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Abstract

In this thesis project, we model a sub-part of the adaptive immune system, com-
posed of B and T lymphocytes, which interact to produce a suitable immune

response against antigens.

From a statistical mechanics perspective, this system can be modelled as a
bipartite network with sparse links where the nodes represent B and T cells re-
spectively, signalling via particular proteins called cytokines. Assuming that B
lymphocytes evolve on a faster timescale than T cells, we study the dynamics of
an effective mono-partite graph of T cells only where the B cells have been inte-
grated out. Interestingly, this system can be mapped into a Hopfield-like associa-
tive network, which is able to retrieve and perform multiple immune strategies

simultaneously.

Using techniques such as Kramers-Moyal expansions for master equations, we
carry out a dynamical analysis of the network evolving via Glauber sequential
update. We derive equations quantifying the evolution in time of the immune
response strength, analysing the nature and the stability of the stationary solu-
tions in different regimes of dilution and network connectivity via linear stability

analysis and Monte Carlo simulations.

The model has also been extended to include the effect of receptors promis-

cuity, sampling B-T interactions locally from heterogeneous degree distributions



and the effect of the antigens. Finally, we introduce interactions between B
lymphocytes, called idiotypic interactions, studying their effect on the system’s

dynamics.

We also analyse the effect of idiotypic interactions in the high storage and finite
connectivity regime at equilibrium, using the cavity method to derive equations
for the distributions of observables of the system. In particular, we obtain the
B clone size distribution, studying its behaviour in different regions of the phase

space.
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state predicted by (2.2.43). Deviations from the predicted values

are small and compatible with finite size effects O(N~7). . . . ..
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Eigenvalue \s as a function of the temperature T= T/c, for a fixed
¢ = 0.2. The red dashed line gives the theoretical prediction near
the critical temperature (2.3.59). The figure in the inset shows
agreement with (2.3.60), which gives Ay /(T¢) — 1 as T — 0 (red
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Phase diagram in the parameter space (7', ¢) for the case § = v =0
(P =2). The (S) area represents the region where the symmetric
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dicted by the theory (dashed line). . . . ... ... ... .. ...

Left panels: Phase portraits of the dynamical system (2.3.54) in
different regimes of noise 7' and dilution ¢ for P = 2 patterns.
Red lines represent the null-clines and stationary states are at the
intersections of null-clines. Right panels: Monte Carlo simulations
with NV = 10% spins, with 7" and c as in the left panels; red markers
represent the stationary states of the dynamical system. From top
to bottom: ¢ = 0.4,7 = 1.25; ¢ = 0.25,7 = 0.8; ¢ = 0.5, 7' = 0.01:
in the latter regime, stationary states are given by m = (1,1 — ¢),

as expected at low temperature. . . . . . ... ... L.

Simulations with N = 10* spins and P = 4 patterns of m, as a
function of time. Left Panel: Symmetric solutions for T = 0.5,
¢ = 0.2. The markers represent the amplitude of the symmetric
mixtures evaluated solving the self-consistency equation (2.3.80)

for P = 4. Right Panel: hierarchical retrieval for ¢ = 0.5 and

12

o6



2.6

2.7

2.8

2.9

2.10

Eigenvalue A\; as a function of the temperature T, for a fixed a =
0.2. The red dashed line gives the theoretical prediction near the
critical temperature (eq. (2.4.111)). The figure in the inset is in
agreement with eq. (2.4.113), which holds for 7" — 0 and gives
A=MNe%Io(pc) = 1. ...

Phase diagram in the regime § = ~. In the parameter space (T, &)
the purple area represents the region where symmetric mixtures
exist and are stable, which correspond to A; < 0. The area de-
noted by (H) represents the region where we expect a hierarchical
retrieval. The dotted line is given by the small a behaviour of A\;

ineq. (24.117). . ..o

Monte Carlo simulations of a system with N = 10% spins, 7 = § =
0.25 and o = 1 evolving according to sequential Glauber dynamics.
We plot the overlaps m,, with different patterns £ as a function of
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theoretically predicted by (2.4.115). Right: 7' = 0.01, ¢ = 1. Red
markers represent the values heuristically predicted by the ansatz
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Eigenvalue A\; as a function of the temperature T, for a fixed 1& =
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near the critical temperature (2.4.133). The figure in the inset

NO=68)/2
\2mey

T —0 (red marker). . . ... ... ... ... ... ... ... ..

shows agreement with (2.4.137), which gives A;(T) —
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Phase diagram in the parameter space (T, ) for the case 6 > 7.
The (S) area represents the region where the symmetric mixtures
are stable, while the (H) region is characterised by hierarchical
states. The (S) region is obtained as the contour plot of the equa-

tion A\; = 0 solved numerically together with equation (2.4.123).
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Schematic phase space (7,6). In region I (§ < 7y), we have a set of
P independent ferromagnets and parallel retrieval is accomplished
in a symmetric fashion. In region II cross-talk between patterns
appears; the intensity of symmetric recall is decreased due to the
presence of a noise, whose distribution is identical to the one of
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symmetric retrieval is provided in the phase diagram (fig. 2.7).
A similar behaviour is found for § = v = 0, but the region of
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Schematic interactions between B, T clones and the antigen A.
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mentary B clone will detect it (B-A interactions mediated via the
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0.6, g2 = 0.4 at low temperature 7" = 0.01 (left) and high tempera-
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Monte Carlo simulations with 10* spins for ¢; = 0.6, ¢ = 0.4 at
low temperature 77 = 0.01 (left) and at high temperature T =
0.2 (right). Markers represent the numerical solutions of (3.2.14,
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Monte Carlo simulations with N = 10* spins, with ¢; = 0.6, ¢» =
0.4 at T'= 0.2. Clone activations mi, ms as a function of time for
different initial conditions. Clones with few receptors [¢2 (green)]
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Eigenvalues (3.2.20),(3.2.21) as a function of T" for ¢; = 0.8 and
g2 = 0.7. Left: )\, the red dashed line represents the behaviour
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limit at T2 0 (3.2.23). . o o oo

Phase diagram in the space (T, ¢2) fixing ¢; = 0.8 obtained from
the condition Ay < 0 (3.2.21). The dotted line represents the
theoretical critical temperature (3.2.28). In the (PS) region the
pure state is stable (m; # 0,ms = 0). At low T, B clones are
hierarchically activated (H). . . . . ... ... ... ... .. ...

Plot of my,my as a function of ¢,. Left : We consider ¢; = 0.8
at T' = ¢, following the magnetisations in the (PS) region with
m = (my,0). Right: For ¢¢ = 0.8, and 7" = 0.01,0.05,0.1,0.3
we show the bifurcation of ms, while m; has already reached its

maximum m; = 1. . . ...
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Monte Carlo simulations with N = 10* spins, ¢, = (0.7)"q. T =
0.01, g = 6. Left: 0 = 0.2,y = 0.25. In the non-competing regime
(0 <) all clones are activated. Right: 6 = = 0.25. In this case

only few clones with the highest promiscuity are active. . . . . . .

Monte Carlo simulations with N = 10* spins, ¢, = (0.7)"q. T =
0.001, g = 6, 6 = v = 0.25. The markers represent the theoretical
predictions at T'=01in eq.(3.2.53). . . . . . . ... ... ... ..

Left: Monte Carlo simulations with N = 10* spins, § = v = 0.25,
T =0.3, gt =0.8, gg = 0.4. We plot the magnetisations as a func-
tion of time at fixed temperature; the markers are the theoretically
predicted symmetric steady state activations for mq, mo from the
dynamical system (3.2.69, 3.2.70). Right: Full temperature depen-
dence of the steady state solutions my, ms of the dynamical system

(3.2.69, 3.2.70) for ¢ = 0.8,go =0.4. . . . . . . ... ...

Contours of constant ms with q = (q1,¢2,-..,92), ¢ = 0.8. The
contour indicating the onset of a non-zero value of my is in agree-

ment with the theoretically predicted blue dotted line T = gs.

Contour plot of ms in the (T, ¢2) plane forq = (¢1, .-, q1, 2, - -, G2)
(left) and q = (q1, ..., q1,q2) (right) with ¢; = 0.8. The blue dot-
ted line represents the theoretical critical temperature line com-
puted using respectively the self-consistent equations (3.2.74) (left)
and (3.2.78)(right) together with the theoretical predictions for the
critical temperature (3.2.76)(left) and (3.2.81)(right). Deviations
from the numerical results when ¢ ~ ¢; are due to the fact that
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3.14 Time evolution of B clones activation in Monte Carlo simulations
with 10* spins and q = (qu,...,q1,q) (case (iii)) with ¢; = 0.8
(blue) and g, = 0.6 (violet). The activation for the clone with
fewer receptors (violet) decays to 0 for 7' = 0.5 (left) and stays
non-zero for 7' = 0.2 (right), i.e. at temperatures considerably

lower than in the absence of clonal interference T'=¢qs. . . . . . .

3.15 Plot of my as a function of 7" in the different cases: (1) q =

(QI;QZa---7Q2)a(2>q: ((117-‘-76117(]27.'-792)7(3)(1:((]1;---7%792)-

Increasing the interference due to clones activated at a higher tem-

perature, the msy intensity decreases. . . . . . . . ... ... ...

3.16 Left: B-B interaction via A,,. The expansion of the p-th clone
is triggered by its complementary clone, p + P/2, where P is the
number of B clones. Right: We represent the epitopes as binary
strings, organising them on a ring and assuming that the comple-

mentary strings interact. . . . . .. ..o 0oL

3.17 Flow diagram in the plane (mq, ms) (left) and Monte Carlo sim-
ulations with 10? spins (right) for the dynamical system (3.3.92)
with T = 1.7, = 055,k = 0.7 (T, = 1.83). .« o oo oo ..

3.18 Flow diagram in the plane (mj, ms) (left) and Monte Carlo sim-
ulations with 10* spins (right) for the dynamical system (3.3.92),
for T = 0.65,¢ = 0.55,k = 0.7 (T, =1.83). . . .. ... .. ...

3.19 Left: AT as a function of 1" for ¢ = 0.3 and &£ = 0.2. The value
at T = 0 matches the analytical prediction AT = ¢*/1 — k (red
marker). Right: Contour plot of Ay = 0 with different interaction
strengths £ = 0.8,k = 0.5,k = 0.2 in the parameter space (7} c).
The region where clones are activated in parallel with the same

intensity (S) becomes wider as k increases. . . . . . ... ... ..
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3.24

Left: Contour plot of Ay = 0 (obtained from (3.3.124)) for « = 1, as
a function of the scaled parameters (T = T'/c, ¢ = ¢c), for different
value of B-B interaction strength k. Increasing k the region where
symmetric mixtures are stable (to the right of the critical line)
becomes wider. Right: Contour plot of \; = 0 (obtained from
(3.3.123)) for a = ¢ = 1, as a function of the scaled temperature
T=T /c and strength k of the idiotypic interactions. . . . . . . .

Top: effect of having C = pA~! = 1, in the presence of two
antigens whose complementary B clones are signalled by different
cytokines from the same T clone: the field acting on the T clone
is Y1 — ¥y and T gets activated only if ¢y > 5. Bottom: an
illustration of the effect of having C = A~!, which may result in

an inhibitory signal on T clones from inactive B clones. . . . . . .

Plot of the coercive field ¥* as a function of 3. The coercive field

materialises above the value B = fc =1 of the inverse temperature. 131

3D plot of the activation msy of non-infected clones versus the
fraction of infected clones ggl = ¢ic and the scaled temperature
T = T/c, for fixed 1 = 0.1. Increasing ggl both the intensity
and the critical activation temperature decrease, due to antigenic

interference. . . . . . . . L

Critical line for the activation of non-infected clones in the space
of scaled parameters T = T/c, ggl = ¢1c, obtained from the condi-
tion mg # 0 (3.4.144), for different values of the antigenic field ).
Increasing v, the region where non-infected clones receive signals

shrinks. . . . . .
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3.25 Left: Phase diagram in the space of scaled parameters T = T/c, ggg =
¢oc with ¢1 = 0.4. Lines represent contours of \; = 0 (circles),
Ay = 0 (triangles) and A3 = 0 (squares). To the right of the
line A3 = 0, solutions where non-infected clones are partially acti-
vated are stable. Lowering the temperature and crossing the line
A1 = 0, the m; symmetric mixtures destabilise, implying that in-
fected clones are hierarchically activated. Crossing the line A\ = 0,
the msy symmetric mixtures destabilise, and non-infected clones are
hierarchically activated. Right: Plots of A\; = 0 (circles), Ay = 0
(triangles) in the space T' = T/c, ¢y = ¢oc for py =1 — 1. . . . . 136

3.26 Free energy f(¢2) = F(¢1 = 0.5, ¢2) as a function of the fraction of
active non-infected clones (¢9) for ¢; = 0.5, T = 0.7,c = 0.2,¢) =

4.1 Schematic representation of the bipartite graph G = (7, B) com-
posed of P B clones and N T clones. |0i] = d; and [0u| = g,
represent the degree of party 7 and B respectively. . . . . . . .. 146

4.2 Factor graph representation of the distribution in (4.2.20). Black
circles represent variable nodes and square represent factor nodes,
edges are drawn if the variable o; is an argument of the factor f,.

We represent the distribution as a bipartite graph (left) and as a
tree (right). . . . . . .. 147

4.3 Scheme representing the incoming and outgoing node-factor and
factor node messages used in local computations of marginal dis-

tributions on a tree. . . . . . .. .. 154
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Schematic representation of the factor tree T;(r), i.e. the tree
rooted in the spin o; with radius . Rectangles represent factors
fup defined in (4.2.41) and filled circle the spin variables the factors

depend on. . . . . . . ...

3D plot of the joint distribution of complementary B-clones over-
laps P(m,m|K) (4.4.65) for T = 5 (left) and T" = 10 (right)
and k = 0.5. The distribution is computed for a regular graph
with degree K = K = 4 in the paramagnetic phase. Note that
here and elsewhere the support of the distribution is discrete,
m,m € {—4,-2,0,2,4}, and a continuous interpolating function

has been used to guide theeye. . . . . . ... ... ... ...

Plot of P(m|K) in the paramagnetic phase for a regular graph
with degree K = 4. Left panel: P(m|K) for different temperatures
T = 1,5,10 at fixed £ = 0.5. Right panel: P(m|K) for different
B-B interaction strengths k£ = 0.1,0.5,0.9 at fixed T" = 5. Note
that the support of the distribution is discrete (markers), m €
(—4,-2,0,2,4}.

Plot of P(m|K) (left) and the associated B clone sizes distribution
P(b) (right) for different temperatures 7" = 1,5, 10, and fixed k =
0.5 for a regular graph with degree K = 4 in the paramagnetic
phase. . . . ...

Plot of P(m|K) (left) and the associated B clone sizes distribution
P(b) (right) for different strengths of idiotypic interactions k =
0.1,0.5,0.9, and temperature T' = 5 for a regular graph with degree
K =4 in the paramagnetic phase. . . . . . . . .. ... ... ...
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Plot of the peak difference A = P(K|K,nx) — P(0| K, k) for the
distribution defined in (4.4.82) as a function of the temperature
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Transition line in the plane (7', k) from unimodal to bimodal dis-
tribution. Left: Zero-contour plot of the peak difference A in the
plane (T, k) monitoring P(m|K, P,) for a regular graph with degree
K = 3 when coupled to a factor with Poisson distribution (aver-
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activation line T, = % predicted for large K, consistently with

results in [61]. . . . . ...

Left: Critical temperature T, for the transition ¢ = 0 — ¢ # 0
for a regular graph with degrees K, L for the values of the B-B
interaction strength k& = 0.5 (orange) and & = 0 (blue). Right:
Plot of ¢ as a function of the temperature 7" for K =4 and L = 2.
Dashed lines represent the single cluster activation temperature

(sec. 4.4). . ..

Plot of P(m,m|K) defined in (4.5.90) for T' = 5 (left panel) and
T = 15 (right panel) fixing k& = 0.5, for a regular graph with

K =4, L = 2 with ferromagnetic interactions. . . . . . . .. ...

