
<K (m“ll) = )mw—ll,Zl) (116)

In first approximation, the right hand side of (116) is:

exp (~ch) (ch +17 -2 <—7ro(dl)2 1Z— 7|

B|Z_Zl| 2 )w(‘]ae_llazl) (117)

eXp(T_dl) exp (—wcc11W) H(ch —|Z - Zi)w(J,0—11,21)

for c¢ly >> |Z — Z;|. This can also be replaced by a simplest form:

sw=1(J,0,2) exp (—cll -« ((611)2 —

7 Z1|))H(l \Z = Zi)w (.0 — 11, Z1)
~ ci— 72— w(J,0 — 1,
516 -1, 2P B ! ! bt

(118)

(0 — 1y, Z1))°
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where B and « are constants.
Using (106), the same computation can be performed by replacing 7" with 7' and we obtain:

5w (J,0,2) 5 exp (—cll -« ((011)2 —Z - Zl|2)) Hie

A ~ h—Z—-ZNw  (J0—11,2
(W (0 =11, 2Z1) S 6.2 D | 1w™( 1, 21)
(119)

with D a constant: B

D - ?
with @ (J) the average activity.
1.2.2 General formula
For an arbitrary connectivity function:

7 (|20 - 20]) = Coxp (—e[z0 = 20)) 1 (j200 - 20
we can factor Cexp (—cl) as in the previous paragraph. It amounts to replace:
#2020 - 0 - 29)
We rewrite (111) as
—1(J,0,7
WO — 1, z0) 2 (10.2) (120)

§|1U(0—1y,Z,))
= Z/w(J,H—ll,Zl) X Tlll (/\+/\1.U1)d’l)1 H/ T” ()\—f')\l.’l)[)d’l}l exp (i/\Cll +i/\1.(Z— Zl)) d/\d)\l
_ 5(|Zl—Z|—cll)T1(’Z—Z(l)‘)w(J,G—ll,Zl)

+(—1)"/w(J,9—ll,Z1) (A“LM IO+ M) H/ A+A1 " gy exp (iAcls +id. (Z — Z1)) dAds

With the convention that for n = 1, the product [] is set to be equal to 1. The functions 77 and
=2

T are the fourier transform of Ty H and TH respectively, and H is the heaviside function. Remark
that the first term of (120) expresses the Dirac function 4 (|Z; — Z| — cl;1) as a Fourier transform:

exp <i)\ <c11 = ‘Z(O) _ Z(l)D)
=1

n 2
X exp <M1. <Z ~z-Y (Z<0> - Z<1>)>> dAdA ‘Z@) - Z<1>‘ d ‘Z@) yAC

=1

d’Ul

Some terms of (120) can be written in a useful form for the sequel:

1 ™
5 / T (/\ + /\1.’01) dv, = 7T/ T ()\ + |/\1| Ccos (91)) sin (91) do,
0

1
w/ T (A + | ) du
—1

27 (T" (A + M) = T" (A = [A1)
2| A1
T (X M) (121)
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2m (T7 A+ M) = TT (A = M)

/ T{/ A+ M .’Ul) dvy

2|\
= T\ M) (122)
exp (’L/\l (Z — Zl)) d/\l = exp (Z (¢0)] (6‘1) |/\1| |Z - Zl|)sm (6‘1) |/\1|2d|/\1| d91 (123)
= exp (iu|\i|1Z = Z1]) | M| d A | du
Remark that the functions of x:
’ g _ B ’ v _
T (A1) = 2r (T A+ 2) — T (A —2)) and Ty () = 2 (Ty A+ z) — T] (A —2))
2z 2z
are even.
1.2.3 Estimation of (120)
Using (121), (122) and (123), equation (120) becomes:
Sw1(J,0,7
Wb, 2P 0T
5|0 (0 —11,71)]
= > (- / (J,0 —11,Z1) X Ty (A4 Aoy dvln/ (A 4 Ar.vp) dog exp (idely +iMy. (Z — Z1)) dAdAy
n=1
Ty (A M) : /1 . 2
= (J,0 —1,Z Acl M| Z = Z1]) |M1]” d| A1 | dudX
- [w0-1.2) x s e i) [ exp(iu 12 = Zi) P d ) du
T (A [Aa) : sin (|\1]1Z = Z1)
= — J,0—1,7 —_— Acl 2 ALl ) d L] dA 124
/(U(, 1, 1)X1+T(/\,|)\1|)exp(201) |Z—Z1| | 1| | 1| ( )
We remark that for even functions f, the following identity holds:
oo sin (|\|1Z — Z4))
A1])2 A1 d|A
[ ronn 22 gy
too exp (ix |Z — Z1|) — exp (—ix |Z — Z1|)
= /0 f(x) Z =7 xdx
+oo exp (iz |Z — Z41]) exp (ix|Z — Z1])
[ @ I ey [ () OREE D
+oo exp (iz |Z — Z41])
= d
so that (124) becomes:
“1(J,0,Z
WO —0, 20 (10, 2) (125)

5|1 (0 —11,21))°
= —/w(J,H—ll,Zl) X Tl ()\,Al) )\1

1+ T(\A\)ilZ - 2y
= —/w(J,G—ll,Zl)x

T(T{ A+ M) — T{ (A= \)) A
MAT(T"A+M)—T' (A=) i|Z - Z4]
X exp (i)\Cll + i |Z — Z1|) d\1d\
T(T{ A+ M) — T{ (A= \)) A
= - J0—-0,Z
/w(, b 1)X/\1—|—7T(T’(/\—|—)\1)—T’()\—)\l))i|Z—Z1|
x exp (iu (cly +|Z — Z1])) x exp (v (cly — |Z — Z1])) dA1dX

exp (i)\Cll + i |Z — Z1|) d\1d\
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As in the previous paragraph, we also simplify (125) by writing 7 as a function of T
’ ’ Ay ’ ’
Ti(A+ M) —Ti(A=X\) = Z(T A+A) =T (A= A1)

and by setting:

A+ N
“T T
A+ N
YT T
so that we are lead to:
dw™ ! (J 0 Z) A 7T(T/ ()\—I—)\l) - T (/\— )\1)) A1
U (0—11,21))? Ad :—/wJ,H—l,Z x =L L L :
O A S 4 Wl ) X R (T O ) — T - A i1Z - Z]
x exp (iu (cly + |Z — Z41])) x exp (iv (cly — |Z — Z1|)) dA\1d\ (126)

Remark that the particular case of the exponential connectivity function is encompassed in (125).
Actually, if we choose:

{f" (‘Z(l—l) . ZU)D _ Cexp (—c ‘Z(l—l) _ Z(l)|)

‘Z(lfl) - Z(l)‘
we have: .
HTQZ(I n_ Z(l)D = exp (—cly) H Z(l)‘
For such a choice, we have formally: T = —iC [(FH) where H is the heaviside function. As a
consequence: o
T'(\) = OFH = ———

and (126) is equivalent to the expressions of appendix 1.3.2.1.

In the general case, we write AY’, r = 1,... the solutions to the pole equation of (126):

A +7T(T/()\+)\1)— TI()\—)\l)) =
For regular functions 7" (A + A1) such that for A — oc:

g(A+ A1)
A+ )

| oo

with [ > 0 given and g bounded, the poles equation implies that for A — oo:

T' (A + Ay) ~

Al ~ :l:A
and as a consequence, we can write:
A = /N2 h, (V) (127)

where h,. (A\) is bounded.
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We can compute the values of the residues at each pole by the first order expansion of 1 +

T'A+A) =T/ (A=A1) .
™ )\1 .