Plot of P(m|K) for a regular graph with K = 4, L = 2 with
ferromagnetic interactions. Left: P(m|K) varying the temperature
T = 1,10,15 with £ = 0.5. Right: P(m) varying B-B interaction
strength £ = 0.1,0.5,0.9 for T'=10. . . . ... ... ... ....
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4.14

4.15

4.16

4.17

4.18

Plot of P(m|K) (left) and the corresponding B clones distribution
P(b) (right) for different temperatures T = 1,5,10 for a regular
graph with K =4, L = 2 and k = 0.5 with ferromagnetic interac-

Plot of P(m|K) (left) and the corresponding B clones distribution
P(b) (right) for different B-B interaction strength & = 0.1,0.5,0.9
for a regular graph with K = 4, L = 2 and T' = 5 with ferromag-

netic interactions. . . . . . . . . L

Log-Log plot of P(c) for a regular graph with K = 4, L = 2 with
ferromagnetic interactions. Top: P(c) varying the temperature

fixing k = 0.5. Bottom: P(c) varying k for T'=5. . . ... ...

Schematic representation of the messages ¢;_,, from node j to
factors v/, and 1, ;, from the factors pfi to node j in the factor

tree used to derive equations (4.6.96) and (4.6.97). . . . . . . . ..

Critical line for symmetric patterns distribution (bifurcation in
variance) in the plane (7', L) for different values of B-B interaction
strength £ = 0,0.5. We consider a regular graph with factor de-
gree K = 2. At high temperature the system is in the paramagnetic
phase, where clusters are independent of each other. Crossing the
(solid) lines, cavity fields become non-zero and the clonal interfer-
ence increases entering the cross-talk or spin glass (SG) region [74].
Markers (PD) represent numerical results obtained via population
dynamics simulations (population size M = 10%, see A.2 for de-
tails). Dashed lines represent the single cluster (SC) activation

temperatures, derived in sec. 4.4.1. . . . . . ... ... ... ...
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4.19 Ceritical line for the bifurcation of means for a regular graph with
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A2

ferromagnetic interactions, i.e. a = 1. and factor degree K = 2. At
high temperature the system is in the paramagnetic phase, where
each cluster within the graph acts independently from the others.
Crossing the (solid) lines for different k’s, cavity fields become non-
zero and the clonal interference increases entering the cross-talk
or ferromagnetic (FM) region. Markers (PD) represent numerical
results obtained via population dynamics simulations (population
size M = 10%, see A.2 for details). Dashed lines represent the

single cluster (SC) activation temperatures, derived in sec. 4.4.1. .

Plot of W(¢) fields distribution for a regular random graph with
L =2 =K, k= 0.5 and bias a = 0 (symmetric entries) for
T =1,2.4,3. Crossing the critical line of interference (4.6.114) the

variance of the distribution increases. . . . . . . . . . . . .. ...

Ferromagnetic case (a = 1) on a regular graph L = 2, K = 2 with
k = 0.5 for 5 =1 (blue), 0.05 (green). When /5 = 1 the distribution
is peaked around ¢ = 2.66 as predicted analytically from (4.5.89).
Crossing the critical line of interference (4.6.117) the distribution

is peaked around a non-zero value of the field ¢. . . . . . . . ..
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Glossary

Antigen: substance or molecule that induces an immune response and the

antibodies production.

Epitope: a specific piece of an antigen that is recognised by the immune

system, e.g. by antibodies, B cells, or T cells.

BCR: a B-cell receptor is a transmembrane protein located on the external
surfaces of B-cells. It has a unique antigen binding site, through which B

cells recognise external pathogens.

TCR: a T-cell receptor is a transmembrane protein located on the exter-
nal surface of T-cells. This receptor can recognise fragments of antigen as
peptides bound to the so-called major histocompatibility complex (MHC)

molecules.

Clone: group of identical cells derived from the same progenitor sharing

the same type of antigen receptor.

Cytokine: signalling protein that is secreted by lymphocytes and affects

the behaviour of nearby cells with appropriate receptors.
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I find it astonishing that the immune system embodies a de-
gree of complexity which suggests some more or less super-
ficial though striking analogies with human language, and
that this cognitive system has evolved and functions with-

out assistance of the brain.

N. K. Jerne, Nobel Lecture.

Introduction

The immune system is a complex collection of organs, tissues and cells which is
present in all vertebrates and protects the organism from external pathogens and
infections [1,2]. The constituents of this system coordinate themselves, recipro-
cally sending signals, to produce an immune response targeted at defeating the

infection.

The initial protection against external microbes is provided by the so-called
innate immunity. Epithelial barriers, which contain natural antibiotics, can block
the body invasion, while so-called natural killer (NK) cells and phagocytes de-
stroy the microbes that managed to elude the first defence barrier and entered
blood circulation or tissues. Despite the fact that the innate immune response
can potentially deal with many types of microbes and infections, the microbial
evolution has also created pathogens able to resist it. To deal with this class of
pathogens, the body takes advantage of the adaptive immune system, whose main
constituents are lymphocytes and their products, such as antibodies. The adap-

tive immune response is, generally, enhanced and triggered by the components
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of the innate immune system, but is characterised by a higher specificity: lym-
phocytes have specific receptors that can bind to particular substances produced
by the microbes, called antigens. The main constituents of the adaptive immune

system are:

e B cells: the only lymphocytes that are able to produce antibodies, i.e. Y-

shaped proteins that can recognise, tag and eventually kill external invaders.

e T cells: they are responsible for the so called cell-mediated immunity and
can recognise fragments of antigens if bound to particular cells called Anti-

gen Presenting Cells (APC).

In the following, we will introduce the details of the interaction process be-
tween T and B lymphocytes, which is responsible for the onset of an immune
response (sec. 1.1). In addition, in sec. 1.2 we will discuss the mathematical
approach to the adaptive immune system modelling and the statistical mechanics

tools that we will use in this thesis.

1.1 Behind the scenes of the adaptive immune

respomnse

When a pathogen enters the host overcoming the first defence barrier of the
innate immune system, it is (hopefully) recognised and attacked by lymphocytes.
B cells, in particular, have specific receptors called BCR to recognise the antigen
binding to it. The antigen is then internalised, broken into pieces and displayed
on the B cell surface: B cells behave as an antigen presenting cell (APC), showing
parts of the recognised antigen and waiting for an extra confirmation signal to be

activated.

At this stage, T cells come into play. They are not able to directly identify
and bind to an antigen, but can recognise it if displayed on APC cells. Indeed,
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T cells have a receptor, the TCR, which can bind to the B cells and trigger their
activation or suppression sending confirmatory signals in the form of excitatory

or inhibitory signalling proteins, the cytokines.

This response (when activated) consists of the secretion of antibodies (proteins
able to chemically bind and neutralise the antigen) by B cells, thus (possibly)
avoiding the propagation of the infection. This two-signals mechanism prevents
erroneous B cells activations from mismatching antigens or other cells of the

organism.

In this process, both activated T and B cells proliferate, undergoing the so-
called clonal expansion. This generates the amount of cells required to eliminate
the infection from a small pool of naive lymphocytes, which have never encoun-
tered an antigen before. They form clones or groups of identical cells sharing
the same type of receptors, either TCR or BCR, and therefore responding to
the same type of antigens. The newly generated B and T cells also differentiate
into effector cells, which effectively deal with the infection attacking the antigens,
and memory cells, which keep information and memory of the infection in the
immune system. The memory cells remain in an inactive state in the system but
are able to respond faster to a new encounter of the same pathogen: this immune
response, which is more rapid and effective than the first one, is called secondary
immune response. Once the infection has been eliminated, the stimulatory sig-
nals triggering the lymphocytes are removed and cells die during the apoptosis

process.

To summarise, specificity and memory are two features of the adaptive im-
mune response that allow for a targeted and tailored reaction to pathogens at the
first encounter with them and a faster and stronger response in case of repeated

infections.



1.2. Immunology and Mathematics

28

1.2 Immunology and Mathematics

The 1950s witnessed several important progresses in our theoretical under-
standing of the adaptive immune system. In particular, two important theories

were formulated:

e The clonal selection theory by F. Macfarlane Burnet [3], stating that each
lymphocyte expresses only one receptor type, specific for a particular anti-

gen.

e The idiotypic network theory by N. K. Jerne [4], stating that lymphocytes
can interact via the so-called idiotypes, unique determinants of cell receptors

[5], forming a network.

These theories, formulated by experimentalists, were originally presented in a
qualitative form but paved the way to a mathematical formulation. For instance,
models of clonal selection theory include the first work by Bell [6] describing the
B cells clonal proliferation and antibodies production in the presence of anti-
gens, followed by several modifications and extensions by Perelson and collabo-
rators [7-9]. In these models, the evolution in time of the B clones system was
described by a set of coupled differential equations, solved via numerical integra-
tion. In addition, the clonal selection theory raised important questions about the
size of the repertoire, i.e. the size of the receptors space, needed to recognise any
antigen that one may encounter. This repertoire may include also self-reactive
cells attacking the organism, which survived the selection process [2]. Quantify-
ing the receptor space in both size and specificity was important to understand
the mechanisms of self/non-self recognition and antigen identification [10]. The
repertoire completeness issue is also subject of several more recent investigations,
based on Bayesian inference and maximum entropy models including comparison

with available data [11-13].
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For what concerns the idiotypic network theory, several models of interactions
between cells have been proposed to investigate their effect on the immune re-
sponse. We will summarise them in more details in sec. 3.3, where we will also
introduce our approach to the modelling of these interactions. For an excellent

review of previous literature on the subject we refer to [14].

Mathematical modelling also includes T clones dynamics and activation via
stochastic and probabilistic models. One of the main issues analysed in this
context is the T clones activation threshold, i.e. the minimum number of triggered

TCR needed to activate their response [15-17].

Finally, there is a general tendency to gradually abandon the reductionist
approach, based on single cells or molecules analysis, and rather focus on the
collective behaviour and emergent properties of the adaptive immune system as

a whole [12,18-24].

The first model to pave the way to a statistical mechanics approach to the
immune system modelling was introduced in 1990 by G. Parisi [18]. In this
work, antibodies concentrations ¢;, © = 1,..., N, in the absence of antigens, are
modelled as binary variables 0, 1 evolving in time in discrete steps 7 according to

the simple rule
ci(t+71)=0[hi(t)], (1.2.1)

where 6[z] is zero for < 0 and 1 otherwise, and h;(t) = Zjvzl Jijci(t). The
matrix J;; represents the interactions between antibodies ¢ and j. The state of
the immune system is, then, determined by the values of the concentrations of

all possible N antibodies.

The main problem consists in understanding how the network decides which
antibodies should be produced and are physiologically relevant. To this purpose,

one assumes that only a fraction « of the N antibodies can be predefined and
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studies what the highest number M = aN of antibodies concentrations (compat-
ible with (1.2.1)) in a system of N possible antibodies is. In this framework, M
can be mapped into the storage capacity of the network and the maximum capac-
ity can be explicitly computed. Hence, the problem can be translated into finding
one or more equilibrium states with M predetermined concentrations where the
maximum value of M (M, = a.N) for which it is still possible to find equilibrium

states represents the storage capacity of the system.

In this model, the interactions are assumed to be symmetric (J;; = J;;),
with zero diagonal terms (J; = 0) and randomly sampled from the interval
[—1,1]: under these conditions it reduces to the well-known infinite-range spin
glass model [25]. Indeed, in this work the common features between the immune

system, spin glasses and neural networks were discussed for the first time.

Under this assumption one can easily compute the value of a. using standard
techniques in statistical mechanics. Indeed, for spin glasses it has been shown that
the number of stationary configurations is proportional to 2*" with A ~ 0.3 [25].
Assuming that the average number of solutions can be also seen as the most
probable, then there exists an equilibrium state only for o < «a,. = A. Hence,
using a simple framework one can show that the number of selected antibodies

to be produced or inhibited is proportional to the size of the whole repertoire.

In more recent years, the system composed of interacting T and B lymphocytes
has been looked at through the prism of statistical mechanics to understand its
global features and functionalities and a systematic connection between neural

networks and immune system has been made [20-24].

Fully connected models of idiotypic interactions have been analysed in [20-22]
to understand the mechanism of clonal anergy in self-directed lymphocytes, which
managed to escape from the selection process during the initial stages of develop-
ment [1], and the inhibitory effects of the idiotypic network. These models also

include important basic phenomena characterising real immune systems such as



1.2. Immunology and Mathematics

31

low-dose tolerance, i.e. unresponsiveness to antigens presented in low concentra-
tions, memory of the encountered pathogens and self/non-self discrimination, i.e.

the ability to distinguish external invaders from the host’s cells.

The signalling process between B and T lymphocytes using statistical me-
chanics techniques has been introduced in [23], where the basic features of the
model on a fully connected topology are discussed and the mapping to an asso-
ciative memory with “cytokine” patterns representing immunological strategies
is presented. The full connectivity assumption was, then, relaxed in [24] where
associative memories with diluted patterns were first introduced in the context of
the immune system modelling. The features of these types of networks, in partic-
ular the ability to simultaneously recall multiple patterns or strategies, have been
studied in statics in different regimes of dilution and at low, medium storage and

near saturation in [24,26,27].

In particular, in the low and medium load [24,26], the retrieval properties of
the network, i.e. the number of patterns successfully recognised, and the different
types of activation, i.e. symmetric (all patterns retrieved in the same fashion)
or hierarchical (one patterns is prioritised with respect to the others), have been
studied varying the parameter of the system, in particular noise and dilution. In
the high storage regime [27], using graph theory and the replica method it has
been shown that N T cells can orchestrate the immune responses to an extensive
number of antigenic attacks simultaneously, coordinating P = a/N B cells in
parallel. Increasing «, the system undergoes a second order transition to a phase
characterised by clonal cross-talk, where each B clone feels the presence and
interfere with all others B clones in the system, possibly affecting its activation.
However, in the clonal cross-talk region the system’s performance in terms of

patterns retrieval is not drastically compromised, but degrades smoothly.

In the following, we will analyse the dynamics of these B-T interactions mod-

els and we will extend them to incorporate other important mechanisms of the
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immune response. In particular, the analysis of the dynamics of the system will
allow us to find the region of stability of the various types of activation patterns
(symmetric or hierarchical) in the different regions of the phase space in the low
and medium storage regime, as we will show in ch. 2. Moreover, we will include
in the model idiotypic interactions, receptors promiscuity and antigens to anal-
yse their effects on the retrieval capabilities of the system (3). Finally, we will
also study the system in the saturation regime, including B-T and B-B interac-
tions and using the cavity method to detect the clonal cross-talk region in this
framework, varying the system’s parameters including noise and B-B interaction

strength (ch. 4).

1.3 The statistical mechanics approach

We summarise below this model, which constitutes the starting point of our
thesis. We consider an immune repertoire composed of P different B clones whose
log-concentration is b,, p=1,...,Pand N T cells0;, i =1,...,N. B cells can
be modelled as real variables: in the absence of interactions with T cells, i.e. at
rest, we assume the b,’s to be Gaussian. When a B clone receives signals from T
clones, it can either expand (growing by several orders of magnitude with respect
to the typical size at rest), i.e. b, > by, or be inhibited and reduce its size,
ie. b, < bp. T clones are modelled as binary variables or “spins” o; = %1,
i=1,..., N, which can be active i.e. secreting cytokines (+1) or quiescent (—1).
B and T clones communicate with each other exchanging signalling proteins,
the cytokines, which are assumed to be quenched discrete random variables. A
cytokine &' sent from a T clone i to a B clone p can be excitatory & = +1,
inhibitory &' = —1 or there might be no connection between the specific clones
i and g, hence & = 0. In fig. 1.1 we provide a schematic summary of the main

features of this model.