T’ (/\+/\1) -1 ()\—)\1)

1+7

A1
o (rosam-ro-a T (A“Y))—T’(A—AY)))
~ T N — /\gr)
L1 (A A7) + 17 (A=A
(b o)
. T”(A—%AY9)+-T”(A-_AY0)__TTA+%”1yf(kﬁ”)

A
For regular functions 7" (A + \1), this can be expanded as:

(2k+2) 2k—2 (2k+2) 2k—2

(r) T A T A ()

A | 2 (2k)! (Al) -2 2k + 1)! (Al)
k>1

k>1

and for relatively slowly varying functions, this reduces to:

/ oy (4)
1+71-T A+A) =T A=X\) 227_‘_/\§T)T (N
A1 3
and the residue theorem implies to replace:
T(Ti(A+ ) = Ti (A= \)) At
Al +7T(T/()\+)\1) — T/()\—Al))Z|Z—Z1|

_r 3
m|Z = Z1| T (N)

%

in (126). Using (127) and (129) in (126) leads to:
Sw™t(J,0,2)
N ACE A

) 1
—_ 0—1,,7
ZW|Z—Zl|/w(J’ 1 1)

T

(0 — 1y, Z1)|

1

X exp (tu (cly +|Z — Z1|)) x exp (v (cly — |Z — Z4])) dX

T (3)
) 1

= —_ 0—1,,2
ZW|Z—Zl|/w(J’ 1 1)

T

X exp (tu (cly +|Z — Z1|)) x exp (v (cly — |Z — Z4])) dX

T ()
where:

A+ A7 A4 O

2 2
oo AN A0
B 2 2
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As a consequence:

For h, (\) varying slowly, we can replace h, (\) by its average h,., and we have:

v=——
U

Replacing T ()\) by its average T, we find:

Sw™t(J,0,2) i1
(011, Z,)) 2 ~ R 0—1,,Z
Ot 2 SR Y [

T

3 _ y
X 75y OXP (tu (clh +|Z — Z41])) x exp <—ZZ (clh —|Z — Z1|)> dX

We can then apply the results of the previous paragraph for each r, and has a consequence, we
obtain:

Sw™t(J,0,2) . exp (—cly)
V(01,2 Ad ~ 14+ k) —w (J,0 =1y, Zy) ——2 130
R AT ZT:( ) e (10 =1 20) T (130)

2 2
% Cll |Z Z1| n Cll + |Z Zl| Kl BT (Cll) |Z Zl|
Cll+|Z—Zl| Cll—|Z—Zl| 4
that becomes in first approximation:

5w (J,0,2) 5 exp (—cll —ay ((011)2 —1Z - Z1|2))

V(01,72 ~ H(clh —|Z — Zi\\w(J,0 — 11, Z
(W (0 — U1, Z1)] I A LR . (cly — | 1) w( 1, 21)
where the B, are constant coefficients and «, = %[. As for (119), this also writes:
2 2
6w_1 (J 0 Z) exXp (—Cll — Qup ((Cll) — |Z — Z1| ))
A A ~ Hcl —|Z - Z\w(J,0 -1, 72
(W (0 — U1, Z1))] T A LR D, (cly — | 1) w( 1, 21)

(131)
for some constants D,..

Appendix 2 Non local expansion for w(f,7) and propagation of
signals.

We can generalize the findings of appendix 1 to calculate and estimate the successive derivatives
of w(J,0,2).

In 2.1 we will compute the successive derivatives through a graphical expansion. Section 2.2
that the series expansion in the field of w(J,60,Z) can be summed and expressed as an auxiliary
path integral depending on the connectivity functions. This integral can be approximated through a
saddle point approximation to obtain a formula for the activity w(J,0, Z). The results are obtained
without considering the external sources that initiate fluctuations around the background state. In
section 2.3, we include the external sources to compute the expansion of w (J, 6, Z). Once obtained,
we analyze in section 2.4 the effect of the signal propagation on w (J,6, 7). In section 2.5 we extend
these results to systems with multiple fields, including excitatory and inhibitory interactions.

47



2.1 n-th derivatives of w (0, Z) and w™' (0, Z) at | ¥,

2.1.1 General formula

Based on the results of Appendix 1, we can now compute w (J,6, Z), w™* (J,0, Z) and their derivatives
"w (J,0,2)

51T (0 —1;, Z)|?

s

=1

and:
w1 (J,0,72)

16190 -1, 2)
=1

It allows to compute the expansion of the effective action, and also to study the solutions of (97)
without the locality assumption.

2.1.1.1 Series expansion for the first order derivative of w(6,Z) Recall that w(f,Z2) is
solution of (28):

_ 1Z2=2] , Zl)
w(6,72)

x (‘0 (0,71) + ‘xy (9— |Z_CZ1|,Z1> 2) le>

(132)

w6
w(0,2) = G(J(G)Jr%/T(Z,Zl,G) (

where:
T(Z,21,0) =(T)(Z, Z1)

and where, for the sake of simplicity, the expression:

7 -7 2
(o)
C

will stand for?:
vl (z,) v (9— L_Zl',Zl) + Wy (Z,) 0T (9— L_Zl',Zl) + ’\11 (9— L_Zl',Zl>
C C C

To find the internal dynamics of the system we will consider J () = J, a constant external current,
usually J = 0. We use a series expansion in |¥ (1), Z;) \2 of the right hand side of (132) and write:

2

w (9@'), z) S (9@'), z) i (133)

> §"w (J,0,7) - 5
+/Z 0 - [T1w®—t2)
n=1 \ T[ 0¥ (0 —1i, Z;)| i=1
i=1 |w|2=0

4See discussion after (47)
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The first term (133), i.e. w (0, Z) is a solution of:

|¥2=0°

|Z—2,|
-2

) o (Z1)|° dZy

K w(9
F J+N/T(Z,Z1,9) 0.7

One solution is the static frequency (74) solution of:

Z1)
(Z)

w(J,Z) = <J+—/ (2,2,) %
= FlJw 7]

o (21)" 21

but any time dependent solution for |¥|* = 0 is also possible. This arises for non constant current
J (6). Equation (133) is the expansion of w (9(“, Z) around this solution, the dynamics depending

on | (H(j),Zl)}Q. We set:
(i) _
w (9 7Z)|\I/\2:0 =wo (J,2)

The first derivative % in (133) has been computed in Appendix 1. It is given by:

-1 ©° L AG Y O)]
dw™" (J,0,2) Z - 5 /w_l (J,H— Z | |,Z1> (134)
510 (61, Z))] = (G0 0.20) +|w< ~ 1, 21)°) =R

ﬁ ( |Z(J 1C Z(j)‘,z(l—n,z(”,w,\l/) 5 <ll _z”: |20-1) — ) H 0

=1

where:

T0,2,7,w,P) (135)
2
§w (1.0,2)T (2,21,0) G [J,w,0,2,9]5 (1 — 241 (l% (20 + v (0 - 521, 2,)) )

2
|z—2'| 9T (2,7 0) |Z—7/|
I- (fN (JG_ c Z/) Ow(J,0,72) ‘\I/ ( c ’Z/)

with the convention that Z(®) = Z and Z(™ = Z;. The derivative (134) was then evaluated in
Appendix 5 using combinations of K; functions, but for the purpose of the computation of the suc-
cessive derivatives of w (J, 0, Z), we will work, temporarily, with the general formula (134). Equation

(134) yield recursively % in terms of past activities. Applied to the case |\If|2 = 0, the

factor (135) simplifies:

dZ’> G'[J,w,0, 7,V

T(@,Z, Zl,WQ) = T(@,Z, leo,O) (136)
Ko (1,0,2)T(Z,21,0) G [, w,0, Z,9] [ (2,)]?

1= (f w0 (1.2) G222 |Wo (2)] d2') G [y, 6, Z, 9]

or in first aproximation:

T0,2,71,w0,%) = T(Z, Z1,w0) (137)
£T(2,21,0) G [J,w,0, 2, V]|V (Z1)|”
0 (1, 2)

12
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and (134) becomes:

(0w 22 )
— (e} Wy J, — -1 e
Sw™1(J,0,2) _ —Z/ 0 =1 Al (138)
S0 (6 —10, )" ) gy = Go (0, Z1)

n -1 i— i

. 7G-1) _ 7@
7 (0-3 =20 g0en 0 0
Cc
=1 j=1

(-1 _ 7z
<3 <11_2u> HdZ
1=1

2.1.1.2 Graphical representation of the successive derivatives The n-th term in (138) can

be understood graphically as a sum over the set of broken paths with n segments, each path linking
’Z(lfl) —_zMD ’

Z0=1 and Z® during a timespan of . To each point of the segment, we associate the

factor:

21 7G-1) _ 70()
T 9—2—‘27 )|

Jj=1

(=1, 7)o b (139)
C

‘Z(jfl)_z(j)|

£T (20D, z0) ¢ [Jw 0—> ) ,z<ll>} W (Z1)]?

(J9 Zl 1 |zG-1- Z(J)| - 1)>

Ultimately, the product of factor is multiplied by the activity at the last point:

n Z7(1=1) _ (1)
0 <J, 6 — Zl:l %v Z1>
W (Z1)]?

(140)

and by |¥ (0 — 1y, Z,)>. The integrals over the points Z® and the sum over n, the length of the
broken paths, yield the first order contribution to the expansion (133).