The interacting system of B-T cells can be phenomenologically described by
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Figure 1.1: Schematic representation of the B-T cells interactions via cytokines

and summary of the assumptions of the model.

the Hamiltonian

N P P
1
0
H(o,blg) =N "> "&ob, + 5 > v, (1.3.2)
where the exponent 6 ensures the correct scaling of the Hamiltonian with the
system size N. In order to better understand its meaning, let us assume that

the B clones variables evolve according to a gradient descent on the Hamiltonian

(1.3.2), yielding

db,  oH .
— = 2 () = N(’Zé}”m — b, +n,(t) . (1.3.3)
dt — on, pa

B clones concentration increases (decreases) in presence of excitatory (inhibitory)
interactions with T clones, as modelled by the first term in (1.3.3). Moreover,
B clones may die at a rate proportional to the log population size (second term
of (1.3.3)), which for simplicity we assume to be the same for all clones. In the

absence of T clones and assuming a Gaussian white noise with (7,(¢)) = 0 and
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nu(t)n,(t)) = 27°6,,0(t —t'), where T" = 1/ is the strength of the noise, eq.

(1.3.3) represents an Ornstein-Uhlenbeck process with stationary distribution

2
1 b

e 2T | 1.3.4
V2T ( )

p(bu) =

The partition function Zy(8|€) at inverse noise level 3, which is consistent with

our assumption b, = N (0,7, is given by
Zn(B)€) = Z/dbl...dbpexp [—BH(o,b|€)] . (1.3.5)
o

Integrating over b, yields

Zn(B1€) =Y exp[-BH(a]€)] (1.3.6)
o
where
| X
H(CT’E) = _W Z Jijaiaj s (137)
ij=1
., J
Ty=» el (1.3.8)
pn=1

Interestingly, eq. (1.3.7) represents the Hamiltonian of the Hopfield model for
associative networks [28-30], whose features will be introduced in next section
(sec. 1.3.1). Therefore, the interacting system of B and T cells via cytokines
as described by the Hamiltonian H (o, bl€) is thermodynamically equivalent to
a Hopfield-like network [28-30] encoded in an effective Hamiltonian H (o |€) con-
taining interacting T cells only via the cytokines. A schematic representation of

the marginalisation process is shown in fig. 1.2.

1.3.1 The Hopfield model in a nutshell

The Hopfield model was introduced to model neurons interactions via synaptic

connections in the brain. In particular, the idea was to model the human memory



1.3. The statistical mechanics approach

35

)

®—M®
>.A = \_J.

S)

Figure 1.2: Scheme of the marginalisation process that leads from a bipartite
network of interacting B and T clones (left) to an effective T clones-only system
(right).

as a collective phenomenon involving large networks of connected neurons. The
N neurons in the brain are equivalent to the T cells in the immune system model:
they can, indeed, be in two states, firing (+1) or quiescent (-1) and can be mod-
elled as spin variables o0; = +£1, ¢ = 1,..., N. During the learning process [31],
we store P patterns of information, each as a N-bit vector &€* = (&}, &5, ..., &),
p=1,..., P with entries {! € {+1,—1}. The state of the network at each time

t is defined by the configuration of all neurons o = (04,09, ...,0x).

The dynamics of the network state is determined by the interactions J;; be-
tween neurons, defined in eq. (1.3.8) according to the so-called Hebb Rule [30].
The interactions directly depend on the information stored in the system: when
a new pattern is stored, J;;’s are linearly modified by the addition of a new term
in the sum. The learning process, therefore, corresponds to a modification of the
connections between neurons. In the Hopfield model, patterns are randomly and

independently drawn from the distribution

1
P& =5 (555,“ + 555,4) : (1.3.9)

The stored patterns, hence, act as a quenched disorder in the system. The latter

is described by the Hamiltonian,

N

i,j=1
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This system works differently from other types of memories, in particular for what
concerns the process of information retrieval, Hopfield-like memories, indeed,
work by association using the actual content of the information patterns rather
than the physical location where they are stored to recall the information. The
human memory is a good example of associative memory as it associates a new
input with the memories it contains, stored during the learning process. When
seeing a face or listening to a part of a song we can reconstruct by association a

previously learnt piece of information.

Hence, this system works as an associative memory when it manages to re-
trieve one of the stored patterns of information: this happens when the network
configuration exactly corresponds to one of the stored patterns, namely when
o, =& Vi=1,...,N. To monitor the retrieval properties one introduces the

so-called magnetisations or overlaps, which are defined as follows

My = > oy, (1.3.11)

and measure the similarity between the network state o and the p-th stored
pattern. A magnetisation different from zero would indicate the retrieval of the

corresponding pattern.

It has long been known that away from saturation, i.e. for P < N, the
patterns {&"} are stable attractors of the system dynamics for any 7" < 1. The
specific attractor approached under dynamical evolution depends on the system’s
initialisation. In addition, even/odd mixtures of n patterns are also solutions,
although they do not correspond to any stored information and this retrieval is
generally undesired. At low temperature, odd mixtures of n patterns are stable
and they destabilise at n-dependent temperatures T,,, which increase with de-
creasing n. This implies that, in the vicinity of 7' = 1 from below, only pure
states (n = 1) are stable [28,29]. Even mixtures of n patterns are instead always

unstable. Hence, this system is able to retrieve one pattern at a time.
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1.3.2 The importance of being diluted

One of the strongest non-biological assumption of the Hopfield model lies in
the full connectivity choice, meaning that all neurons send signals to all others.
To improve this choice, several diluted models have been proposed, where for each
neuron a fraction c¢ of randomly selected links has been removed. Different choices
of the scaling of ¢ with the system size N have been analysed, leading to different

behaviours of the system:

e ¢ = N, which corresponds to the case with no dilution [29,32];

o lm ¢= +4ooand M £ =0 or extreme dilution case [33,34];

e ¢ = O(1), finite connectivity with dilution independent of the system size

N [35].

The goal was mostly to probe the network resilience to dilution and its capability
to work as an associative memory. Still the information processing remained
unchanged, with the system being able to handle and retrieve one pattern at a

time.

But this is not the only possible way to introduce the dilution in such net-
works. Using the mapping introduced in sec. 1.3, one could think of cutting links
in the bipartite graph first and only then transform it into a Hopfield-like associa-
tive memory. Interestingly, this process leads to a drastic change in the system’s
performance, making it able to parallel process the information and simultane-
ously retrieve multiple patterns. In practical terms, this choice corresponds to
introducing “zeros” in the patterns entries, whose distribution is now chosen of

the form

P{¢h) =1 |:d(5§§‘,1 +0er 1) + (1 — d)égf,o] : (1.3.12)

ip
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where d tunes the dilution level in the network. In the retrieval phase, when
the system state o tries to converge and align with one particular pattern, for
example &', not all the entries o are involved: the entries corresponding to the
zeros of €' can be aligned with a second pattern, e. g. €2, and so forth as shown in
fig. 1.3. A detailed analysis of the properties of such systems in equilibrium can

be found in [36], where multitasking associative networks were first introduced.
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Figure 1.3: Hlustrative explanation of the parallel retrieval. During the retrieval
process the network state o entries are first aligned with the d N non-zero entries
of &' (asterisks represent £1 entries); the remaining o entries are aligned with

the non-zero entries of the second available pattern vector &2 | etc.

Intuitively, it is clear that the retrieval of an extensive number of patterns

P = O(N) will require finite connectivity, i.e. d = & with ¢ = O(N?). A sub-

extensive number of patterns P = O(N?), with § < 1, can be instead recalled

in the extremely diluted regime, where d = 35 and v < 1. In chapters 2,3 we

will solve the dynamics of this model and its extensions in the extremely diluted

regime. In chapter 4 we will consider the static of this model in the finitely

connected case.



The truth is rarely pure and never simple.

Oscar Wilde, The Importance of Being Earnest

Dynamics of associative
memories and B-T clones

interactions

2.1 Introduction

Associative memories are neural networks able to retrieve and recognise pre-
viously stored information. The pioneering work on brain memory is due to J.
J. Hopfield, where the neural network performs the retrieval of one information
pattern at a time. Recently, new types of associative memories with diluted
patterns have been introduced [36] as a generalisation of the standard Hopfield
model [28-30,32]. Interestingly, the introduction of dilution in the stored patterns
of information drastically changes the collective behaviour of the system, switch-
ing its operational behaviour from sequential to parallel processing of multiple

pieces of information at the same time.

39
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This feature has potentially sound applications in artificial intelligence [31,37,
38], where existing models can only accomplish a sequential processing of infor-
mation. In addition, it has been shown that these models are thermodynamically
equivalent to bipartite networks [36] useful to describe systems with two inter-
acting parties of agents. In particular, they have recently been used to model
signalling processes between B and T lymphocytes in immune networks, which

are able to orchestrate several immune responses in parallel [24].

Despite the wide range of possible applications, these types of memories have
been studied analytically only in statics so far, where several dilution and storage
regimes were investigated [26,27,39]. Dynamical studies are limited to numerical
simulations and are restricted to the low storage regime, where the number of

stored patterns is finite [40].

In this chapter, we will study the dynamics of the associative memories with
diluted patterns in different dilution and storage regimes via non-equilibrium
statistical mechanics techniques, first developed in [41-43] for standard Hopfield

networks and spin glasses.

2.2 Introducing the dynamics

In this section, we study the dynamics of diluted associative memories with
interactions of the form in eq. 1.3.8. Patterns are quenched random variables,

independently and identically distributed with probability distribution

c c
P{e}) =] {_21\” (Ogr 1 + 0 1) + (1 - W)éﬁfvo} : (2.2.1)
i
where {£€} involves a collection of PN random variables /. The fraction of non-
zero entries in the stored patterns will determine the degree of dilution of the
system: for v = 0 the system is finitely diluted, whereas for v > 0 the system

is extremely diluted. Indicating the number of stored patterns with P = aN?,
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with & € R and tuning 6 € [0, 1) one may explore different storage regimes. For
0 > 0, the number of patterns stored in the system diverges in the thermodynamic
limit, however as long as § < 1, it grows sub-linearly with the system size, and
the system is away from saturation. We assume that the T clones o; evolve

minimising the same energy function as the B clones

H(o,blE) = —N7~ 1225 oib, + = Zb (2.2.2)

i=1 p=1

where the prefactor N7~ ensures that the Hamiltonian is O(N). We can, there-
fore, write their dynamics in the presence of noise in discrete time with steps A

as

P
oi(t + A) = sgn (Z 1, (1) + g(t)) , (2.2.3)
p=1
where (;(t) represents a zero-average noise drawn from P(() = g(l — tanh?(3¢))
with inverse temperature 5. In addition, assuming that B clones evolve on faster

timescales than T clones, we can insert the stationary solution of (1.3.3) in (2.2.3),

obtaining
oi(t+A) = sgn (ZZ{“{“@ + Gt )) . (2.2.4)
p=1 j=1
For A = + Wlth N > 1, the o;’s follow a random sequential Glauber dynamics

[31] via an effective local field

hi(o) N1 ZJUUJ : (2.2.5)

The interactions J;; are defined in (1.3.8) and the normalisation N'™7 ensures

that h; = O(N"). The probability p;(o) of finding the system in a state o =
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(01,...,0N) at time ¢, evolves according to the master equation

W4) S [(Elo) ()~ plo)un(o)] (2.2.6)

=1

where F; is the i-th spin-flip operator F;(oy, .., 04, ...,0n) = (01, ..., =03, ...0n) and

transition rates between o and F;(o) have the Glauber form
1
w;(o) = 5[1 — o; tanh (Bh;(o))] , (2.2.7)

where = 1/T is the inverse temperature of the system, giving the rate of

spontaneous spin flips.

For symmetric couplings, such as those given in (1.3.8), the dynamics obeys
detailed balance and the process evolves towards equilibrium, described by the

Boltzmann distribution, with Hamiltonian:

H(o|€) = 2N1 Z 25“5“0103 : (2.2.8)

i,j=1 p=1

We note, however, that our approach does not require this symmetry restriction
and paves the way to a broader range of applications where symmetric interactions
would not be realistic, particularly in theoretical immunology [24]. One can show
that the prefactor provides the correct normalisation to the Hamiltonian [26].
A heuristic argument is that, since the number of non-zero entries in a given
pattern is O(N'~7), one has, for condensed ' patterns, >, & 'o; = O(N'~7) with
the expected number of condensed patterns being O(N/N'™7) = O(N"), so their
contribution to the Hamiltonian is O(N). Non-condensed patterns, for which
S &la; = O(NU=1/2) are present only for § > v and are O(N?), thus providing

a contribution which is always sub-leading away from saturation, as expected.

1Set of patterns that have been retrieved, hence with non zero associated magnetisation.
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2.2.1 Macroscopic dynamics

For large N, finding a solution for the set of 2V coupled, non-linear differ-
ential equations (2.2.6) is very hard, and a convenient approach is to use the
microscopic stochastic laws for the T clones dynamics (2.2.6) to derive dynamical
equations (2.2.24) for the probability distribution of a suitable set of macroscopic
observables. As for the standard Hopfield model, it is convenient to choose these
as (suitably normalised) overlaps between the microscopic configurations of the

system and the stored patterns &", p=1,..., P

1 N
mul@) = =" &o; (2:2.9)
j=1

with the prefactor chosen to make these quantities of order O(1). These order
parameters quantify the pattern retrieval of the system, as in the absence of
retrieval they vanish in the thermodynamic limit, whereas an order O(1) overlap
m,, indicates that the system has retrieved the pattern £&*. We note that for large
N and v < 1, the effective fields (2.2.5) depend on o only through the overlaps,

Le. hi(o) =c)_, &'m,(o), where c controls the dilution.

In the context of the immune system modelling, the overlap m, quantifies the
activation level of the p-th B clone through the signals sent from the T clones o;

according to the stored “immune strategies” or cytokine patterns f;‘ :
2.2.1.1 Master equation and Kramers-Moyal expansion

The probability of finding the system, at time ¢, in a state where the macro-

scopic parameters (2.2.9) take values m = (my,...,mp), is

P(m) = Y pilo)3(m — m(@)) (22.10)
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The latter evolves in time, due to equation (2.2.6) governing the microscopic

probability p,(o), as

ATR) _ $73 " b(m — m(o) [p (B0 (Fi(0) ~ (o)) . (2211)

g i=1

where relabelling F;(o) — o in the first term on the RHS gives

dPt

ZZPt [6(m —m(Fi(o))) —o6(m —m(0))] . (2.2.12)

o =1

By introducing the increments

Ay = mu(F(0)) — mu(e) = —=—El, (2.2.13)

N17

and Taylor expanding (2.2.12) in powers of A;,, we obtain the so-called Kramers-
Moyal (KM) expansion. In order for the expansion to hold, increments A;, must
be small. This condition is satisfied in the thermodynamic limit N — oo for any
v < 1. The case v = 1, where each T clone is finitely connected to other T clones,
violates the condition necessary to perform the KM expansion and will not be
considered here. The finitely connected regime (y = 1) for a similar model will
be studied in chapter 4 at equilibrium. By Taylor expanding the J-function in

powers of A;,, we obtain

dP;(tm) = ; zo; w;(o)ps (o) ¥
(2.2.14)
Defining

N
Fy) L, (mit) = <Z wi(o) Ay, -+ AW> : (2.2.15)
' m,t
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with

(. Ny = 22 S0 = (@) )pi(o)
™ Y dm—m(o)p(e)

(2.2.16)

we can write the equation for the time evolution of P;(m) as

OPm) (D'~ N~ O

= Y ————[P(m)FY ] . (2.2.17
ot Z /l Z Z O, - amw[ () 0, (m )] ( )
Keeping only terms up to the first order in the A;,’s leads to the Liouville equa-
tion, corresponding to a deterministic evolution of the order parameters m. Sec-
ond order terms lead to the Fokker-Planck equation, which includes diffusive
processes [44]. Hence, a sufficient condition for the observables m(o) to evolve

deterministically, in the limit N — oo, is

(—1) P P N 5

j\llinooz YAl Z Zm<|Aiu1"'Aiw|>m,t =0. (2218)
022 pn1=1 we=1 i=1 1 0

Each A;,, as defined in (2.2.13), contributes to the sums an order O(N ') because

the entries ! are non-zero with probability ¢N~7. Recalling that P = aN?,
condition (2.2.18) reduces to

lim N2-1 =0

N—oo

, (2.2.19)

which is satisfied for § < % For this range of values of the storage load §, higher
order terms in the KM expansion vanish in the thermodynamic limit and the

equation for P;(m) reduces, to leading order in N, to the Liouville equation

apé(tm) _y 0 [P,(m)FV (m)] (2.2.20)
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where F\" results from insertion of (2.2.7) and (2.2.13) in (2.2.15) and is inde-

pendent of time. Setting B = [c, we have

N P
1 o
1 _ v
F;S J(m) = T ;_1 ¢! tanh (ﬁ ;21 & m,,) —my, . (2.2.21)

Inserting 1 = EE 55 £, and rearranging the terms we obtain

N o
Flsl)(m) = <£“ tanh (ﬁZf”my>> —my, . (2.2.22)
v=1 €

Indeed, for large N we can define P(§) = limy_,o0 & Efil (5€ 13 and introduce the
average <f(£)>€ = EE P(€)f(&) hence obtaining (2.2.22). In particular, in this
step the average over all sites for one specific realisation of £ has been replaced

by the average over the distribution of patterns at one particular site.

If the number N of vectors €, is much larger than the number 2% of vectors &,
this replacement is justified by appealing to the law of large numbers. However,
for larger P this statement is non-trivial and relies on the assumption of self-
averageness, whereby a quantity does not depend on the particular realisation of
the disorder {¢!'} but only on the distribution the disorder is sampled from [29,31].
The distribution P(&)

c c
P(¢) = 1;[ [m(éw + Ogn 1) + (1 - W) 5@70} : (2.2.23)
then involves a collection of P random variables {{#} instead of the original N P
random variables {&/'}. We note that F;El) is O(1) as each &" is non-zero with
probability ¢N~7. The Liouville equation corresponds to a deterministic evolution

for the m,,’s, given by the set of ordinary, coupled, non-linear differential equations

d N7 i
gz“ =— <§“ tanh (5 ;f”my> >£ —my . (2.2.24)
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In the following sections we will investigate the nature and stability of the steady
state solutions of (2.2.24) in different regions of the tunable parameters (noise,

dilution, storage load).

2.2.2 The steady state: possible classes of solutions

The steady state of the dynamics, dm/dt = 0, is given by the self-consistency

equation for m

N7 .
m=— <£ tanh (ﬁ(m . £)>>€ . (2.2.25)
c
One can show that the system undergoes a phase transition at T, = ¢, with the
equilibrium phase at T" > T, characterised by m = 0 and retrieval occurring at
T < T,, where m # 0. Taking the scalar product of (2.2.25) with m and using

the inequality |tanhz| < |z, gives

G ((m-€)*)g = fm®, (2.2.26)

which implies m = 0 for # > 1. By linearising the system (2.2.24) about m = 0,

dg;” - (B - 1) m, | (2.2.27)

we find that m = 0 is stable for B < 1 and reached exponentially fast with rate
T=1/(1- B) For 3 = 1, i.e. at the critical temperature, the first order terms

vanish and an expansion of (2.2.24) up to third order

dm c 1 c

1/2 towards m = 0. Hence, for T' > ¢ there is

shows a power law decay m, ~ t~
no retrieval. On the other hand, for T' < ¢ the solution m = 0 becomes unstable
and we expect nonzero solutions m # 0 to bifurcate continuously from the m = 0

solution as we decrease the temperature below 7T.. We will inspect the stability
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of the non-zero steady state solutions m* below T,. by means of linear stability

analysis.

What is, then, the structure of the first class of solutions m* to bifurcate away
from m = 0 below 7.7 To answer this question, we Taylor expand (2.2.25) for

small |m| in powers of e = 3 — 1:

12

my

,
[Z (€7€") gmu—— Z (£7€1€"EY) gmympmiy + O(m?)

l/p>\ 1

= (1+em, — My < Z Zm ) + O(m®, em?) | (2.2.29)

pFEL

where we have used 33 = (1+¢)3 ~ 1+3¢+. .. and anticipated that m, = O(e'/?).
Note that from the definition of P(£) in (2.2.23) it follows that <§“>€ = 0 and
(grery ¢= .. This yields

0= m, [ - %(m +2 (m? m) )} , (2.2.30)

which gives either the trivial solution m, = 0 or

3¢ — 2<m?
my, = —— (2.2.31)
— 3
For v > 0 and large N we get
3¢
2 _q 2
m,, = 3¢ Tl (2.2.32)
whereas for v = 0 one has
2
9 € —cm
= 2.2.33
e T 0T T3 (2.2.33)

Since each component m,, only depends on the whole vector m, it is clear that,
close to criticality, we have, for each component, m, € {—m, 0, m}, where m is the
amplitude of the magnetisations. Using the invariance of the dynamical equations

under m, — —m,, we can from now on focus on non-negative solutions, which
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we can write, up to permutations of pattern indices, as m = m(1,...,1,0,...,0),
with
2 _ 2
m- = m"n, (2.2.34)

where n represents the number of non-null entries of the vector of magnetisations
m. We will call this class of solution symmetric, as condensed patterns are

retrieved all with the same intensity.

Different storage and dilution regimes will yield different scaling for the num-
ber n of condensed patterns, as we shall detail below. In the following sections,
we will derive the stability region of this class of solutions and we will discuss

how the system breaks the symmetry at low temperature.

2.2.3 Noise distribution

Interestingly, the nature and stability of the non-trivial solution below criti-
cality depend on the values of the parameters ¢ and -, controlling the storage load
and the dilution in our system, respectively. To investigate this, it is convenient

to manipulate (2.2.24)

p
dg;“ = <tanh (5 (m“ + ; £”my>> >€ -my , (2.2.35)

where we already performed the average over # # 0%. Inserting 1 = fj;o dzd (z —

Zf L §”ml,), we can express the dynamical equations

dg’tlu _ /_+OO dz tanh (B (my, + z)) P.(z|{m,}) —m, (2.2.36)

o0

2In the following, for the sake of simplicity, the notation ((---)) ¢ will denote either the full
average over all £’s, or the average over the remaining ¢’s after performing the average over
non-zero values of one (or more) patterns £#. The use of one meaning or the other should be
clear from the context.



2.2. Introducing the dynamics

50

in terms of the noise distribution

Pu(zl{m.}) = < (Z—Zf”my>> . (2.2.37)
v £

The latter can be calculated using the Fourier representation of the d-function

oo 14 P
Pu(z|{m,}) = / (21—7Te <He—izgymy>
3

v#Ep
(2.2.38)
and performing the average over the disorder
(e7 1 mvy o, =1 4 %(cos(émy) — 1) o~ enr (cosGm)=1) (2.2.39)
where the last approximation holds for large N. This leads to
+o0 dz
Pu(zl{my}) = / 2Welzzeim w7 (cos(mu)=1) (2.2.40)

Different choices of the parameters ¢, ~, confer different properties to the distri-
bution (2.2.40), thus leading to different dynamical behaviours. In particular,
when v > 0, extending the sum to all v in (2.2.40) gives a negligible contribution
in the thermodynamic limit, so the distribution P,(z|{m,}) converges, for large

N, to the distribution

oo dz
( |m < (Z_ Zmyf >> :/ QZelzz"'Zu 1 oy (cos(Zmu)—1) , (2241)
m
¢ —o0

which depends on the whole vector m = (mq,...,mp). This highlights the
possibility of having symmetric solutions as fixed points of the dynamics in large
regions of the phase diagram, meaning that all patterns are retrieved with the
same intensity. In contrast, for v = 0, the distribution in (2.2.40) retains its

dependence on g in the thermodynamic limit and one expects the symmetry
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of patterns to be broken and that the system retrieves patterns with different

intensities, i.e. hierarchically.

In addition, we note that for v > 6, (and v > 0, since § > 0), using P = aN?,
the probability distribution P(z|m) reduces to a d-function in the thermodynamic
limit

oo d/\ $ 5 anN® c s
P(z|m) = / ﬁemez'/:Vl wy (cosCGm)=1) ~ 5(7) (2.2.42)

[e.e]

This leads to a decoupling of the dynamical equations (2.2.36) and the model
reduces to P independent Hopfield models with a single stored pattern, or, equiv-

alently, to a set of P independent Curie-Weiss ferromagnets,

gz“ — tanh (Bmu) —m, p=1,....P, (2.2.43)

with a rescaled critical temperature T. =T, /¢, due to the presence of dilution
in the patterns. Each overlap approaches exponentially (one of) the non-zero
(gauge-symmetric) solutions of m = tanh(ﬁm) and the stable steady state of the
system is given by m = m(1,..., 1), for any temperature below criticality. This
shows that the system is able to retrieve all the stored patterns in parallel and
that the retrieval is symmetric. This behaviour is confirmed by Monte Carlo
simulations, shown in figure 2.1, where the trajectories of the overlaps are seen
to approach (up to finite size effects) the expected steady states, represented by
the symbols. Details of the Monte Carlo simulation algorithm are summarised in

appendix A.

Conversely, for any v < §, the dynamical equations (2.2.36) are coupled, which
is a signature of interference between patterns. This holds true even when the
number of patterns is finite, i.e. for § = v = 0. In the sections below, we will
study the nature and stability of the stationary points of the dynamics for v < ¢
and show that despite the presence of pattern interference, the system is able

to retrieve all stored patterns in parallel, although symmetric solutions will no
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Figure 2.1: Results of Monte Carlo simulations with N = 10* spins at ¢ = 0.8,
T = T/c = 0.6, vy = 0.3 and 6 = 0.25. We plot the overlaps m, with different
patterns £, drawn from (2.2.23), as a function of time ¢. Red symbols represent
the magnetisations at the steady state predicted by (2.2.43). Deviations from the
predicted values are small and compatible with finite size effects O(N~7).

longer be stable at all temperatures below criticality.

We will analyse, separately, the dynamics of the system for § = 0, i.e. the
so-called low storage regime (sec. 2.3), where the number of stored patterns is
finite, and for 6 > 0, i.e. the so-called medium storage regime (sec. 2.4), where

the number of stored patterns is sub-linear in the system size.

2.2.4 Linear stability analysis

In order to determine the regions where different classes of solutions are stable
we can inspect the eigenvalues of the Jacobian of the dynamical system (2.2.24).

By definition, the Jacobian matrix is given by

() P
T = Mg—ﬁ , F(m)= % <§“tanh (BZg”my> >£ —my,

v=1

(2.2.44)
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evaluated at the steady state m*. When the system recalls a number n of patterns,

we have, up to permutations of pattern indices, m* = (my,...,m,,0..

m,, # 0V p <n, and the resulting matrix is

T = %B <§#§" (1 — tanh? (Bm : 5)) >£ .

Juw is a block matrix, whose diagonal elements are

T = B(l—r#)—l, for p < n ,

T = BA—r)—1, forp>n,

r, = <tamh2 (B (m# + ané”my>>> )
vEp £
r = <tanh2 (Bif”%) > .
v=1 5

Off-diagonal elements are

with

TJw = —BLR, for pu,v <n ,

N~
Jw = 0, otherwise ,

with

R= <gﬂgv tanh? (Bm . g) >§ .

.,0) with

(2.2.45)

(2.2.46)

(2.2.47)

(2.2.48)

(2.2.49)

(2.2.50)

(2.2.51)

(2.2.52)
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Note that the matrix becomes diagonal for N — oo as off-diagonal terms 7, — 0.
Exploiting the block structure of the matrix, we can easily compute its eigenvalues

Eigenspaces Eigenvalues
5 A c
X:(l,...,1,07...,0) Alzﬁ(l—T#)—l—ﬁ(n—l)mR,
. 5 C
x = (x1,...,2,,0,...,0), ZMxM:0 Ao :B(l—ru)—l—l—ﬁm}%,
x=(0,...,0,2p41,...,2Zp) >\3:B(1—r)—1.
(2.2.53)

Fixed points of the dynamical systems will be stable in the region of the parameter
space (T,c) where the largest eigenvalue of the Jacobian is negative, i.e. all

eigenvalues are negative.

2.3 Low Storage and Finite Dilution: v =9 =0

In the next sections we analyse the regime § > -, where, as explained in sec.

2.2.3, a cross-talk between patterns appears.

2.3.1 A toy model: P =2

Let us first illustrate the main features of the dynamics at low storage (finite
number of patterns, § = 0) and with finite dilution (v = 0), by considering the
simple toy model with P = 2 patterns. In this case, the dynamical equations

(2.2.24) reduce to

% = (1 — ¢) tanh (Bm1> + g [tanh (B(Tm + m2)> + tanh(B( ))] —my,
% = (1 —c¢)tanh (Bm2> + g [tanh (B(ml + mo ) — tanh ( )} —my .

(2.3.54)
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Note that in this case the patterns distribution in (2.2.23) becomes
P =11, [5 (¢ 41 + Oen—1) + (1 — ¢)denp]. Close to criticality (B ~ 1), we

have from (2.2.33), m; = my = m, with amplitudes

, 3¢ — 3cm?
m’ = —————
1—-3c

(2.3.55)

and m? = 2m?, yielding

3€
2 _ ) 2.3.56
m =1 ( )

We analyse the stability of the symmetric mixtures studying the eigenvalues of
the Jacobian (2.2.44) evaluated at the fixed point m* = m(1,1). Thanks to the

simple form of the matrix, eigenvalues are easily found as

M o= B—1-— (1-— C)Btanh2 (Bm) — ¢f3 tanh? (2Bm) . (2.3.57)
Ao = [f—1—(1-c)Btanh? <Bm> : (2.3.58)

We note that A\; < \g, hence the stability is given by the region where the largest
eigenvalue \; is negative. Analytically we can also study the behaviour of Ay near

T~T.and T ~0.

Near the critical temperature, we expand (2.3.58) in powers ofB =cB=1+¢€

and using (2.3.56) we find

B 2¢(1 — 3c¢)

N\ —
2 1+ 3c

(2.3.59)

Hence, for T' ~ T, solutions are stable when ¢ < 1/3.

In the opposite limit, T — 0, i.e. 8 — oo, we have tanh?(3m) — 1, and

~

Ao~ Be—1>0. (2.3.60)

Hence, symmetric solutions are unstable at low temperature for any value of
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Figure 2.2: Eigenvalue \; as a function of the temperature T = T/c, for a fixed
¢ = 0.2. The red dashed line gives the theoretical prediction near the critical
temperature (2.3.59). The figure in the inset shows agreement with (2.3.60),
which gives \y/(T¢) — 1 as T — 0 (red marker).

¢ > v/T. The full temperature-dependence of A, can be obtained numerically
and is shown in figure 2.2 for dilution ¢ = 0.2. The limits for temperature close
to zero and to the critical point are in agreement with the theoretical predictions

(2.3.59) and (2.3.60), shown in the graph and in the graph inset as the dashed

line and the symbol, respectively.

We highlight three regions: a paramagnetic region (P) for T > T, = ¢ where
the only solution is m = 0; a region (S) for 7' < ¢ and for ¢ < 1/3 where
symmetric solutions are stable; finally a region (H) where m # 0 and symmetric
mixtures are unstable, so that a new class of asymmetric solutions takes over, the

so-called hierarchical solutions. For T — 0 these take the form
m=(1,1-c¢), (2.3.61)

which is the steady state of the system (2.3.54). Calculating the eigenvalues A, A
of the stability matrix (2.2.44) evaluated at m* = (1,1 —c¢), we have A\j, Ay — —1
as f — oo, so m = (1,1 — ¢) is an attractor at low temperature. This type of
retrieval prioritises the activation of one particular B clone, e. g. by, with respect

to the other.
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Figure 2.3: Phase diagram in the parameter space (T, ¢) for the case 6 =y =0
(P = 2). The (S) area represents the region where the symmetric mixtures are
stable; the (H) region is characterised by hierarchical states, while the paramag-
netic state (P) is stable for T' > T, = ¢. The (S) region is obtained as the contour
plot of the equation Ay = 0 solved numerically together with equations (2.3.54)
at stationarity. The approach to zero is consistent with ¢ = /T predicted by the
theory (dashed line).