The next terms in the expansion of (133) are the derivatives LJ@ZZ) which are
[T 01®(60—14,2;)]
[w[2=0

i=1

obtained by successive derivations of (134) and (135) by |¥ (6 — Iy, Z5)|* and evaluated at |¥|* =
The [; are ordered such that I; < ... < 1,. These derivatives are obtained by differentiating either:

B n yz(lfl) — Z(l)]
_w01<J’0_;—c s D

n -1
H _Z\Zw 1)6_ 7), 200 70 4

j=1

or the successive factors:

% using (134). Graphically it amounts to write bro-

ken lines from Z; to Z, and associate to each broken line the factor (139), (140) and |¥ (6 — l2, Z2)|°.

The first possibility amounts to write
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The second possibility is obtained by computing for each I:

-1 |Z(j71)—Z(j)|

5T (9 it P paen g0, \11>
5| (0 — 1y, Zy)|

(141)

Which can be written as:

—1 lz(J 1) _ Z()‘

57 <9_27 il (ll),Z(l),w,\Il)
5T (0 — 1z, Zo)|?

(=1 _ 7@ (=1 _z(5)
— 23;11 ujz(l_l)jz(l)j%\p) SwL (J 0 — Z; 1 M A,Z’)

1 c

= /dAdZ’ ( T :
S <” 211|ZJ 70)| A’Z,) 5| (0 — 1o, Zo)|

This derivative can be described graphically by assigning to some point Z(®) of the initial line the

factor:
’Zu 1) _70) ’

57 (9—2J i W1 1),Z(l),w,\ll>
ow <J9 Zl L M sz/>

(-1 _z()
5 (Je 3y AL BN z’)

8% (0—12,22)
ming over A and Z’. In first approximation, we can set A = 0 and Z’, so that the factor is:

and then sum-

issuing a new succession of segments representing

Ay Z(j)‘

s (007} 2029 ey 70,,9)

w1 (J9 Zl 1 |zG-1- Z(J)| - 1)>

|w|?=0

b1 <J,9_z§;11 2 ) z”f”)
51T (0—1g,22)
More generally, differentiating successively 7 (9, Z, Z w, |\I/|2)7 corresponds to insert the vertices:

=D _z() P 70-1 70N [ Jwn 2D 2
ST (e_zl_—l Mz(z—l),Z(z),W) 5 (T(Z 20)6 [Jwo.2 ]%(zn)

Jj=1 c wy t(1,0,20)
Skwy !t (1,0,20)

and the new succession of segments represents

~

k G-1)_z3G)
mw_l(” i1 1207020 Al,zl)
=1

—1 |Z(J 1)_ Z(J)|
e R D e

3w (6—1;,2;)]2
Gathering the two possibilities forementionned and iterating this procedures yields a graphical

representation for:

with k& new segments representing

n, —1 n
"W (1,6,2) 11w 0 -1, 2 (142)
[161T©0 -1, 2) '
1=1

[ |2=0
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We associate the squared field |¥ (6 — I;, Z;)|* to each point Z; . For m = 1,...,n, we draw m lines. At
least one of them is starting from Z. These lines are composed of an arbitrary number of segments
and all the points Z; are crossed by one line. Each line ends at a point Z;. The starting points of
the lines have to branch either at Z, either at some point of an other line. There are m branching
points of valence k including the starting point at Z Apart from Z the branching points have valence
3,...,n — 1. To each line i of length L;, we associate the factor:

“ 7 (20D, Z0) @ [J wo 0 — Y1 M e 1)} 0, 20)

&
2

F (line;)) = 143
(tine:) (,]9 Zl 1 |z6-1- z(;)| - 1)> (143)

0! <']7 0 — ZlL:ZI ‘Z(lil)_Z(l)| ) Zz>

I
-

Go (0, Z;)
‘Z(l 1) _ Z(l)‘
Li 111261 — 70)] (” Vi )
= HT Z— AR ACKRIN

Py = c Go (0, Z;)
and to each branching point (X,0) = B of valence k + 2 arising in the expansion, we associate the
factor:

5 T“(Z(“l).,z(l))c’[J.,wo,z(“]\‘yo(zl)F
wy 1 (1,0,20)
F((X,0)) = (144)

Skwy ! (1,0, 20)
and (142) writes:

n, ,—1 n
n5 w(J,0,2) 11w 1. 2
[161%(0—1;,2) i=1
=1 |‘I"2:0
= 122> X HF line;) H (B) | [T1w -1,z (145)
m=11i=1 (lineq,..., linem) i=1

The integral over the branch points is implicit. The factor F (B) for a branch point B is defined in
(144) The graphical representation is generic. While integrating over the set of lines, the degenerate
case of lines that share some segments is taken into account.
2.1.2 Approximate expression for the n-th derivatives of w=! (6, 2)
The results of the section 5 can then be used with (145) to compute:
w1 (J,0,72)
[16%(6—1;,2)
=1

in the approximation of the dominant contribution. To each line from a branching point 6 — 1, Z;
to 0 —1;, Z; (the branching point can be one of the 6 —I;, Z;) we associate a factor of the type, as in
(118):
exp (—c(l; =15 —~(c(l; =1}) - |Z) — Z;
p( ( J) ’Y(D( J) ‘ J ’))H(Cll—|Z—Zl|)
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The dominant contribution is obtained when the set {I,Z}} is equal to {I;, Z;} and the product
over the branching points yields a contribution whose form is:

ot (h0,2) o= (S (e~ )’ - 17~ Zual) ) (146)
W (0 —1;, Z))

Dn

—

i=1

n—1 n —1
xH | clp =Y |Zi — Ziy1] 0
(o) L2555

with Z; = Z and [,, > ... > [; and B a constant coefficient (see (119)).
Formula (106) shows that the previous computations are also valid for the derivatives of
w(J,0,7). We thus obtain the generalization of (119):

rewnn exp(_dn_a(zy_f((cain—zm))?—|zi—zi+1|2))) wn
1161w (0~ 1. Z) ’

n—1 n
wWo (J, 9 — li, Zz)
x H <cln - 1z - Zl-+1|> I1 N VAR

=1 =1

The only difference is the appearance of different coefficients o and B in the expression.

2.2 Series for w™! (0, 2)
2.2.1 Reordering the graphical sum (145)

We now sum the series expansion (133):

W (9@'), Z) = ! (9@'), Z)W:O (148)

oo n _1 n
+/Z Ow (1,6, 2) [T1w© -1 z)P
=1

n=1 \ T161® (0 -1, Z)|”
=1

|w|2=0

by reordering the sums in the RHS of (145).

To do so, we first compute the sum over the lines between (Z,0) and (71, 6;) and of given length
. G-1)_z0)
L; = n of the product of factors T' <9 - 27 . (2702( ZW=10 7O [y, \I/> in F (line;) (see (143) for

the definition of F (line;)). This sum is computed in (138). We call the result G\ ((Z,0),(Z1,61)),
so that:

D _ 7
G ((Z 9 Z1,91 /HT( |ZJ ’ ‘7Z(l_1)7Z(l),OJQ)
n | z0=1) _ 7O
><5<9 6,) — Z Z ‘)HdZ

7G-1) _ 7 7=1) _ 7z
/HT (9 Z ’ \ <zl>,Z<z>7w0) 5 <(9<z> _9<z—1>) %) H dz® g,

=1
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with (Z®,0)) = (Z,0) and (Z™,0™) = (Z4,61).
Then, we sum over the length n of the lines and the factor associated to the sum of lines, written
GQ ((Z, 6‘) s (Zl, 91)), is

-1 _ 70
Go((2,0),(21,601)) Z/HT (9 Z ~|2970 - 20| Z(l_l),Z(l),wo)
7( VAU
<5 <(9<l> _ 9(1—1>) _ %) H 47D dp,

=1
The function Gy ((Z,0),(Z1,61)) is a series expansion that can be summed:
Go ((2,0),(21,00) =T (1 =T) " ((Z.0) . (Z1.61)) (149)
with:

21 7G-1) _ z()
| |

T((Z(lfl),g(lfl)),(Z(l),g(l))) -7 9—;f,z<l*1>,z<l>,wo

As a consequence, equation (145) can be rewritten as a sum over the branch points.:

Wl (e@), Z) —w! (9@'), Z)w:o (150)

n, ,—1
w \TL6[w (6 —1;,2))
i=1

\‘1’|2:0

- (XYY Y e Ilre|[[ve-uz

m=1i=1 (lznel ..... lmem)

liney,...,linem

The sum Z(
respecting the constraint given above (143). If line; connects two branch points ((X1,6:), (XQ, 62)),
then Gy (line;) is equal to Go ((X1,61),(X2,02)). At each branch point we insert % and for

wi (L1, Zi) | W (01, Z5) |2
G0(0,2y,)