This behaviour is confirmed by Monte Carlo simulations and by the phase
portrait of the dynamical system (2.3.54), both shown in fig. 2.4. One can see
that phase curves for T = T/c =1.25,ie. T > T, evolve to the steady state
m = 0; phase curves at temperature 7 = 0.8 and ¢ = 0.25, (inside the (S)
region), evolve to symmetric mixtures (where m; = my); at smaller temperature,
T =0.01,and ¢ = 0.5 (inside the (H) region), symmetric states become unstable
with phase velocities pointing away from them, and non-symmetric stable steady
states (with my # my) appear. At T = 0.01, the system evolves towards the

low temperature hierarchical state m = (1,1 — ¢). Results are in agreement with

equilibrium analysis and simulations [24, 36,40].
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Figure 2.4: Left panels: Phase portraits of the dynamical system (2.3.54) in
different regimes of noise 7" and dilution ¢ for P = 2 patterns. Red lines represent
the null-clines and stationary states are at the intersections of null-clines. Right
panels: Monte Carlo simulations with N = 10* spins, with 7" and ¢ as in the
left panels; red markers represent the stationary states of the dynamical system.
From top to bottom: ¢ = 0.4, T = 1.25; ¢ = 0.25, T = 0.8; ¢ = 0.5, T =0.01: in
the latter regime, stationary states are given by m = (1,1 — ¢), as expected at

low temperature.
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2.3.2 Generalisation to P > 2 patterns

Generalising to P patterns, and assuming we have, close to criticality, m =

m(1,...,1,0,...,0) with m? = nm?, we get from (2.2.33)

2 3e

= 2.3.62
1—3c+3cen’ (2.3.62)

m

which coincides with (2.3.56) for P = n = 2. To study the stability of sym-

metric mixtures, we evaluate the Jacobian (2.2.44) at the steady state m* =

m(1,...,1,0,...,0). Diagonal elements are given by (2.2.46), (2.2.47) where, for

ry = <tamh2 (Bm (1 + i§”>)> : (2.3.63)
VEW £

ro o= <tamh2 <Bmzn:§”>> . (2.3.64)
v=1 E

In contrast, off-diagonal elements are, for v = 0,

symmetric states,

j;uz = _BCR ) for w, v <n, (2365)

Jw = 0, otherwise , (2.3.66)

with
R= <§ﬂ§” tanh? (Bm > 5”) > . (2.3.67)
v=1 £

Due to the symmetry of the problem, we have three distinct eigenspaces, with

r, =11V
M =B —r)—1-pe(n—1R, (2.3.68)
Xo=f(1—r)—1+BcR, (2.3.69)
A3 =f(1—r)—1. (2.3.70)
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~

Near T' ~ T, we Taylor expand 71,7, R in powers of ¢ =  — 1, obtaining respec-

tively:
3e+3(n—1)ce
T T 3+ 3en (23.71)
3nce
T 3c6+ 3en (23.72)
€
R = T3¢ 13 (2.3.73)
Hence, eigenvalues near the critical temperature are given by
ot
Ay = % , (2.3.75)
As = % . (2.3.76)

We note that A; < 0 for any ¢, and, as in the case P =2, Ay < 0 for ¢ < 1/3. On
the other hand, A\3 < 0 for ¢ > 1/3. Since the eigenvalue A3 only comes into play
for P > n, symmetric mixtures m = m(1,...,1) , where all patterns are recalled,
i.e. with n = P, are stable for any ¢ < 1/3 near criticality. In contrast, there is no
region of the phase space where mixtures of the form m = m(1,...,1,0,...,0),
in which a number of patterns is not recalled, is stable. Results are confirmed by
Monte Carlo simulations shown in fig. 2.5. Interestingly, the stability threshold
¢ < 1/3 near T, is independent of the number of patterns P. However, we note
that for a general temperature 7" the eigenvalues and their stability will in general

depend on the number of patterns involved [40].
2.3.2.1 Low-T instability

At low temperature, symmetric mixtures become unstable. In order to show

this, it is convenient to introduce a discrete noise distribution. In analogy with
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Figure 2.5: Simulations with N = 10* spins and P = 4 patterns of m, as a
function of time. Left Panel: Symmetric solutions for T =05, c = 0.2. The
markers represent the amplitude of the symmetric mixtures evaluated solving the
self-consistency equation (2.3.80) for P = 4. Right Panel: hierarchical retrieval
for c=0.5and T = 0.4.

what we did in sec. 2.2.3, we consider

. Tdw e
Pn(z> — <5Z»ZZ:15">€ :/ %eﬂwz H<elw£ >€
- v=1

™ d .
— / 2—we’1“’z (14 c(cosw —1)]" (2.3.77)
. 2m

where n is the number of retrieved patterns. The discrete noise distribution is

correctly normalised, as one can check by summing over z € {—n, ..., +n}, ie.
::"_n Pn(z) = 1. We can express m and 7, as given in (2.2.48), (2.2.49), in

terms of (2.3.77):

ro= len_l(z)tanh2 (ﬁm(l—i—z)) ; (2.3.78)

r = Zlf’n(z)tanh2 (Bmz) , (2.3.79)

where z runs over the support of ]Bn(z) and P,_1(z) respectively. The self-

consistency equation for the amplitude m of the symmetric mixtures (2.2.34)
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becomes
m = Z P,_1(z) tanh (Bm(l + z)> : (2.3.80)

It is easy to see that P,(z) satisfies a useful recursion relation. Using the definition

of P,(z) in(2.3.77), one has

P,(z) = /7r g—:eiw (14 ¢(cosw — )] [1 + ¢(cosw — 1)]" !

™ d ‘ _ T d . n—
=(1- c)/ %e’wz (14 c(cosw — 1)]" " + g/ %e’“"(z’l) [1+4 c(cosw — )"+

—T —

m d )
+§/ %e_l‘”(zﬂ) (14 c(cosw —1)]" " . (2.3.81)

Hence, this yields

Pu(z) = (1— ) Pyyi(2) + g (ﬁn,l(z 1)+ By (2 — 1)) , (2.3.82)

which represents a discrete-time lazy, symmetric random walker, taking right
and left unit steps along the z-axis with equal probabilities ¢/2. All the P,(z)’s
in the hierarchy can then be determined from the knowledge of Py(z) = 6(z).
The random walker is lazy for ¢ < 1 because at each iteration n it has a finite

probability to take no step.

When § — o0, r1 > 1— P, 1(—=1), r - 1— P,(0) and R — 0, hence

Mo — (P, 1(1)—1, (2.3.83)
A3 — BP,(0) — 1, (2.3.84)

where we used P,(z) = P,(—z). We note that for ¢ < 1, we have a non-zero
probability P,(0) > 0 for the walker to be at the origin for any finite time n > 0,
hence symmetric mixtures are unstable for any value of n at low temperature.
In contrast, ¢ = 1 introduces a periodicity in the return times of the walker, so

that P,(0) = 0 for n odd and P,(1) = 0 for n even. This means that for n odd



2.3. Low Storage and Finite Dilution: v =0 =0

63

(even) all eigenvalues are negative (positive), in agreement with the standard (i.e.
undiluted) Hopfield model [29], where, at zero temperature, all odd mixtures are
attractors and all even mixtures are unstable. In particular, forn =1, A\j o = —1

and from (2.3.82) we have

Pi(z) = (1—e)8(2) + g (6(z+1)+6(z— 1)) , (2.3.85)

~

so A3 = (1 —¢) — 1. Hence, the so-called pure state, where the system recalls
only one pattern, is stable at low temperature only for the undiluted case ¢ = 1,

but is unstable for any ¢ < 1.

In [36,40] an ansatz was made for the form of the magnetisation vector in the

hierarchical state at T = 0,
my=1—-c) ', u=1,...,n, (2.3.86)

where n < P is the number of condensed patterns and m, = 0V p > n. We shall
denote briefly this state as my. We note that (2.3.86), with n = P, are indeed
fixed points of (2.3.54) for § — oo and P = 2, and for larger P, they solve self-
consistently (2.2.25) for f — oo for wide regions of the dilution parameter c¢. The
stability of this solution is given by the eigenvalues of the stability matrix (2.2.44)
evaluated at m* = my. The matrix is again diagonal in the limit N — oo, with

elements given in (2.2.46), (2.2.47) and

T, = <tanh2 (B (mu + i&”my)>> , (2.3.87)
vEpR £

ro o= <tzmh2 (Bif”my>> . (2.3.88)
v=1 E

Upon introducing as in section 2.2.3, P,(z|{m,}) = <5 (Z - Zz#u fym”> >§ and
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P(zm)=(0(z—>"_, f”m,,)>£, we can rewrite the expressions as
v, = / dz tanh? (B(mu + z)) Pu(zl{m,}) | (2.3.89)
r= /dztanh2 (Bz) P(z|m) . (2.3.90)
For 8 — oo, the eigenvalues become
Mo = BPy(=mu|{m,}) =1, forp<n, (2.3.91)
Ay = BP(0jm) -1, forpu>n. (2.3.92)
For v = 0 and n condensed patterns, P,(z[{m,}) and P(z|m) respectively read
P,(z{m,}) = /OO d—we’iwz ﬁ(eiwgumﬂ = /OO d—we’iwz ﬁ[l + c(cos(wm,,) — 1)]
. o £ Lo 2m Y
vEN Sl
(2.3.93)
and
P(zlm) = /00 dw e W ﬁ[l + c(cos(wm,,) — 1)] (2.3.94)
= o 11 ” : 3.

Similarly to what was shown in sec. 2.3.2.1 (see eq. (2.3.81) for details), we can

relate P(z/m) and P,(z|{m,}), V u, as follows

Lu(z + mu[{my}) + Bu(z = mu[{m, })

P(zjm) = (1=c) Py (z[{my})+c 5

. (2.3.95)

It is worth stressing that, differently from the case v # 0 analysed in sec. 2.2.3,
here for v = 0 the distribution P,(z|{m,}) does not converge to P(z|m) in the
thermodynamic limit. Setting z = 0 in (2.3.95) to check the stability condition,
as required by (2.3.92), we have

P(0lm) = (1 — ¢)P,(0[{my,}) + cP,(m,|{m.,}) . (2.3.96)

The stability along the directions 1 = n + 1,..., P requires P(0jm) = 0. It
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also implies the stability along the directions = 1...,n, i.e. P,(m,[{m,}) =
P,(0{m,}) =0V pas for 0 < ¢ <1 the two terms on the RHS are both non-
negative. However, P(Olm) = (6 (3_)_, §”my))£ is bounded from below by the
probability of drawing € = 0, i.e. P(0jm) > (1—c¢)™ > 0, so hierarchical mixtures
can only be stable for P = n and the stability condition is given by A, < 0 in
(2.3.91). The condition for their stability is P,(m,[{m,}) =0V u < P.

We can check this condition for the simple case with P = 2, where we also
derived the form of the hierarchical ansatz (2.3.61). In particular, we have to
compute Pj(m; = 1|mgy =1—c¢) and Py(ms =1 —¢|my = 1) from (2.3.93). They

respectively read

Pi(1|mg) = /_Oo (21—:61‘”[1 + c(cos(w(l —¢)) — 1], (2.3.97)
Py(1—c¢|mq) = _OO ;—:eiw(lc)[l + c(cos(w) — 1)] . (2.3.98)

With simple manipulations we obtain

Pi(1jms) = cd(c) + 6(2 — ¢)]/2 , (2.3.99)
Py(1 = c|my) = (1 — ¢)3(1 — ¢) + c[d(c) + 6(2 — ¢)]/2, (2.3.100)

both vanishing for any ¢ € (0,1). This shows that the hierarchical mixtures, of
the form m = (1,1 — ¢), are stable at low temperature, since their eigenvalues
A = BP(1lms) — 1 and Ay = BPy(1 — ¢/my) — 1 are negative. Note that in sec.
2.3.1 we were able to check only when symmetric mixtures destabilise, but we

did not analyse directly the stability of hierarchical mixtures.

2.4 Extreme dilution and medium storage regime

In the following sections, we analyse the dynamical behaviour of the system
in the medium load regime (i.e. § > 0), where the number of patterns scales

sub-linearly in the system size, when patterns are extremely diluted (i.e. v > 0).



2.4. Extreme dilution and medium storage regime

66

We will analyse the retrieval properties and obtain the phase diagram for the

stability of symmetric or hierarchical solutions.

2.4.1 Cross-talk effect for 6 =~

In this section we study the case § = «. We have shown in sec. 2.2.1 that the
first class of stationary states to bifurcate away from m = 0 below criticality, are
the symmetric mixtures m = m(1,...,1,0,...,0), with m? = nm?, where n is
the number of retrieved components.

For § =~ > 0, we assume that n is a fraction of the total number of patterns
P = aN7, hence we set n = ¢N7, with 0 < ¢ < «a. Using m? = ¢N'm?
in (2.2.32), we obtain the amplitude of symmetric mixtures near the critical

temperature Bc =1+c¢

9 3€
m° ~ .
1+ 3co

(2.4.101)

We analyse the stability of symmetric mixtures by looking at the eigenvalues of
the Jacobian J,, (2.2.44) evaluated at m = m(1,...,1,0,...,0). Its elements
are given by (2.2.46), (2.2.47) and (2.2.51), where, for symmetric states

N7
r, = <tanh2 (Bm (1 + Zg)) > , (2.4.102)
vEp ¢

¢N7
r= <tanh2 (Bm Z §”> > . (2.4.103)
v=1 5

Note that in this case r, = r1 V u. As before, it is convenient to consider the

discrete distribution® P¢(z) = <5 2 3eNT gv> ¢ In the thermodynamic limit it can
) v=1

3In principle one should introduce a second distribution Qu(z) = <(527ng1 £y>£ but it can

be easily shown that the two differ by an amount that is negligible, O(N~7).



2.4. Extreme dilution and medium storage regime

67

be written as

~ ™ d .
Py(2) = / %e—mm’(wsw—” =e I, (¢c) , (2.4.104)

where I,(¢c) is the modified Bessel function of the first kind [45]. Clearly, Py(z) =
[f’qb(—z), and due to the property of the Bessel functions,

dr, 1
) (00 + La(00)] (24105
P,(z) evolves according to
d?qu) - g Py(z— 1)+ Py(z + 1) — 2P4(2)| , (2.4.106)

which describes a continuous-time symmetric random walker taking unit steps

along the z-axis with rate ¢/2, as ¢ increases. We can rewrite r; and r in terms

of Py(2), as

r o= ZP¢ ) tanh? ( (1—1—2)) : (2.4.107)
ro= ZP¢ ) tank? (Bmz) (2.4.108)

In the thermodynamic limit, N — oo , J, — 0 for u # v and the stability

matrix is diagonal, with two eigenvalues

M~pB(1—r)—1, with deg(\)=o¢N7, (2.4.109)
Ao~pB(l—r)—1, with deg(\) = N'(a—¢), (2.4.110)

where deg(\;) represents the degeneracy of eigenvalue \;. Near T' ~ T, = ¢ we

Taylor-expand 71 and r in powers of € = B -1

3e(1 + co) -~ 3eco
1+3cop 14 3co’

(2.4.111)

rn =
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and compute the eigenvalues

2¢ €

~— <0 Ao o >0 . 2.4.112
! 1+3cp T 14 3c ( )

Near T' ~ 0, we have
r— 1= Py(—1), A — Be I (¢c) — 1, (2.4.113)
r—1— Py(0), Ao — Be™Iy(¢c) — 1, (2.4.114)

where the asymptotic holds for large 3. The functions Io(z),I;(z) are non-
negative and O(1) for any finite x > 0, and become small only for z — oo,
as e *I,(z) ~ 1/y/2rx ¥ n for large . However, for § = v, ¢ < a, hence
A1, A2 > 0 and symmetric mixtures are unstable for any finite value of «, at low

temperature.

From the analysis above it follows that Ay > O near 7"~ 0 and T' ~ T... Indeed,
one can check numerically that Ay stays positive V T < ¢, for any value of ¢, by
computing it from (2.4.108) and (2.4.110), with m solving the self-consistency

equation
m = Z P,(z) tanh (Bm(l + z)) . (2.4.115)

Since Ay only comes into play for a > ¢, symmetric mixtures bifurcating from
m = 0 must be in the form m = m,(1,...,1), i.e. with ¢ = «, indicating parallel

retrieval of all patterns.

Their stability is controlled by A;. In fig. 2.6 we plot the eigenvalue A\; as a
function of the scaled temperature 7' = T /c for a fixed value & = ac, as well as the

theoretical predictions near T, (2.4.111) and 7'~ 0 (2.4.113). In fig. 2.7 we show

the critical line in the parameter space (T , &) separating the region (S) where
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Figure 2.6: Eigenvalue \; as a function of the temperature T, for a fixed & = 0.2.
The red dashed line gives the theoretical prediction near the critical temperature
(eq. (2.4.111)). The figure in the inset is in agreement with eq. (2.4.113), which
holds for T — 0 and gives A = A /e % Iy(¢c) — 1.

symmetric mixtures are stable, from the region (H) where they are unstable.
The phase diagram shows that for large regions of the tunable parameters (noise
and storage load) the system is able to recall all the stored patterns in parallel
and symmetrically. However, for low temperature, the symmetry of patterns is
broken and should not be assumed at zero temperature [26]. We suggest in the
next subsection the hierarchical structure of the steady state at zero temperature.

The dotted line in fig. 2.7 is given by the a — 0 limit of eq. (2.4.113) for ¢ = «
M ~pBl—ac)— -1, (2.4.116)

where we used e *I;(ac) ~ (1 — ac)% 4+ O(a?). The stability condition for

symmetric mixtures for small o becomes

T>—, (2.4.117)

no| O

with 7= 3~ = T/c and & = ac.

In fig. 2.8 (left panel) we show Monte Carlo simulations of a system with

N = 10* spins, evolving according to a sequential Glauber dynamics with § =



2.4. Extreme dilution and medium storage regime

70

1.0

0.8

0.6

0.4

0.2

y
4

0.0
0.0 0.2 0.4 0.6 0.8 1.0

i

Figure 2.7: Phase diagram in the regime § = ~. In the parameter space (T, &)
the purple area represents the region where symmetric mixtures exist and are
stable, which correspond to A\; < 0. The area denoted by (H) represents the
region where we expect a hierarchical retrieval. The dotted line is given by the

small a behaviour of A; in eq. (2.4.117).

A

v=0.25,T =0.75, ¢ = 0.8 and = 1. This choice of the parameters corresponds
to the region in the phase space where symmetric mixtures are stable. Overlaps
with different patterns evolve to symmetric, non-zero values in agreement, up to

finite-size effects, with the values predicted by the theory (2.4.115).

In conclusion, pattern cross-talk appears in this regime as noise affecting the
random-walk distribution (2.4.106), which has the effect of shrinking the ampli-
tude of symmetric mixtures with respect to the regime without cross-talk. There
]5¢(z) crosses over to a delta function centered in z = 0 and amplitudes are given

by the Curie-Weiss equation (2.2.43).

Finally, let us briefly digress into the properties of the network analysed here.
It is, indeed, interesting to compute its percolation threshold for 6 =~ = 1. In
network theory we have a giant component in a graph G when the average number

of second nearest neighbours is larger than the average number of first nearest
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neighbours [46]. In this case, this condition is translated as follows
(ac?N'"7)? > ac®N'7 | (2.4.118)

as we have P = aN” patterns with probability <% of having a non-zero link with

N T clones. The condition reads

ac® > N1, (2.4.119)

In the regime v < 1, this condition is always satisfied for @ > 0, hence the
network is always above the percolation threshold for any value . In contrast, for
a = 0, which corresponds to the case § < -, the system is below the percolation
threshold and, as discussed in sec. 2.2.3, it separates into a set of independent
Curie-Weiss models. In chapter 4, we will instead analyse the case with 6 =~ =1
where the percolation threshold is given by ac? = 1. There, our approach will
allow us to predict the structure of states in two cases: (i) at 7' = 0 for ac? below
the percolation threshold (ii) at 7" > 0 and for values ac? below a T-dependent
threshold (see sec. 4.6.2).

2.4.1.1 Extending the hierarchical ansatz to the medium storage regime

As explained above, symmetric mixtures are unstable at low temperature.
It is not a priori clear how the symmetry is broken, however for 7' — 0 one
may expect that the system retrieves patterns in a hierarchical fashion similar
to the one found in the low storage regime. Reasoning as in [24,36,40], we may
assume that the system starts aligning its entries to the non-zero entries of the
first pattern, which are ¢cN'~7, sparing N — ¢N'~7 entries of o to align with the
c¢N'~7 non-zero entries of the second pattern and so forth. Hence, we have the

following expressions for the non-normalised overlaps M,, = ¢N'""m,,, with m,,
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Figure 2.8: Monte Carlo simulations of a system with N = 10* spins, v = 6 = 0.25
and a = 1 evolving according to sequential Glauber dynamics. We plot the
overlaps m,, with different patterns & as a function of time ¢. Left: T = 0.75,
¢ = 0.8. Red markers represent the values theoretically predicted by (2.4.115).
Right: T= 0.01, ¢ = 1. Red markers represent the values heuristically predicted
by the ansatz (2.4.121) at T' = 0.

as defined in 2.2.9:

M, =N,
M :i(N—cN1—7)=0N1—7(1—i)
TN Nv)
c 1— - 2 A71—2 1— c\?
My = (N = eN'™7 = eN'77 4 EN'721) = N 7(1—m> .

(2.4.120)

Proceeding iteratively, we arrive at the following heuristic general expression for

the normalised overlaps
c \"!
m,, = (1—m) , o p=1..., 0N | (2.4.121)
whose stability at 7" = 0 is given by the eigenvalues

Ao =BP(m,), p=1,...., N7,
Ay

BP(0), v=¢NT+1,...,aN" (2.4.122)
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where the distribution P(z) is defined in (2.2.41). As in sec. (2.3.2), the probabil-
ity P(0) is bounded by the probability of drawing & = 0, P,(0) > (1—cN~7)?N" ~
e=“® > 0, hence a necessary condition to have stability is o = ¢. Monte Carlo
simulations at small temperature support the validity of the ansatz (2.4.121) for
v > 0, with ¢ = « (see fig. 2.8, right panel). Remarkably, the first pattern of the

hierarchy is recalled without errors, besides the presence of cross-talk.

2.4.2 Strong interference for 6 > v

As the number of patterns whose dilution is insufficient is increased, the par-
allel retrieval capabilities of the system may be naively expected to get drastically
compromised. In this section, we will actually show that the patterns recall de-
grades only very slowly, highlighting the regions where symmetric retrieval is
stable. Here we consider P = aN° patterns, with § > ~, and we assume the

number of retrieved patterns to be n = 1 N°.

As in sec. 2.4.1, we analyse the stability of symmetric solutions of the form

m = m(1l,...,1,0,...,0). The amplitude of symmetric mixtures follows from

(2.4.115) as

m = Z P,(z) tanh <Bm(1 + z)> , (2.4.123)

where Py (z) = <5Z s 5V>£ is the discrete noise distribution. Using the integral
’ v=1
representation of the Kronecker-§ and averaging over &, the latter can be written

as

- ™d . _
Py(z) = / %e—wwm Tleosw=1) (2.4.124)

As for large N the integral above has most of its mass concentrated around w = 0,
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we can use a small-w expansion in the exponent, yielding

- Tdw .. ewNSTY o
P, = —e W T Y 2.4.125
o) = [ e (24.125)
Setting w — w/4/cty No=7 and extending the rescaled boundaries to infinity, due
to the fast decay of the exponential at large values of w, by Gaussian integration

we obtain

o= /2ch N2~
Py(z) = —F———. (2.4.126)

\/2me) NO—

Hence, in this regime the cross-talk between a large number of insufficiently
diluted condensed patterns appears as a Gaussian noise. The variance of the
Gaussian noise is given by LE = ¢y N°~7 and quantifies the interference level be-
tween patterns. The effect of interference on the symmetric mixtures is stronger
compared to the § = v regime, analysed in sec. 2.4.1, leading to smaller ampli-

tudes of the symmetric recall.

Analysing the statics of this system in the very same regime, an ansatz was put
forward [26] that symmetric mixtures were stable in all regions of the phase space
(T,4)). Our analysis based on a dynamical approach highlights the limitations
of the ansatz and its regime of validity. In particular, we anticipate that in the
limit of large interference, zﬁ > 1, symmetric mixtures become unstable and a

hierarchical recall is, instead, accomplished.

The linear stability analysis of the symmetric mixtures m = m(1,...,1,0...,0)
with 7 = 1 N° can be performed as in Sec 2.4.1, by identifying ¢ = ¢ N°~7. In

particular, we have

~

M~B(l—r)—1, with deg(\) =N, (2.4.127)

Ao~ f(l—7r)—1, with deg(Xs) = N(a—1p),  (2.4.128)
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with

ro= Zﬁp(z)tanhQ (Bm(l—i—d) ) (2.4.129)

r = pr(z)tanhQ (Bmz) : (2.4.130)

For T' ~ T, we get from equations (2.4.129) and (2.4.130),

3ecyy NO—7 2
S N —> , 2.4.131
R R Yy 1+ BN ( )
3ecty NO—7 1
~ Y (1- —) 2.4.132
T 1 3ecy N 6( 3cyNo— /) ( )

where we performed a series expansion for large N. From eq. (2.4.127), (2.4.128)

and the expansion above, we find

~_ ¢ N
)\2 = 3C¢N‘S*'y s deg()\Q) =N (Oé ’QZ)) . (24134)

For any large but finite N, symmetric mixtures near 7, are stable only if all com-
ponents are recalled, as A\; < 0 and Ay > 0. In this case we would have o« = v, i.e.
P = n, and the positive eigenvalue accounting for the stability of non-retrieved
patterns would disappear. In the thermodynamic limit, eq. (2.4.133)(2.4.134)
vanish, and stability cannot be assessed to linear order in €. In the low tempera-

ture limit, 7' — 0, we have, similarly to (2.4.113, 2.4.114),

r —1— Py(—1), A — BPy(1) =1, (2.4.135)

r—1— P,(0), Xy = BP,(0) —1 . (2.4.136)

Note that we used the symmetry Py (z) = Py(—z). For large N, Py (1) =~ Py (0) ~
NO=9/2/\/27ci) and we get

BNO=9)/2
V2rep
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Figure 2.9: Eigenvalue \; as a function of the temperature T, for a fixed 1/3 =
cy)N°~7 = 5. The red dashed line gives the theoretical prediction near the critical
temperature (2.4.133). The figure in the inset shows agreement with (2.4.137),

which gives A (T) — N%Q as T'— 0 (red marker).

hence for any large but finite N, both eigenvalues are positive and symmetric
mixtures are unstable, indicating that a hierarchical retrieval must take place. We
can compute Ao numerically from (2.4.127, 2.4.128) by using (2.4.129, 2.4.130)
where P,(2) is replaced with (2.4.125) and the amplitude m is determined from
(2.4.123). In fig. 2.9 we plot the eigenvalue \; as a function of T at a fixed value
of ¢, as well as the predicted limits for 7 — 0 and 7' — 1 given in (2.4.133)
and (2.4.137) respectively. We check numerically that Ay stays positive for any
temperature below criticality. A contour plot of the critical line where A\; = 0 in

the (7',7) plane is shown in fig. 2.10. In particular, we highlight the region (S)

where symmetric mixtures are stable and the (H) region where they destabilise.

In general, we expect that in presence of strong interference or at low temper-
ature the symmetry among patterns should be broken. However, in this regime,
it is more difficult to predict what the shape of the bifurcating solutions is, even
at low temperature, due to the presence of strong interference between patterns.
In particular, it is not a priori clear whether a hierarchical retrieval would involve

all patterns or just a fraction of them. Nonetheless, we can inspect the behaviour
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Figure 2.10: Phase diagram in the parameter space (7', 1) for the case § > ~. The
(S) area represents the region where the symmetric mixtures are stable, while the
(H) region is characterised by hierarchical states. The (S) region is obtained as
the contour plot of the equation A\; = 0 solved numerically together with equation
(2.4.123).
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Figure 2.11: Monte Carlo simulations with N = 10* spins. We plot the overlaps
m,, with different patterns {,, as a function of time ¢, for T = 0.015, ¢ = 0.8,
0=0.25 v=02and a=1.
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of the system by looking at the activation dynamics, described by

dg;u _ <tanh ( (m“ + ;5 my>> >€ —my, . (2.4.138)

Introducing the noise density P(z|{m,}) = <c5 (z - Zfﬁ §”ml,> >E we have (as
in sec. 2.2.3)

dm,,
dt

- /_ " d=P(=|{m,}) tanh (Bm+2)) =m, (2.4.139)

o0

The distribution can be written, using the standard manipulations introduced so

far, as

T dw . c
P(Z‘{m,,}) = / %elz"ﬂrz\m Zf#u(COS(WmV)*l) ) (2'4'140)

o0

At zero temperature, one may expect that the system shows an overlap O(1) with
a non-zero number of patterns. Assuming that the number of these condensed
patterns is O(N?) and the remaining (non-condensed) O(N?) patterns have an
overlap with the system configuration O(N 77_1), we can write the noise distri-
bution by splitting the contribution from the condensed (labelled by A) and the
non-condensed (labelled by p) patterns

( {my} f+oo c21w izw+ 355 Z (cos(wm,\)—l)eﬁ Zgi\lf (cos(wm,)—1)

_ f‘i‘oo dw gizwot 55 SN (cos(wma)—1) o= 37 i 20 mdu? . (2.4.141)

co 21

In the last step, we also Taylor-expanded the m,-dependent terms for m, small.

For large N we obtain

P(z|{m,}) ~ P(z|{my}) + O(N°71) . (2.4.142)
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Hence, the evolution of the non-condensed patterns is given, to leading order, by

dm,,

- :&/+mdzPQ4@nADtanh<30np+20>—wnp+IOUV&J),(2414$

—0o0

which depends on the noise distribution of condensed patterns {m,} only. Taylor-

expanding for small m, we obtain

W sy 5 [ el (1 tann (32)) 1] 0 2y

and for T'— 0 we get

dm,,

dt

~ m, | BP(O[{ma}) ~ 1] . (2.4.145)

As explained in 2.4.1.1, P(0[{m,}) > e~¥¢. This suggests that the non-condensed
solutions are unstable and the system will attempt to recall hierarchically all
patterns, as supported by Monte Carlo simulations shown in fig. 2.11. However,
the retrieval degrades with respect to that described in (2.4.121), valid at the
onset of pattern cross-talk, where the first pattern in the hierarchy was retrieved

without errors.

2.5 Summary

In this chapter, we analysed the dynamics of associative memories with diluted
patterns, in different regimes of pattern dilution and storage load (away from
saturation). Our aim was to understand the behaviour of the system in terms of

signals exchange between clones and cytokine patterns recall.

In particular, we have identified three regimes as highlighted in fig. 2.12: (I)
d <7, (II) 6§ =~ and (III) 6 > . In (I) there is no interference between cytokine
patterns, as these are relatively low in number and sufficiently diluted, so the
network behaves as a set of P independent ferromagnets each evolving according

to the Curie-Weiss equation. As a result, the parallel retrieval accomplished by
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P independent
Hopfield models

>
Y

Figure 2.12: Schematic phase space (7,0). In region I (§ < ), we have a set
of P independent ferromagnets and parallel retrieval is accomplished in a sym-
metric fashion. In region II cross-talk between patterns appears; the intensity of
symmetric recall is decreased due to the presence of a noise, whose distribution
is identical to the one of a lazy, unbiased random walker, and the region of sta-
bility of the symmetric retrieval is provided in the phase diagram (fig. 2.7). A
similar behaviour is found for 6 = v = 0, but the region of stability of the sym-
metric region shrinks (fig. 2.3), due to the noise distribution retaining a pattern
dependence (sec. 2.2.3). Finally, in region III, cross-talk effects are strong and
increase the larger 9 and the smaller . These decrease the strength of symmetric
retrieval via a Gaussian interference noise, and are seen to degrade gradually the
hierarchical retrieval of the network, which thus retains its parallel processing
capabilities.
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the system in this regime is symmetric for any temperature below criticality.