) is over the finite set of m segments connecting two branch points and

a terminal point — . We will normalize |¥|* by Gy, so that |¥ (6 — Iy, Z)|

: | (015, Z)|2
will stand for IO ZARE

Now the sums in (150) can be reordered in the following way. We consider the lines from
(0, Z) to a final point, and sum over the branch points of valence 2 crossed by these lines, that is
points crossed or reached only by this line. We then sum the contributions over all these lines.
For instance, if a line crosses only one branch point, the associated contribution will include two
propagators Gy = (1 - T)fl, one between the initial point and the branch point, one between the
branch point and the final point plus the factors inserted at each point. Summing over all possible
branch points crossed by a line yields the factor associated to the overall sum of single lines crossing
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the points Z:

Tl ([ T R et

n=0

§ 1 1 o —wo N (J,0 = ln, Zy)
= T(1-T - — |V (0 — 1, Zn)] =
(-1 1—|U @, 2)PT(1-T)" G0 (0,Zy)
§ 1 o —wy  (J,0 —ln, Zy)
=T — |V (0 —ln, Zn)| 0 (151)
1= (14 wf) T Go (0, Z,)

0

with Zp = X3 and Zi1; = X3 and ][] is set to 1. The [; are ranked such that: [; < ... < I We
=1

sum over all contributions of field insertions between (X;,60;) and (X2,62) and integrate over the

intermediate points. The factor |¥|? is seen as the operator multiplication by |¥ (6, Z)|* at the point
0,2).
The sum (151) over the single lines is the Green function of the operator 1 — (1 + |\I/|2) T with

T and — |U (0 — Iy, Zn)|>wo (J,0 — 1., Z,) inserted at the starting and ending points. This quantity
can be seen as a block [(X1,61), (X2, 602)].

2.2.2 Path integral formulation

The series expansion (150) for w=! (), Z) can ultimately be rewritten as a sum over the number
m of branch points (X;,6;) with valence k; > 2: we draw all connected graphs whose vertices are
the branch points (X1,61) ... (Xm,0m). We attach k; blocks to the vertex (X;,6;), the endpoint of
one of them and the starting point of the others are fixed by the vertex. To each vertex, the factor
F((X;,0;)) defined in (144) is associated. The extremities of the blocks that are not fixed are free
and integrated over, except one of them which is equal to (Z,0). Then the series (61) is the sum
over m and over all types of graphs with m vertices.

Note that the sum of graph can be computed without ordering in time the fields. It amounts
to replace (150) by:

n, —1 n
W (09, 2) — w7t (09, 2) _ /lz 0'w" (J,6,2) 11w 6:, 2P oz,
|w|2=0 n! " 2 ,
n H 5|\I/ (9—ll,ZZ)| =1
i=1 |w|2=0

As a consequence, the symetry factor of equivalent graphs factored by ] |¥ (6;, Z;)|> and integrated
i=1

over [] db,;dZ; is:
i=1
1 n!

n! ] k!
14

where the product is over the vertices of valence ky of the graph. The factor n! comes from the
exchange between the vertices ﬁ |W (0;, Zi)]> The ky! accounts for the exchange of the ki vertices
among the same graph. =

The sum of lines connected by vertices can then be computed using the Green function W
connecting the vertices of all possible valences.
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As a consequence, the generating function for the graphs is equal to the partition function for

an auxiliary complex field F (X,6) with free Green function equal to W and interaction

terms generating the various graphs with arbitrary number of vertices. The free part of the action
for F (X,0) is thus:

/F (X,6) (1 . (1 + |\IJ|2) T) FH(X,0)d(X,6)

and the interaction terms have to induce the graphs with factor (144). The k + 2 valence vertex,
with £ > 1 is thus described by a term involving (144) and writes:

(1) _7(2)
ST (oD _M AOACIE
c ) ) » WO ’Z(l)_Z(z)’
/F (Z(l),g(l)) - plzmgm 12 =271
kU TT 6Fwy t (J,00,Z20)
=3

I (#000).(00.29) (¢ (00.2)) TLa(00.20)

5 <T <9<1> M M, 7@ wo)) .
_ /,r (2(1)79(1)) F (Z(2)79(1) 2V -z |>

k+2 c
kU TT 6Fwy t (J,00,Z20)
=3

k+2 k+2
% H 7 <9<1> _ M Z<1>7Z<1>,w0> F (9<l>, Z(l)) o H dz®

=3 =1

Having found the free part of the action and the required vertices, the sum of all graphs (150)

yields, for % — W (J,60;, Z)|*:

o fTFT (2,0) [ _1;‘]1 (—wo * (1.0, Z:)) [ (1,05, Z) | F (Z3,60;) d (Z:,0;) exp (—S (F)) DF
(/,6,2) + g exp (=S (F))DF

[Trt (Z,e)exp( — [ F(X,0)wy' (J,0,2) ¥ (J,0,2)]*d (X, 9))

Jexp (=S (F))'DF (152)

= wy ' (J,0,Z)+

S(F) = /F(X, 0) (1= (1+1wP) T) F1(X,0)d(X.0)

5k (T (9(1) _ ‘Z(l):z(2>| BACH Z(2)7w0)> Z(1) Z(Q)‘
— ™ ) tlgz@ pm_ 12— =2 1
/F (z0,60) %" r (Z 0 - )

k42
k kU TT okwyt (1,00, Z1)
=3

k+2 k+2

% H 7 (9(1) _ M A0S Z(l),w0> F (9(07 Z(l)) o H dz®
=3

=1
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The sum can be computed, and we have the more compact expression:

S(r) = /F(Z, 0) (1 - |\1/|2T) rf(z,0)d(z,0) (153)
y A §
—/F (Z,0)T <9 - g,z, ZW ! +TFT>
&
7z —7ZW
al <Z<1>,9 - g) dzdzMdo
&

where:

y zW — 7 iy
T (9 - g, 7MW, Z wy 't + TFT>

- 7T (9 _ |Z(1)7_Z|7z(1)’z7

. Z—zW Z—zWm
wo (Z,0) + /T <9 - |7,Z(1),Z,wo> al <Z<1>,9 2=z dzM
C C

Integral (152) will be computed in the saddle point approximation. It is obtained by replacing
FTand £ with their values minimizing action S (f) defined in (153). But before doing so, we will
use a perturbation expansion of (152) to rewrite the source term:

—/F(X, 0)wyt (J,0,2) |9 (J,0,2) d(X,0)

as a function of the stimuli:

> a(Z:,0) |V (2:,0)

%

Appendix 3 Expansion for w™! (J, 0, Z) in presence of external sources

In this appendix, we include the impact of external sources in the computation of the activity
w (J,0,Z). This allows then to derive the propagation of external signal along the thread. Ultimately,
we generalize the results to severl types of interacting cells.

3. 1 Computation of graphs expansion in stimulated state
So far, the results for activity w (J,0, Z) are derived witout external source. We now include these
ones in the path integral to correct our previous expressions.

3.1.1 Modified expression for w=!(J,6,7) in presence of external source

For given connectivity functions, we want to compute the path integral for ¥ (0, Z) given a series of
signals through time at some particular points. As explained in the text, this amounts to introduce
in the path integral the factor:

3

/exp <ZG(Z“90) |\If (Zl,90)|2> d90
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The term 3, a(Z;,6) |¥ (Z;,0))* corresponds to create and cancel some stimulation that makes the
field ¥ (Z;, 6) to deviate from the static equilibrium. The exponential factor stands for the possibility
of several similar stimuli at the same point. The sum over 6 ensures the repetion of the signal
through some period of time. Recall that the perturbation is implicitely, tensored by:

I o (1w (z.00)°)

Z47;

to ensure that the perturbation arises only at points Z;.
The path integral to consider is thus:

/exp(—S(‘I’))/exp <Za(Zi,6‘o) v (Zi,90)|2> df,

3

_ /exp (%qﬁ 0,2)V (%gv - wl) v (0, Z)> /exp (Za(Zi,Go) | (Zi,(?o)IQ) dfo

with w™! given by the auxiliary path integral (152):

JTEN(Z,0)exp (=S (F) = [ F (X,0)w5™ (4,6, 2) |9 (J,0, 2) d(X,0)) DF
Jexp (=S (F))DF

wl=wyt (J,2)+
We start by expanding perturbatively:
2
/exp (%qﬁ 0,2)V (%v - o.)_l) w (0, Z)) /exp (Za(Zi,Ho) I (zi,90)|2> it

— /exp (%\Iﬁ 0,2)V (%gv —wyt(J, Z)> W (0, Z))
( ) (ITFT (Z,6) exp (—S(F)—fF(X,o)wgl (9,Z)|\I/(0,Z)|2d(X,0)) DF) )
xexp | —=0T(0,2)V (0, 2)

Jexp (=S (F))DF

X /exp <Z a (Zl, 90) |‘I’ (Zi, 90)|2> d90
— /exp (%\Iﬁ 0,2)V %gv —wyt(J, Z)> W (0, Z))
(1 JTEN(Z,0)exp (=S (F) = [ F (X,0)w5 (,0,2)|% (60, 2) d(X,0)) DF !
] _5\11 6.2)v Jexp (=S (F))DF ve.2)

x /exp <ZQ(ZZ—,90) | (zi,90)|2> dby (154)

i

We then compute the graphs associated to the case n = 1 so that we compute the graphs
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associated to:

/exp (Za(zi,eo) |@ (zi,90)|2> dby (155)

K3

JTEN(Z,0)exp (=S (F) = [ F (X,0)w5™ (4,6, 2) |9 (.0, 2) d (X, 0)) DF
i Jesp (S () DF ez

x/qﬁ(e,Z)v

_ /exp (Za(zi,eo) I (zi,90)|2> dfy x /\Iﬁ 9, 2)

i
n

>~ 1 ITFT (Za 9)f H (_w51 (Jv ol’Zl)) |\IJ (Ja 91721)|2F(Z“91)d(Z1791) exp (_S (F)) DF

i=1
<V _ZE exp (=S (F))DF v©.2)

n=1

To compute the contractions induced by the Wick theorem, we will use the two remarks:
first, we do not contract ¥f(9,Z) and W (#,Z) outside the brackets in (155) with the source
[ exp (Zia(Zi,Ho) |w (Zi,90)|2) dfy since it would imply the appearance of non connected graphs
or vanishing contributions. Actually, the terms inside the brackets are evaluated at 6; < # and we
assume that the perturbation ¥ (9, Z) is null before the action of the source.

Second, the loops arising from the series expansion can be neglected. Actually, we have seen
that expanding

|Z —2zW)|

S(F) = /F(Z,o) (1_|\1/|2T) FWZ,@)d(Z,@)—/F(Z,@)T(@ - ,Z,Z<1>,w01+TFT>
|Z -z

XFT <Z(1)79_
C

) dZdz™do

in series of [¥|? corresponds to a sum of lines crossing |¥|*> at some points that are integrated over.
Contracting two such fields |W (Z,0)|” |¥ (Z,6')|* contracts two lines crossing (Z,0) and (Z’,6’) This
imposes Z = Z’ but also, due to the contractions:

U0, 2)V (0, 2)V1 (0, 2)¥ (9, 2)

that 0 = 0. Actually, the first propagator imposes 6’ < 6 and the second one 6 < #’. This means
that the loop corresponding to the contraction involves integrals over a set whose measure is equal
to 0: the integration over the set of lines forming the loop imposes that the length of these two
lines are equal, but with no § function to implement this condition.

Once these remarks made, given the presence of the term [] § (|\If (Z, 90)|2) in the path integral,
742,
the n-th term of the sum:

1 fTFT (Z7 6‘) f}f{l (—w&l (J, 91', Zl)) |\I’ (J, 6‘1‘, Zi)|2 F (Zz,el) d(Zl,HZ) exp (—S (F)) DF

! exp (—S (1)) DF (156)

is contracted, by Wick theorem, with:

/% (Za(zi,e)mf(zi,e”?) do (157)
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Actually, given our introductive remarks, contracting the n-th term in the sum with:
) k
2
/E <ZG(Z1',9)|‘I’(Z¢,9)| ) do

for k < n induces the presence of loops that are negligible, and for £ > n induces the presence
of disconnected graphs where the sources term are contracted with themselves. Such graphs are
cancelled since the normalization of the path integral keeps only connected graphs.

To compute the contraction between (156) and (157), recall that:

W (0, Z1)°
arising in (156) stands for:
Ul(Z)W (0, 2)) + Vo (Z0) U (0, 2)) + W (0, Z))|?

and the contractions are:

1
T / T —
(0, 2)0(0,Z) — -9 (0,2) VeV (0, 2) -

U0, 2)V(0,2)=3"(0,2)V,(0',2) =0

We normalize A+n = 1. Considering 6 < 6; leads to a contribution and since that due to the form of
the propagator for ¥, there is no loop, it amounts to replace the contractions |¥ (Z;, ) |2 | (J, 04, Zi) |2

by 5(9"79“3\52(2"7%’) .and this leads to the expression for the contraction between (156) and (157):

S 1 (-5 ) 0 (200) F (20.0) e (-5 ) PF

n! exp (=S (F))DF (158)

Reintroducing ¥ (0, Z) V on the left and ¥ (9, Z) on the right of (158) and summing over n these
contributions gives the contraction (155):

JTEN(Z,0)exp (=S (F) = [ F (X,0)w5™ (4,0,2) |9 (J,0,2) d(X,0)) DF
Jexp (=S (F))DF

VIRCARY

K2

< (0, Z)/exp (Za (Zs,00) |0 (Zi,90)|2> i,

- /TFT (Z,0) exp <—S(F) — > a(Z:,0) WF (Zi79)>

%

The contractions ¥ (J,6;, Z;) ¥ (J,6,, Z!) in the internal lines can also be replaced by

exp(—A1(0;,—0,))0(2Z;i—Z;)

» Yy

The same applies to the powers of:

A

- JTENZ,0)exp (=S (F) = [ F (X,0)w5" (,0,2)|¥ (6, 2) d(X,0)) DF "
_5\11 (6.2)v Jexp (=S (F))DF v 2)
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cntretd wth (157). The absence of loops allows to replace:

N———
N——
3

(exp (—S(F)—/F(X,H)wo_l(J,6‘,Z)|\I!(9,Z)|2d(X,9)

by:
</TFJr (Z,0) exp (—S (F)- Za(ziﬁ) %F (Zi’9)>>

As a consequence, the perturbation expansion (154) rewrites:
1 2
/ exp (Ew (6.2)V (”—;v - wl) (9, Z)) / exp (szi,eo) v (Zi,eoﬂ?) dfo

- /doo/exp (%\Iﬁ 6,2)V (?v—w‘l) \IJ(G,Z)> |

K2

with:

y w-ll, .
fTFT (Z,0) exp (—S(F) — >, a(Z;,00) %F (Zi,9)> DF

wN(1,0,2) =wy (], Z) + Texp (CS (1) DF (159)
and S (F) obtained by replacing |¥ (0, Z)|* with 7
S(r) = /F (2,9) (1 - |\11|2T) F'(2,0)d(2,0) (160)

C

y A § 7 — 7
—/F (Z,0)T <9 - Q, Z, 72N wit + TFT> I <Z<1>,9 _lz2=2%) dzdz™Mdg
C

3.1.2 Saddle point approximation for activity auxiliary path integral

Integral (159) will be computed in the saddle point approximation. It is obtained by replacing F '
and F with their values minimizing action S () defined in (153). This yields the equations for
F7(Z,0) and F (Z,0):

((1 —w)? T) FT) (2,0) — (Tw51+TFTFT) (2.0) + ) a(Z:.6) Wd (Z-2)=0  (161)

or, using (160):
and:

F(Z,0)=0

Under the saddle point approximation, equation (159) becomes:

w ' (J,0,2) =wy ' (J,0,2) + Tr1(2,6) (163)
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and (162) leads to write recursively:

—1 )
= _ Vl i [—Za%")w (164)
(1= 19PT - Toparyi) L 5
so that using (163) yields in first approximatn:
_ _ s 1 wo L (1,6, Z))
w(,0,2) =wy ' (J,0,2) - T - a(Z;,0) =22 (165)
(- ()7 |2 e

This will be applied to the expansion around the static case.