In (II) a pattern cross-talk appears and symmetric mixtures are no longer sta-
ble for all temperatures below criticality. We derived the phase diagram showing
their region of stability in the parameter space. The cross-talk between patterns
materialises on symmetric mixtures as a noise term affecting the distribution of
a lazy random walker, taking discrete steps at discrete time (for v = 0) and in
continuous time (for v > 0). The laziness of the random walker is due to pattern
dilution and removes the periodicity in the return times, which is responsible for
the different role played by even and odd mixtures, in the traditional (i.e. undi-
luted) Hopfield model, at zero temperature [29]. The region where symmetric
mixtures are stable is broad for v > 0, where the noise distribution is pattern-
independent, whereas the retrieval is mostly hierarchical for v = 0, where the

symmetry of patterns is mostly a close-to-criticality effect.

Finally, in (III), the effect of cross-talk on symmetric mixtures turns out to
be Gaussian noise, whose variance is directly related to the level of pattern inter-
ference, which decreases the quality of parallel retrieval. We derived the region
of stability of symmetric mixtures and showed that for large interference or low
temperature, symmetric mixtures are unstable. In particular, at zero tempera-
ture the system is able to retrieve all patterns in a hierarchical fashion, despite
the presence of strong interference may suggest that no retrieval is accomplished

in this regime [26].



There is a growing community of theorists who want, as
it were, more out of life. [..] We want to reconcile the
physicists desire for concise, unifying theoretical principles
with the obvious complexity and diversity of life.

W. Bialek, Perspectives on theory at the interface of

physics and biology

Towards a more realistic immune

system model

The immune system is, indeed, a beautiful and powerful machinery, able to per-
form multiple tasks simultaneously by coordinating the sub-parts that it is com-
posed of. In the previous chapters we described, for example, a simple model
that captures the ability of T clones to orchestrate the same-time activation of
B clones in the adaptive immune system. Yet, there is more to this description
that Nature has been able to create: from ingenious mechanisms to modulate the
immune response to smart and efficient ways to discern self-cells from external
pathogens and prevent unwanted activations. To this end, we propose here an
extended model of the adaptive immune system to incorporate some important
biological features of real immune systems. In particular, we will include the

features listed below.

(a) Receptor promiscuity: we introduce the effect of having B clones with a

variable number of receptors expressed on their surfaces, one of the most

82
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important mechanisms preventing autoimmune reactions and diseases. A
receptor editing process is, indeed, very commonly observed during the B
clones maturation, where self-reactive cells, which may be responsible for
the onset of autoimmune responses, are suppressed at an early stage of the

development by reducing their number of receptors [47].

Idiotypic interactions: we consider interactions between B clones, which
are not only able to recognise antigens, but also other B cells with com-
plementary receptors. In healthy situations, B-B interactions generate a
suppressive ”force” that must be overcome in order to induce an immune
response and may prevent unwanted activations [48]. According to recent
experimental studies [49-52] this so-called idiotypic network of interactions
seems also to play a central role in autoimmune diseases. In this case, it
supports a cascade of unwanted events such as autoantibodies production,

which recognise each other and modulate the immune response.

Antigens: we incorporate the effect of an external antigenic field acting on
the B-T system. In particular, we investigate the immunological memory [2],
i.e. the ability of the immune system to produce a more effective and faster
response at a second encounter with an antigen [1]. We also discuss how
the presence of infections may affect the immune system basal activity [53],
i.e. B clones activation due to the interactions with T clones in the absence

of external antigens, and surveillance.

In terms of modelling, we will use the techniques and the setting introduced

in chapter 2. In the next sections, we will discuss how we actually integrate

the new ingredients in the previous framework and the main results obtained.

We will analyse the system’s behaviour in different regions of the parameters

space, i.e. varying the number of clones and triggered receptors, noise level

or B-B interaction strength, through linear stability analysis and Monte Carlo

simulations.
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3.1 Adding new ingredients

The players involved in this model are, as before, T clones o; = +1, i =
1,...,N and B clones b, € R, = 1,..., P with the addition of antigens with
concentrations ¢, € R,a = 1,..., N (with respect to a reference level). Both the
number of B clones and the number of antigens are sub-linear in the system size N,
with P = N°% 6 € [0,1) and Ny = N* X €[0,1). In the absence of antigens and
interactions with T clones, the B clones’ log-concentrations b, can be regarded
as Gaussian variables (N(0,7) in absence of idiotypic interactions as shown in
chapter 2). The interactions between the i-th T clone and the p-th B clone,
mediated via the cytokines, are represented by the variables &' € {+1,—1,0},
respectively corresponding to receptor promiscuityexcitatory, inhibitory or absent
signals. We will regard those as random variables drawn from P({£}|q), which will
depend on the set of parameter q = (q1, ..., gp) tuning the receptor promiscuity
per B clone. Note that by setting q = ¢(1,...,1) we would recover the case with

fixed receptor promiscuity analysed in chapter 2.

The combined interacting system of B, T clones and antigens can be phe-

nomenologically described by the following Hamiltonian:

Na N 1 P
(o, bl€) = Zb (Z ban —i—Nl—WZ&‘aZ») 5 2 buAwhs . (3.11)
a=1 =1

pr=1

The first term takes into account the interactions between antigens and B clones
via the matrix 7¥, the second term is related to B - T interactions mediated by
cytokines, while the third one accounts for the effect of the idiotypic network,
i.e. B-B interactions via the matrix A,,. These interactions are schematically

summarised in fig. 3.1, 3.2. Assuming that the B clones log-concentrations evolve
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according to a gradient descent on the Hamiltonian (3.1.1), we have

d,  oH L - Iy
T = Sl = Dl £ N o= 5D Aby 4 xlt)
M a=1 i=1 v=1

(3.1.2)

where x,,(t) is a Gaussian white noise with (x,(t)) = 0, (x.(¢t)x.(t)) = 279,,,0(t—
t') and strength 7' = 1/5. Hence, the log-concentration of the u-th B-clone is
directly affected by this new interaction mechanisms, i.e. B clone-antigen and B-
B, decreasing or increasing depending on the processes and type of interactions

(excitatory or inhibitory).

B cells T cells

Antigen “ '7 .A 6 (ﬂ ‘J’

.,
0
‘e

o)

Figure 3.1: Schematic interactions between B, T clones and the antigen A. In
the presence of an antigen with concentration v, the complementary B clone
will detect it (B-A interactions mediated via the matrix 1) and will receive a
confirmatory signal from the active T clones (represented by up arrows) via the
cytokines &' .

Assuming as in chapter 2 that B clones are faster than T clones and that T

clones minimise the same energy function (3.1.1), we can introduce a Glauber

sequential dynamics with transition rates

wi(o) = % [1— o;tanh (ﬂhfﬁ(a))} (3.1.3)

and effective fields

M (o) = N (MTATE + 4 nA e (3.1.4)
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Figure 3.2: Scheme of B-B and B-A interactions. Antigens and B clones are
denoted by variables 0,1 representing the shape of their receptors. Different B
clones excite each other and each of them represses itself, while the antigen will

excite complementary B repressing the identical one (0-0).

The dependence on o is through the vector of magnetisations M? = (M, ..., Mp),

where

1 N
My(0) = 5 > ol (3.1.5)

i=1

Here 9" = (¢1,...,%,) represents the set of antigenic fields and we denote M7
and 97 the transpose of M and ) respectively. The matrix n encodes the
interaction between antigens and B clones, while A refers to the B-B interactions.
As shown in sec. 2.2.1.1, from the microscopic probabilities p;(o) of finding the
system in state o = (01,...,0n) we can write the dynamics for the B clones
activation (magnetisations), described by the probability of finding the system in

a macroscopic state M' at time ¢, namely
P(M) = " pi(o)5(M - M(a)) . (3.1.6)
o

Finally, via a Kramers-Moyal expansion for large system size and away from
saturation, it is possible to show that P;(M) evolves according to a Liouville

equation, as shown in ch. 2 for the corresponding P;(m) . Hence, it follows that

!The attentive reader will have noticed the different normalisation of the overlaps in (3.1.5),
compared to ch. 2. For convenience we work here with dilution-dependent overlaps and we will
normalise them later, depending on the choice of dilution.
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M evolve deterministically with a dynamics described by

dM

- = <§Ttanh (3 (MTA'E + 4" CE)] >£ -M, (3.1.7)

where C = nA~! and (-) ¢ denotes the average over the distribution P(&|q). The

choice of the distribution will be specified in the following.

In the next sections, we will consider the following cases:

e in sec. 3.2 we study only the effect of receptor promiscuity, in the absence

of antigens (1p = 0) and idiotypic interactions (A = 1);

e in sec. 3.3 we consider the effects of idiotypic interactions in the absence of

antigens (¢» = 0) and with homogeneous promiscuities, i.e. q = ¢(1,...,1);

e in sec. 3.4 we analyse the effects of antigens (¢ # 0) in the absence of

idiotypic interactions (A = 1) and with homogeneous promiscuities, i.e.

q=c(1,...,1).

In each of the sections mentioned above, we will consider the low storage
regime and finite dilution, i.e. P = 2 patterns and v = 0, and the medium load

with extreme dilution, i.e. P = aN? patterns and 6,7y > 0.

3.2 Effects of receptor promiscuity

We first consider the case where there is no antigen ¢, = 0 V a, and no B-B
interactions i.e. A = 1, and we focus on the effect of having a variable number
of triggered receptors on different B clones, i.e. heterogeneous ¢,. The receptor

promiscuity is introduced in the model via the cytokines or patterns distribution.
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We will regard the cytokines as P random variables drawn from

q q
Blela) = [T [ 2 (e + ) + (1= 25 )] . 0= OV i,
I

(3.2.8)

where the ¢,’s are drawn from a given distribution. The expected number of
triggered receptors of the p-th B-clone is given by n# = {4 N. All clones have a
sub-extensive number of receptors O(N'~7), while ¢, finely tunes the interactions
promiscuity. Experiments [54] suggest that the number of receptors in T cells have
to be at least ~ 8000 in order to be activated, whereas N = O(10%). The fraction
of non-zero B-T links determines the degree of dilution of the system: for v =0

the system is finitely diluted, whereas for v > 0 the system is extremely diluted.

3.2.1 Dynamical equations for B clones activation

In order to compare the activation of B clones with different numbers of
receptors, it is convenient to look at the activation per receptor, given by the
normalised order parameters m, = M,/q,, ¢ = 1,..., P, which take values in

the range [—1, 1] for all clones u. The dynamical equations (3.1.7) then read

dm N7 &
dt# _ I<§u tanh <ﬂ;q,,fumy> >£ —my (3.2.9)

where the average is taken over 3.2.8. At the critical temperature T, = ¢y, Where
gmax = Max,|q,|, the system undergoes a phase transition, with the equilibrium
phase at T > T, characterised by m = 0, and B clones activation (m # 0)
occurring for T' < T,. At the steady state (dm/d¢ = 0), we have

p
my, = ol <§“ tanh (B Z q,,{”my> > . (3.2.10)
qu v=1 €
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Taking the scalar product with m and using the inequality | tanh z| < |z|, yields
N L P P

m” < q—ﬁZmu Y am € e =B qum;, < Bmaxm® . (3.2.11)
Eoou=1 =1 p=1

This implies m? = 0, hence m = 0, for B¢m.x < 1, meaning that none of the B
clones get activated for noise levels above the critical value T > qpax. Although
m = 0 is a steady state solution of (3.2.9) for any value of T, a linear stability
analysis shows that it becomes unstable for T < quax. To this end, we compute

the Jacobian of the linearised dynamics about the steady state m* = 0

_ 0FY (m)
 9m,

Tuw

NY P
, F{P(m) = “ <s“tanh (6 > §”qumu) >£ —my
v=1

‘m:m*

(3.2.12)

which gives

P
T = N;_Bq” <§”§“ [1 — tanh? (ﬁZﬁ”q,mzZ)] > — O (3.2.13)
§

H v=1

Substituting m* = 0 we get J,, = (8¢, — 1)d,. The largest eigenvalue, which
gives the stability of m* = 0, is Anax = Bgmax — 1. This becomes positive for
Bmax > 1, showing that non-zero solutions m # 0 will bifurcate away from

m=0 at T = guax-

In the next sections, we will inspect the structure and the stability of the
bifurcating solutions first for the case with two B clones (sec. 3.2.2) and then for
the general one with P B clones (sec. 3.2.3). Results in sec. 3.2 will show that cells
with few receptors may be transiently activated but fail to sustain the signal even
if strongly excitatory (fig. 3.3). The receptor promiscuity affects both the immune
response strength and the critical temperature at which they get activated: both
decrease with the number of triggered receptors. In addition, competition emerges

between B clones to be activated. As the number of activated B clones increases,
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signalling pathways to inactive clones get more noisy due to the interference of
active clones. Therefore, the critical temperature for the activation of inactive

clones is a decreasing function of the fraction of active clones (see eq.(3.2.67)).

3.2.2 A toy model with two B clones

Here we study a toy model with P = 2 B clones, and assume ¢; > ¢». For v >
0, this model reduces to two independent Curie-Weiss ferromagnets, with critical
temperatures ¢; and ¢y respectively (see discussion in sec. 3.2.3). Hence, the most
interesting case is obtained for v = 0. The state m* = (0,0) is the only steady
state of the system for T' > ¢y, but it destabilises for T' < ¢;. To investigate the

system’s behaviour below criticality, we numerically solve its dynamical equations

% = (1 — go) tanh(Bgymy) + %[tanh(ﬂ(qlm1 + gams))+
+ tanh(B(q1m1 — gama))] —ma (3.2.14)
% = (1 — q1) tanh(Bgams) + %[tanh(ﬂ(qlm1 + gams))+

— tanh(B(g1my — gama))] — may . (3.2.15)

In fig. 3.3 we show the flow diagram and the stable fixed points of the dynamical
system at different temperatures: first, we notice that B clones with a higher
promiscuity produce a higher immune response (m;), whereas a lower promiscuity
q, results in a lower or null activation (ms), depending on the temperature.
Hence, the number of receptors on B clones surface affects their responsiveness.
In particular, if T" is high, only clones with the highest number of receptors are
activated and the system’s fixed point corresponds to the pure state m; # 0, my =
0. Lowering T induces the activation of clones with fewer receptors but with a

lower intensity (m; > mg).

Theoretical results are consistent with Monte Carlo simulations, shown in
fig. 3.4. In addition, Monte Carlo simulations are in qualitative agreement with

experimental results [54] showing that clones with very few receptors are triggered
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transiently but fail to remain active in the long run. Fig. 3.5 shows that our model
can qualitatively reproduce this effect: clones with few receptors (green) have a
lower activation even if triggered by a strong signal (initial condition) and tend
to be switched off after a short transient, conversely cells with a higher number of
receptors (blue) produce a strong immune response, even if triggered by a weak

signal (initial condition).
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Figure 3.3: Phase portrait of the dynamical system (3.2.14, 3.2.15) for ¢; = 0.6,
¢2 = 0.4 at low temperature 7" = 0.01 (left) and high temperature 7' = 0.2 (right).
Blue lines represent null-clines and stationary states are at the intersection of

null-clines.
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Figure 3.4: Monte Carlo simulations with 10* spins for ¢; = 0.6, go = 0.4 at low
temperature 7' = 0.01 (left) and at high temperature 7' = 0.2 (right). Markers
represent the numerical solutions of (3.2.14, 3.2.15) .

Analytically, we can investigate the structure of the first states to bifurcate

below T, by expanding the steady state equations, obtained setting dm, »/dt =0
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Figure 3.5: Monte Carlo simulations with N = 10* spins, with ¢; = 0.6, ¢ = 0.4
at T' = 0.2. Clone activations mi, ms as a function of time for different initial
conditions. Clones with few receptors [go (green)| fail to get activated even if

triggered by a strong signal.

in (3.2.14, 3.2.15), for small my, my, close to criticality, i.e. at B¢ = 1+ €. We

get as possible solutions

3
m? =3e—3L2m2 (3.2.16)
ai
2 3 3
m2 =30 (14— 3l 302 (3.2.17)
q5 qs a5

as well as my; = 0, mg = 0. Solution (3.2.17) is not physical as it remains O(1)
at ¢ = 0 for ¢1 # ¢o, hence my = 0. Inserting my = 0 in (3.2.16), we get
m? = 3e. Hence, the first state bifurcating away from m = (0,0) is in the form
m = (v/3¢,0). At high temperature (below criticality) only the clone with the
highest promiscuity is switched on. For ¢ = ¢ we clearly retrieve the results
presented in chapter 2 and both B clones are activated with the same intensity

below criticality.