3.1.3 Expansion around static case

We estimate the correction Tr T (Z,6) given by (?7?), in the static state. We rewrite the expression

of T(Z,2'):
AT exp (—%)
T(Z,7") =
( ’ ) 1 n w’|\Il(Z’,w’)\2
w|¥(Z,w)|?
and T (Z,Z') is equal to:
. ET(Z,21) G [J,woZ] | Wy (Z1)|
72,7 =X (2, 2,) _1[ woZ] |Wo (Z1)]
wy (1, 2)
Given our previous choices, F' [J,woZ] = —m, so that, for b normalized to 1:
2 AT exp _lez] (|‘I’0 (Z/)|2)2
t2.2 - KLED) W Z)P _ x G
’ wo (J, Z) N wo | (2)] +wh [T (2)))

We also need to estimate:
T(Z,Z' ,wo+TF")

_z 2
C e () ()

N (wo +TF1(2)) W0 (2)]” + (wh + TFT(2)) |Wo (27)]?
T(Z,7Z',wo)

e (L2210 (100 @0F)" (Tt @) e @)+ T (2 100 (29)F)

(wo [0 (2)2 4w |20 (2)%) ((wo + TFT(2)) 190 (2) + (wh + T (2)) |00 (1))

(Tr1(2) 190 (D) + T (2) %0 (2)]7)

= T(Z,2Z' ,w) — - 5 - ~T1(2,2",w)
((wo+Trt(2)) (o (2) + (wh + TH 1 (27) 9o (2)]*)
In the local approximation Z’ = Z, this yields a series expansion:
. . Trf(2)\" -
Two-‘rTrT T~ Z <_ wo (Z) T (166)

n>1
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The saddle point equation (162) is rewriten:

((1-37) ) @ = (Lo ) @)+ (Za%@) 0T, <Z“9>> =0

and this leads to:

i (Z —a(Z,0) WF (Zi,9)> (167)
0+TFT)

TFt = T

%

0 DT (o 1)) (;‘“ZZ’“ e FW))

Gathering (167) and (166), leads to the recursive formula:
y T
TFt ~ =
a 2 1-(1+5)T

()

1 wy L (J,6, Z)
TTOTr DT <Z —a(Z;,0) OT)

i

1
1-(1+4)7T

(- &)

Recursively, (??) leads to replace T,, , 4+ — T by:

K AT [ (Z:)|? (_ Pt (Zl-))"l]

N 2Aw0 wo

n,L-}l

Graphically, we fix k Z; vertices of valence n;, i = 1,...,k with k& € N, n; € N. Draw all graphs
connected and simply connected crossing these vertices with the given valence. To each edge,

n -
associate 7, to each vertex, associate Hﬁg) The factors associated to the edges are
1 7

S S
=)
connected to one term of the product The graphs are ordered in time starting from one edge. The
first edge is composed with 7.

3.1.4 Lowest order expansion in local approximation

A first order compact approximation of (167) can also be obtained by writing in the local approxi-
mation 7' ~ Z:

v . (tr@m@P T @ e 20P)

T(2,2'\w+TF")-T = —— S . T(Z,7',(168)
N (w0 + 711 (2) 19 (2)F + (w5 + T 1 (29) |90 (29
@@

(wo (2)+Trt(2))
and then the solution (167) of the saddle point equation at zeroth order leads to:

TFT:Tl _ZG(Z“Q)W (169)
with: )
- T
e 1
T
That is, using (163), we recover a first approximation f (165):
[ ~1(1,0,2;)
N0, 2) =wy (0, 2) + ———— |- Z;,0 M 170
w™ ( )=wy ( )+(1—(1+%)T) zi:a( ) 1z (170)
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3.1.5 Higher order terms in local approximation

We can go to higher orders and insert this formula (169) in (168):

. wo ! .
T1 |:— Zz a (Zl, 9) W}

<

T(2,2'\w+TF") - T~ -
- wg 1(J,0,2;)

wo (Z) + T [— > a(Zi,0) T}

This allows to solve the saddle point equation at the first order by writing (167):

V § 1
TFt=1T

wyt (J,6,Z;) )
— ~a(Z;,0) ———=5—"F (Zi,0) (171)
(1 - %T - Tw0+TFT) <¥ A

where we define the effective scale of connectivities:

- wit(7,0,2;

Al ((WO (Ja 95 Zl)z)) B X

. w e .
wo (Z) + Ty [— >_ia(Zi,0) #]

Computing explicitely the integrals, this leads to rewrite (163):

w N (1,0,2) =wy ' (1,0,7) (172)

A2
e’ivzi
= /K(Z,e,zi,ea {a(zi,ei) %} o

i

Note that we can go recursively to the next orders, by replacing K (7,0, Z;, 6;) wth:

K(Z,0,Z;,0;) ~ T (1 — (1 s (}70721_)0)) T) B (173)
wher:
) . T [— > a(Zi,0) lewfm]
B Calh0Z0D) 8 2y o1, [0 (20 S0
along with:

- 7

and so on, the next order being obtained by replacing:
1\ .
(1 ¥ X) 7

(1 * T Zm))) T
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3.2 Estimation of the propagated signal and correction to activities.

Once the kernel K (7,0, Z;,0;) for signals propagation has been computed, we can study the modi-
fication in activity induced by external signals propagating along the thread.

3.2.1 Propagated signal

We first estimate the transmitted signal from the sources to the points of the thread given in (172):

71 . .

at the lowest order. Expanding:

T wo L (1,6, Z)

- - @ Z;,0) L~ 7Y
R D

computes the sum of lines starting at one Z; The lines connects points Z; — Z;,,, such that

T (Zi,, Zy,,) is different from 0. Considering oscillating signals a (Z;,) o« exp (iwf), and assuming

"quite” straight lines of length |Z — Z;| from Z to Z;, due to the exponential factor in the transitions,

leads to a phase shift proportional to exp (z ‘|Z’ ZZO(f') where Zy € {Z;} is the closest point to Z.

Taking into account corrections due to the length around |Z — Z;| contributes to a phase shift of
exp ( M) in the integral:

_1 . .

i

Moreover for K (Z,6, Z;,0;) proportional to the product between the average of T along the path
and the exponential factor computed in the previous section, we obtain:

/K (2.0, Z;,6;) {Z (ZZ,G)%}CZ@ (174)
~ /Z (Z;,0; exp( cl—a((cl —Z- Z|))exp( )dl( (zw)exp(z%»
~ /Z (Z;,0; exp( cl—a((cl —Z- Z|2)) (w) p(l@)

/;a(Zi,Hi)exp(—cl—a(( -1z~ zf)) xp(w) p(z'M)exp(i%)

Now, the integral:

7 = /exp (—cl —a ((CZ)2 Iy Zl-|2)) exp GM) dl

arisng n (174) is computed by writing:

12

((cl)2 . ZZ-|2) (e —|Z—Z;])% -2 (|z —Z—\Z -z cz)

= (d—|Z-2Z|)°+2|Z - Zi|(d—|Z - Zi|)
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so that:

2= [exp(~ (@122~ 12~ Z] - a((d - |2~ 2 +2|2 - 2] - |2 - Z]))

exp <iw (=12~ ZlD) dl
c

and the integral becomes:

—|Z—-Z; wY
Z = exp (=12 = Zil) /exp (=Y (14+2a|Z - Z;]) — aY?) exp (zw—) dy
C C
[e3 — 4y 2 [e3
T (Y
= B (1+2a2|Z7Z,L-D exp (—Oé ) exp lT
this result can be approximated by:
—\|Z - Z; wY
Z o~ exp (=12 = Z]) /exp (=Y (1+2a|Z — Zi])) exp (zw—) dy
(& (&
S 2 N5 7 NN (PO (R -
c(1+2a|Z - Z;| +i=2) \/(1+2a|Z 2%+ (2)2 c(14+2a|Z - Zy)

Inserting the reslt in (174) ylds th prpgtd sgnl:

/K(Zvovziﬁi) {Za(ziﬁi) W} do;
exp (— |7 - 2]
XX a(Zl,HZ) P
Z C\/(1+204|Z—Zi|)2+(%)2

x exp (i M—arctan w exp ,-M
¢ c(14+2a|Z - Z;)) c|Z — Zy|

At the first order in “ZZ ZZO‘I, this is:

/K (2,0, Z:,6;) {Za (Z:,0;) W} db;

i

exp (—|Z — Zo|)
C\/(l +2a|Z - Zo))* + (2)?

S (TS N (R )} e (==L )

For a (Z;,0;) constant equal to a ths rdcs t:

/K (2.0, Z:,6:) {Za(zi,ei)W}d@

%

1

: c\/(l ie;j |(z_|_Zz;|)ZQOE (=)? o <Z (M - et (c (1+ 20zwlZ - Zol)))) zi:exp (li

leading to interferences. For large number of points Z;:
@ |Zi — Z0|)
ex ~0
2 e ( <17 =2
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except for the maxima of interferences with magnitude:
aexp (—|Z — Zy|)
/(142012 - 2o))* + (2)°

so that (175) localizes t ths pnt.

3.2.2 Estimation of correction to activities

Recall that:
W (0, Z1)|?

stands for:
Uh(0,,20) W (0, Z1) + o (6,, Z1) W (0, Z1) + | (6, Z1)|?

where W (6,,7;) is quasi static (see the remark in the text) and ultimately, we are left with the
following form for the path integral over ¥:

/exp(—S(\If)) /exp <Za (Z:,60) |9 (Zi,90)|2> dy (176)

3

- /exp (% (v (0.2)+ v (0.2)) v <%‘3v - <w0—1 - 5250927?02)2)» (Wo (0, 2) + ¥ (6, Z))> o

0
with: .
wq ~ (00, Z,
Q(0,600,2) = ZW(Q) (2)K (2,0, Z;,00) {Q(Ziﬂo) w}
The expression (176) includes several contrbtns:
First, the expansion of:

% (vi 6. 2)+ v (0,2)) v (gv - wo_l) (o (0,2) + W (0, 2))

around ¥y (6, Z) includes the terms:

Lot og —1
SV 0.2)V( 5V —wt | ¥ (0,2)

+%\IJ(T) 0,2)V (%gv - w0_1> U(0,7)+ % (T (0,2)) v (%gv - wo_1> (To (0,2))

The first one is the free action for ¥ (0, Z), while the two other terms compute the modifications of
the effective action due to fluctuations ¥ (6, Z). They contribute to the effective action above the
classical approximation.
The last terms:
Q (0,00, 2)
Ui (6,2) + V1 (0,2)) Vo (22
(O(a )+ (a ) 0 wg(Z)
encompass the corrections due to the externl perturbations.
To find these corrections, we will compute the expansion of:

exp (/ (\I/(]; (0,2) + T (0, Z)) \Y (% (To (0, 2) + W (6, Z))))

(To(0,2) + W (0, Z))>
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in the pth ntgrl. We consider the second order expansion to find the first corrections to activities.
The field contractions are obtained in the local approximation:

(6, 2)9 (0, 2) — %\Iﬁ (0,2)VoV (0,2) = !

AA,
1 Ay 1
T / — gt — 1 _ =
U(0,2) Vo (0',2) = L U (0,2) V¥ (0,7) = - = ¢

Ul0,2)V(0,2) =9 (0,2)V,(0',2) =0

The first order of the expansion has the contributions:

wl6,2) Q0,00,2)\ ;s Ay Q(0,60,2) 1 Q(9,00,7)
2 (2) V“’( 2 (2) >W°(9’Z”Aw3<2>( 2 (2) )*Aw3<2>v"< 2 (2) >

0

that are equal to 0 due to the integral over 6. For oscillating signals, this integral is equal to 0.
Second order in the local approximation :

2
( / % (6,2) (V) Wy (6, 2) dz>

w; (2)

+%Z) (/\IJ(T) 9, 7) vmp(e,z)/\lﬁ (¢, 2) Vg (9'vZ)dZ>
wWo

1 / /
+W (/\Iﬁ (G,Z)VQ\I/(H,Z)/\IJT (0,Z)VQ\IJ(9,Z)dZ>

Considering ¥, (6, Z)|* >> £, this leads to:

( / ‘1’34(9’ 2) (vQ) W, (6, 2) dz>

wp (2)
#0() (/ U (6,2) (VQ) VT, (0, Z) dZ> - @ </ wl (0, 2)QVQT, (0, 2) dZ)
2
- ( / wé(f ? (V) ¥y (6, Z) dZ)

TN A0 (2) Awo 2) <‘Ifo 0,2)v <</9 (VQ)2> ¥y (9,2)> +0 (V¥ (6, Z))) dZ)

T 2
Awo \1/ (0, 2) V2T, (0, Z) + O (VT (6, Z))) iz

( 2) i 1 , A W
(/ ( ) (VQ) ¥y (6, Z)dZ) +A1Awé(z)/<\llo(9,Z)V<2<</ (VQ)) AQ \IIO(H,Z)>>>dZ

first contribtion in frst prxm when integration over 6g:
t 2
B = </ ‘1’04(9;) \// (VQ (8,00, 2))° doo Vg (0, Z) dZ)
W,
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second contribution:

A= W/ <\1/g 0,2)V <2 <</0/(VQ (9,90,2))2d90> - Ay </ 92d90> T, (9,2)))) dz

(177)
The contributions A and B obtained can be gathered in an exponential and lead in first ap-
proximation to a term:

exp (A + B - %Az)

The term B — $A? is a correction to the potential.
This implies a correction to activities:

Using (177), this leads to a modification:
wo (Z) = wo (Z) + Awd (Z)

which is:

wo (Z) = wo (Z) + AlAwO <<<//v9990, d90>—A1</92d90>>>

As explained above, the corrections Q (6, 6y, Z) can be considered as nul outside the points of
maximal interferences. At these points Q (0, 60y, Z) is proportional to:

aexp (—|Z — Zy|)
ey/(1+2a|Z - 2zo)* + (2)°

Q:

and the correction to drequencies are:
2((S"f (=) doo ) = A (J Q2asy))
AlAwg (Z)

2((To (=9)") = M1 (22)) Ty

AlAwg (Z)

wo (Z) —  Wo (Z)+

~ wy(2)+

where Ty is the duration of the signals at time 6.
As a consequence, in presence of the signals, the states is transformed from the background
activities to modification of magnitude:

2((Ty (=9)*) = 1 (22)) T3

Awo = MAWZ (Z)

at points of additive interferences, and 0 elsewhere. The shift may be positive or negative depending
on the parameters of the system.
In the sequel, we consider Ty ~ T.
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3.3 Extension: Excitatory vs inhibitory interaction

The previous results computing the perturbations in activities may be extended straightforwarly
in the case of two types of interactions. We consider n populations, each caracterized by their
activities i = 1,...,n. They interact positively or negatively. Each population is defined by a field
¥, and activities w; (0, Z). The details are given in part 1. Equations for activities are defined by:

0.7y = alr0+L [12,2)2 ’ lZCZl"Zl)GU (178)
0.2) = G|I0+5 [T22)——F5
(0,7 _ Z-7 2
X W hd (Z Z) (goj(o,zl)+’\1/j (e—g,zl) )le
wj(g_\—_cﬂjzl) c

For example, if 7,5 = 1,2, a matrix g of the form:

o ()

represents inhibitory interactions between the two populations. More generally, the matrix G is
nxn with coefficients in the interval [—1,1]. The sum over indices is understood for j. The resolution
of (178) follows the same principle as for (132), with a vector of activities. The expansion of the
first order derivative is:

sw=t(J,0,2) ) / Lz — 20|
= — T!6- AR ACNAN!
<5|\11(9—11,Zl)l2 W 2—o Z H Z ’
(-1 _ 7 -1 _ 7
<J9 Z‘Z ‘Z1>x5<ll—zu>ndz

with wo a n component vector describing a solution for |¥|* = 0. The matrices Q5 ( .J,6 — Sy

zU=1) _ 1)
and D (|\If|2) are diagonal with components w;;" (J, 60—, ‘70‘, Zl) and |¥;|? respectively

C

on the diagonal. More generally, for any expression H (wol», |\Ifi|2), we define D (H (wo, |\If|2)) the
diagonal matrix with components H (wol», |\I!i|2).
The quantity Q(J,6,2) |¥)* is a vector with components w; (J,0,2) |¥;|>. The expressions
Sw™1(J,0,2) s -1 ‘Z(FlLZO)’ -1 7@ ices:
w20 and T | 0 — ijl N/ , 4\ wo,0 | are n x n matrices:

81w (0—11,21)?
( sw=1(J,0,2) ) _( Sw; L (J,0,7) )
2 - 2
SO -1.20 ) ypy) o\ O=1. 201 ) e

and:

Tij (0,2, Z 1w, D)
G 5w (1,0,2)T (Z,2,) G} [J,w,0,Z, V]

Z(U=1) _ ()
| |

14w (f sy (S0 - 2221, 77) (go‘,- (0,27) + |w; (0 - 2521, 77)
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The factor associated to the sum of single lines (151) crossing the points Z; generalizes straight-
forwardly and is given by:

n—1

~T(-7)"I] {(D (|\If O —1,2)| ) ledll) }D (|\If O = ln, Zo) P wi (J,0 — 1, Zn))
=1
. -1 1 2
- —T(1-1) — (I‘If (972”2) . T)_ID (|\1/ O — L, Zo) P wg* (J,0 — 1, Zn))
iy ! D (|x11 O = Ln, Zo)[Pw (J,0 —ln,Zn)) (179)

1- (1 +D (|x1/|2)) T

Then, we compute w™ (J,0,Z) by writing the action for an auxiliary field which is the same as in
appendix 6.2:

S(F) = /F(z,e)(1 D (|W)T) r'(2.0)d(2.0)

1 _— A
—/F (2, 9)T (9 _ u, Z(l), Z,wo + TFT> rt (Z(l),g _ M) dzdzD a6V

C C

where f (Z,0) is a n components vector, and f'(Z,0) is the hermitian conjugate. The activity
vector is thus given by the integral:

[Trt(2,6) exp( —[F(x (|\1/| wy (J,@,Z)) d(X, 9)) DF

1,0,Z2) =wyt (J,0,2) + exp(_S(F))DF

where [ T satisfies in the saddle point approximation:

((1 -D (|\IJ|2) T) ) (Z,0) - ( o+ (o9 )FT) (Z,0)— D (|\IJ|2w0) =0

In first approximation:

v 3 (J,6,2) [
Tw0+T(WO|‘I’\2) ~D (w(J,H,Z) +7 ((|\I/|2 wo))) Ty

and the previous equation becomes:

((1 D (|\11|2) T) FT) (Z,0)— D (ﬁ) Tri(Z,0) — D (wo) 9> ~0 (180)

As for the basic case, under the saddle point approximation:
w(J,0,2)=wo(J,0,Z2)+TF"(Z,6)

Equation (180) can be solved recursively. As in the one component field case, we find in first
approximation:

Trt = 4 L P (181)

1= (T agrug = T) T4

1
A wo |\I’|2

_ wo
=D (wo-i-x“wo\‘l’\2 )

12
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with:

A T _ 1 (1+D(1wp)) T
1- (1+{) (|x11|2))T (1+D (|\11|2)) 1- (1+D (|x1/|2)) T

1—T—D(|\I/|2)T

- () )

and the generalization of (151) is obtained by diagonalization of T. For two fields, we write:

oo S Gl bl

Assuming w1 and wpe changing slowly in time, we have:

(1 +D (|x11|2)) T =UTpU~!

) > <T1 +T — \/492T1T2 + (T - T2)2> i
TD -
0 % (Tl + 15 + \/492T1T2 + (Tl - TQ)Q)
U = —% (T1 — Ty — \/492T1T2 + (11 - TQ)Q) "
7 = (Tl — T, — \/492T1T2 + (T - T2)2>

As a consequence:

P UD (exp (—cll -« (TD) ((011)2 —1Z - Zl|2)) e |7 Z1|)) U1

B(Tp)
with « (T') and B (T) are vectors. That is, given our conventions:

exp(—cly—a1(Tp)((cl)*~|Z—21%))

= 0
5 B1(T) 1 i,
r=v 0 exp(—ch—QQ(TD)((cll)z—\Z—Zl|2)) U™ H (cly = |Z = Z4])
By (T)

For connectivity functions T; (Z,Z,) that are proportional T;(Z, Z,) = C;Ty (Z, Z1), the change of
basis yields the diagonalized connectivity function:

1 (cl +Co—\/4g3C1Cs + (C1 - 02)2> 0

TD (szl): TO (szl)

0 % (Cl +Cy + \/49%0102 + (Cl — 02)2>
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Appendix 5.2 shows that «; (T') and B; (T') are proportional to the averages of T;p and 1+ T;p,
more precisely:

(@) : (Ol+02— \/49%01024'(01 —02)2) 0
D (a(T x
0 % (C1 +Cy + \/49%0102 + (Cl — Cg)2>
(B(D) i (Ol+02— \/49%01024'(01 —02)2) 0
D (B (T x
0 % (C1 +Cy + \/49%0102 + (Cl - Cg)2>

As a consequence, by multiplication with U and U~!, we find that:

(ro(uf)r ol (Lep((er)))e (@ -12-ar)
1—(1+D(|\PI2))T ?

with:

oo (e )
B 1427 (14D ((19))) A

where the constants C; and C, are as in Appendix 5 to define 7} and 75.
Then, the modification to activities to the lowest order writes:

w(J,0,2) = wy'(J,6,2)+TA(Z,6) (182)

i

prmta ol et o, o),

B A

i

The phenomenom of interferences will occur, but will be mitigated by the intertwining of inhibitory
and enhancing interactions that are encompassed in matrix @.

Remark ultimately that the previous results generalizes to a system with n interacting compo-
nents, and an analogous to (182) holds. If we look to higher expansion, we consider the expansion
of A((Z,0),(Z1,0 —11)):

1
A(Z,0),(Z1,0 1)) ~ D((HD«W»)) (183)
) (exp (—cll - (1 D (<|\11|2>)) A ((cll)2 Ny zl|2)) . Zﬂ))

B
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As aconsequence, the expansion of (181) is:

o(26) — wO(J’H’ZH/i;ﬁexp(—czi_(1+D(<|\1/|2]>3))A((czif_@»

k=0 i=0
XD wo (9—li,Zi) wo (J,G—lk,Zk)
wo (0 = li, Zi) + Awo |9 (0 — 1i, Z;) (1 +D (<|q,|2>))

exp (—clk — (1 +D (<|\IJ|2>)) A ((cli)z . |Zk7107Zk|
X

B

>> U (0 — Ui, Z)|” dZidl; (184)

Appendix 4 Computation of Green functions

Given the definition (83) ofoperator O, the time-dependent version:

P, <(T T.0,2,7',C, D) , (T,T,@,Z, 7.0, D)f)

of the transition functn defined in (84)) satisfies the associated differential equation:

P (T —(T)) — (AT = (T ,
&P = Vr (VT+ Two (Z)-i-in(Z, §I12>))) e ) " e

vo (o o [SB @ he (w02 + dw (219F))
AR wo (Z) + Awo (2,19))

LR (wo (2) + Ao (2, W)))) (- (7))

wo (Z) + Awg (z, |\1/|2)

This equation can be writen in the matricial notation:

%P = (V4 (V) x) P (186)
with:
|wo(2) _ A ¥o(2)]?
Two(Z2)+Aw(Z,9]?) Two(Z2)+Aw(Z,%]?)
L= pc|%<Z>|2hc(wo<z>+Awo(z,|W))

wo(2)+Awy(Z,|w|?)
|w0(2)*hp (wo(2') +Awo (2", 1%1%))
wo(2)+Awg(Z,|w]?)
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We define the background dependent parameters:

§ 1w (2)
Two (Z) + Awg (z, |x1:|2)
o pc|\110(2)|2hc (WO(Z)+Aw0(Z,|\I!|2))+pD|\I/0(Z’)|2hD (wo(Z’)—i-Awo (Z’,|\I/|2))
wo (Z) + Awp (z, |\1/|2) wo (Z) + Awp (z, |\1:|2)
P VL 2164

Two (Z) + Awg (z, |\1/|2)

The transition functions are obtained by defining the matricial quantities M (¢) x and o (¢):

—tu eftuieftv

M@x=(eo “75?‘)@—@»

and:

t —2tu (eitu eitu)Q e t¥_eTt
o(t) = 2/( + s I dt
0 et

Se—tv e e—2tv
u—v
—2tu —t(u+v) —2tv —t(u+v) —2tv
672tu + 82 < U —4¢ UFv < Ol 826 UFv —£ v
_ u (u—v)? u—v
- —t(u+v) —2tv
e
s 2 utv —£ m 6727&1
u—v v
(u—v)2 [ —2tu _geTtuty) +672tv vu__[(pet(utv) —2tv
1_e—2tu o uv(u+tv) u u+v v v(utv) utv v
+ s > S —
= u (u—v) u—v
v—u 2eft(u+v) _6721571
s v(utv) utv v 1_e—2tv
u—v

v

The transition between T— (T) and T'— (T) during a time ¢ is written Gy (T— (T),T'—(T),¢) is
obtained as the solution of (186) and is given directly by:

Go (T—(T),T <T> t)
= (2m) " (Det (o (1)) ?
/ t o ! (t) !
X exp (- ((T—(T)) = M (t) (T"—(T))) ((T—(T)) = M (t) (T"- <T>))>

Starting from the intial background ste T = (T), as t increases, the difference between initial
background state and the new one is progressively reduced, as the factor:

(187)

M@@L@»—(emsLﬁ%‘>@L@»

0 eftv
goes to 0.

Ultimately, remark that for large ¢, the transition function simplifies and writes:

Go (T (T), T'~(T)) = (2n) " (Det (0 (c0))) 2 (188)

exp (=5 (0= () o~ (o0) (T (1))

with:

1 s2 s
_+ —
aww—<“_mww.ﬂ%3>