It is, then, interesting to understand in which region of the phase space clones
with lower promiscuities become responsive. Naively one might expect that mso
becomes active at T" ~ ¢o. In reality, heterogeneities in the clone promiscuities

deeply affect cell responsiveness and cells with fewer receptors will remain quies-
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cent even at very low 7. By Taylor-expanding (3.2.9) for small ms in powers of

€ = 28 — 1, we obtain

my = tanh(fgymy) ~ tanh <2m1> : (3.2.18)
a2
e
mj = 3e — 35mj . (3.2.19)
42

Since my is O(1), the non-zero solution for msy is impossible close to T = ¢o.
The pure state m = (my,0) will then have a wider stability region, which can be

found by analysing the eigenvalues of the Jacobian (3.2.13) at m* = (m,0),

A = Baqr — Bar tanh*(Bgimy) — 1, (3.2.20)

Xy = Bga — Bq1gz tanh®(Bgymy) — 1. (3.2.21)

Analytically we can calculate Ay o near 7"~ 0

A~ -1, (3.2.22)

Ao~ Bgo — Bgrge — 1, (3.2.23)

and near T, i.e. at fgu =1+¢

A~ —2€ (3.2.24)

—3 —
N BEXRTNR TG 2y (3.2.25)
a1

For intermediate 1" we compute \; o numerically. Plots of the eigenvalues as a
function of the temperature are shown in fig. 3.6, where the theoretical predictions
for T'~ 0 (3.2.23) and 7" ~ T, (3.2.25) are highlighted. We note that \; < 0,V T,
hence the stability of the pure state is determined by the sign of A\y. In fig. 3.7 we
show a contour plot of Ay = 0 in the T"— @5 plane fixing ¢;. The linear behaviour

can be understood as follows. In the pure state region we have, using the steady
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Figure 3.6: Eigenvalues (3.2.20),(3.2.21) as a function of 7" for ¢; = 0.8 and
g2 = 0.7. Left: \;, the red dashed line represents the behaviour near 1" ~ T,
(3.2.25). Right: AT, the red marker represents the limit at 7'~ 0 (3.2.23).

0.8

0.6

g 0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8
T

Figure 3.7: Phase diagram in the space (T, ¢2) fixing ¢; = 0.8 obtained from
the condition Ay < 0 (3.2.21). The dotted line represents the theoretical critical
temperature (3.2.28). In the (PS) region the pure state is stable (m; # 0,mq =
0). At low T, B clones are hierarchically activated (H).

state equation m; = tanh(Sg1mq),

A =Bqp(l—m?) -1, (3.2.26)

Ay = Bga(l — qumi) — 1. (3.2.27)

As T decreases (below go) my increases, so that the eigenvalues stay negative and
the stability is ensured, until m; reaches its maximum value m; = 1. At this

point, a further decrease of the temperature will make Ay positive, destabilising
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the pure state, and a new state (mq, ms) will take over. The temperature at which
bifurcations from the pure state are expected is thus found from the condition

/\Q(T, my = ].) = O, as

T=g¢l-q), (3.2.28)

which is in agreement with the critical temperature computed numerically (fig.
3.7). Deviations from the linear behaviour are expected in the regime ¢; ~ go,
where a symmetric activation occurs for ¢; < 1/3, as shown in ch. 2. In fig.
3.8 we plot my, ms as a function of ¢, in the (PS) region (left) and crossing the
critical line where ms becomes non-zero (right). In the latter region, i.e. for
¢ > T/(1 — ¢1), the stable state is m = (1,my) where my is the T-dependent
stationary solution of (3.2.15) at m; = 1. In particular, for 7" = 0 the stable state

18

my=1, (3.2.29)

mo = 1-— q1 , (3230)

in agreement with simulations and flow diagrams (fig. 3.3, 3.4). In conclusion,
the system can activate clones with different numbers of receptors simultaneously
for T < q2(1 — ¢1). The activation is hierarchical (H), with clones with higher
promiscuity being prioritised with respect to the others. In particular, clones
with the highest number of receptors are activated with the strongest possible

signal in a wide region of the phase diagram.

3.2.3 The case of P B clones with a variable promiscuity

In this section, we study the case where the number of B clones is P = N?

with € [0,1), and N is the number of T-clones. The dynamical equations are

P
dg;‘u = ];[—:<§“ tanh (5; q,,{”my> >£ —my , (3.2.31)
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Figure 3.8: Plot of mi,ms as a function of ¢o. Left : We consider ¢; = 0.8 at
T = gy, following the magnetisations in the (PS) region with m = (m4,0). Right:
For ¢ = 0.8, and T' = 0.01,0.05, 0.1, 0.3 we show the bifurcation of msy, while m;

has already reached its maximum m; = 1.

which can be rewritten, averaging over non-zero values of ¥, as

P
dg;u — <tanh (5 (C]umu + Z%f”my>> >£ —my . (3.2.32)

vER

Introducing, as done in sec. 2.2.3, the noise distribution P,(z|{m,, ¢, }) = <5 <z — Zl];# f”qymy>>

on clone p, we have

dgzu _ /+Oo dzP,(z|{m., ¢, }) tanh (B(q,m, + 2)) —m, , (3.2.33)

where P,(z|{m,, ¢, }) can be written, using the Fourier representation of the Dirac

delta and carrying out the average over &, as

“+00 dw . P o
P;Uf(zl{mlu ql/}) - / %elzw H e_lw§ quvmy
_ ¢

00 VEW
+oo

_ / (;_weizwezf;u]%[cos(wqumu)—”‘ (3.2.34)
oo 2m

If v > 0, extending the sum in the exponent to all patterns will add a negligible
contribution O(N~7) in the thermodynamic limit, hence, as N — oo all clones

will have the same noise distribution

P.(z|{my,q,}) = Pp(zlm,q) = <5 (z - Zq,,f”ml,> > . (3.2.35)
v=1 6
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We note that the sum on the rhs of (3.2.35) is at most ~ O(N°~7), hence for
d < 7 it is negligible in the thermodynamic limit. This yields Pp(z|/m,q) — 6(2)
as N — 00, so that equations (3.2.33) decouple and the system reduces, for 6 < 7,

to a set of indipendent Curie-Weiss ferromagnets, each evolving according to

dm,,
dt

= tanh(8q,m,) —m, . (3.2.36)

At the steady state, each B clone 1 becomes active at its own critical temperature
T, = q, independently of the other clones (fig. 3.9, left). In contrast, for 6 >
the noise distribution Pp(z|m,q) has a finite width, due to clonal interference,
and the equations for the evolution of clonal activations are coupled. In this
regime, clones compete to be activated and the ones with fewer triggered receptors

will fail to get switched on (fig. 3.9, right).

In the following section, we will analyse the effect of receptor promiscuity in
the regime of competing clones. In particular, we will show that clonal inter-

ference affects both critical temperature and intensity of B clones activations.

1 1
0.8r
0.5
0.6f
m 0 M 0.4
u
-t 1 ~0.2
0 5 10 15 20 5 10 15 20

Figure 3.9: Monte Carlo simulations with N = 10* spins, ¢, = (0.7)*¢. T = 0.01,
q = 6. Left: 6 =0.2,7 = 0.25. In the non-competing regime (§ < ) all clones
are activated. Right: § = v = 0.25. In this case only few clones with the highest

promiscuity are active.
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3.2.3.1 Bifurcations near the critical temperature and stability region

in the regime of competing clones.

In this section we study the bifurcations away from m = (0,...,0) below the
critical temperature T, = quax. Without loss of generality, we assume ¢uax = ¢1.
We Taylor expand the steady state equations obtained by setting dm,,/dt = 0 in
(3.2.31), for small m, at Bg1 = 1+¢

P P
NY 3} N7 33
My =B (€ ) gmy — — QoD (E1€ EPEY) gmimym
Q. v=1 A v,p,A=1
Bq, W
= Bq,m, — g Nmi Sy Nleu Zmiqz . (3.2.37)
PEN

For any p, m, = 0 is always a solution. Non-zero solutions are given, for 1 = 1,
by
3
Bar—1— CRENS —q1 Zmpqp -0, (3.2.38)

3

which at S¢g; = 1 + € and for large N yields

mi = Z maq . (3.2.39)

p>1
For u # 1, we have
B, B,
By — 1= —zFmy + Srmy, — qM Zm (3.2.40)
p>1
which gives, for N — oo and to O(e"),
2 _ 3 N
m = 56— ) - Zmpqp +ONT). (3.2.41)

H /J' p>1
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Summing over > 1 we get

P 3 L jo
> muag; <1+ qup) = S(Z(qu — ql)) . (3.2.42)
p>1 p>1 u>1

Since ¢, < q1, Ypu > 1, this equality can never be satisfied, showing that m, =
0,Vu > 1. Substituting this result into (3.2.39), we find m? = 3¢, hence the first
state to bifurcate away from m = (0,...,0) is m = (v/3¢,0,...,0).

The stability region of the pure state m = (my,0,...,0) can be found by
inspecting the sign of the eigenvalues of the Jacobian of the linearised equations
of motion about the steady state. For a steady state with the general structure
m = (my, ma,...,my,,0,...,0), where n is the fraction of activated clones, the

Jacobian (3.2.13) has a block structure, where diagonal terms are, for < n

vEp

T = Bau | 1 — <tanh2 (ﬁ (qumu + Zg”q,,m,,>) > -1 (3.2.43)
3

and for u >n

T =Bq, | 1— <tanh2 (ﬁif”qymy) > —1. (3.2.44)
v=1 £

Off-diagonal elements are, for u,v <n

T = —% <tanh2 (5 Zg”qymy> > —-1 (3.2.45)
v=1 é’

and J,, = 0 otherwise. For N — oo the matrix becomes diagonal with eigen-
values A\, = J,, given by (3.2.43) for p1 < n and (3.2.44) for 4 > n. In the pure

state m* = (my,0,...,0), where only one clone is activated, we have

A = Baqi (1 — tanh*(Bgima)) — 1, (3.2.46)

A = Bau (1 - <tanh2(ﬁ§1q1m1)>$> -1, p>1. (3.2.47)
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Near the critical temperature T, = ¢, setting Bq; = 1 + € and using m? ~ 3e

gives

Mo=6g —1-3mig = -2<0, (3.2.48)

Mo =By — 1= Bqiqu((€)Pmig = (1 + e)‘;—‘l‘ —1, p>1,(3.2.49)

showing that for g, < ¢ the pure state is stable near criticality, as opposed to
the case ¢, = ¢ = ¢, Vu studied in ch. 2, where all clones are activated with
the same intensity below T.. In the opposite limit 7" — 0, we get from (3.2.46,
3.2.47)

A1

12

-1, (3.2.50)

q
ﬂqu<1—N—{y)—1zﬂq“—1, n>1, (3.2.51)

12

showing that the pure state is unstable at low temperature.

Indeed, decreasing the temperature below ¢, we expect clones with fewer
receptors to get active. In particular, at 7' = 0 we expect all clones to be activated,
in a hierarchical fashion. Similarly to the case with no promiscuity analysed in sec.
2.4.1.1, the system sends the strongest possible signal to the clone with maximum
promiscuity, while the clone with the second highest promiscuity receives signals
from the remaining N —q; N1~ spare T clones and so on. Considering the overlaps

M, = q,N'"""m,, we have that

M, = ¢ N7

N7

— 1—y _ _
M3 = Q3N (1 N'7> (1 N'7>
o112 _
(1) (1) (1 ).

My = qu”(l -
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Figure 3.10: Monte Carlo simulations with N = 10* spins, ¢, = (0.7)"q. T =
0.001, ¢ = 6, 6 = v = 0.25. The markers represent the theoretical predictions at
T =0 in eq.(3.2.53).

This leads to the following heuristic rule for noiseless clone activations

pn—1
"
m#:H<1—ﬁ), pn=1,...,P (3.2.53)

J=1

in agreement, up to finite size effects, with Monte Carlo simulations shown in fig.

3.10.

3.2.3.2 Sequential B clones activation: critical temperature and in-

terference effects.

In this section, we calculate the critical temperature at which clones p© > 2
with fewer receptors get activated. We focus on the regime of clonal interference
d > v, asfor & < yeach clone i gets active at its own critical temperature T, = g,,.
Without loss of generality we can set P = aN7 for 6 > 7, where a« =1 for 6 =~
and a — oo for 0 > . In the following we will consider ¢; > ¢qo > --- > qp.
Assuming that m bifurcates continuously from the pure state, we can Taylor

expand (3.2.31) at the steady state for small m,, with v # 1, while m; = O(1).
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For pu # 1 we have
N7 "
m, = q—<§“ tanh (ﬁ(élqlml + Zq@”m,)) >€ (3.2.54)
K v=2

P
= <tanh (ﬁ <£1q1m1 + quf”m,,)) >£ , (3.2.55)

where in (3.2.55) we averaged over & # (. Taking the average over &' # 0 we

have
o= (1= ) (ot (ﬁé%f“%) >£+
2?\1[7 (< tanh (5 <q1m1 + i%é”%) )>E+
+ <tanh (5 (—q1m1 + ;P;qyg”my>) >£) : (3.2.56)

Indeed, Taylor-expanding in (3.2.56) for small {m,} we have

P

2?\77 (<5ﬂ tanh (5 (qlml + ; qyﬁ”my> )>£+
P

+ <£” tanh (ﬂ <—q1m1 + ZQngﬂ”LZ,)) >€) ~
v=2

2;\], (tanh(Bqima) + B(1 — tanh*(Bqim)) <qu€ my>£+

v,p=2

+ B2(tanh®(Bqym,) — tanh(Bqym,)) < Z q,,qul’fpmymp> : (3.2.57)
§

= O(N~7) and <Zf:2 ql,é”ml,> = 0. Hence, the

with <Zyp 2 Q8" E" mump> 13

leading term is given by

§

~ <tanh (5 Z q,,f”m,,) >§ +O(N7) . (3.2.58)

v=2
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Expanding for small {m,}, the leading term one obtains

P P
v /83 v
m, =~ Z aA€"") gmy — = Zﬁé“é E9EM) gmymymad, 4o
v= p,V,
B 5 Faam.
=~ Bgumy, — —g = o= ) apmy (3.2.59)
pFER

The solutions are m, = 0, or

B, B
L= Ba, = —gtmy = —F > gy (3.2.60)
pPFI

Hence, for 1 — B¢, > 0, m, = 0 while for 1 — 8¢g, < 0 the p-th clone may
be activated. Hence, the first state to bifurcate away from the pure state is
m = (my,ms,0,...,0) at T'= ¢o. Its amplitude at fgo =1 — € is

3‘]? 2

2
—1m

1
GNY

ms; ~ 3€ — (3.2.61)
ie. m3 = 3¢ + O(N7). Lowering T below ¢z we expect that the clones will
activate sequentially one after another, each at its own temperature. In particular,
assuming m; o = O(1) and repeating the reasoning shown above, we have for

o> 2
P
m, = <tanh (Bquf”m,,) > +O(NT), (3.2.62)
v>2 5
and expanding for m,~, small at T" < ¢o shows that mg becomes non-zero at

T=qgs+O(NT).

Generalizing to n < N7 activated clones my,...,m, = O(1), we have for

m>n

m, = <tanh <5 qu,f”my> >£ +O(nN), (3.2.63)

v>n
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giving as bifurcation temperature T,, = ¢,+O(nN~7). As the number of activated
clones increases, their cumulative effect on the activation temperature of the
remaining clones increases and can no longer be neglected for n = O(N7). The
activation temperature of pattern n+1, when n ~ N7 clones have been activated,

can be computed from

Mpi1 = <tanh (6 (qn+1mn+1 + Zq,,f”my>> >£ ) (3.2.64)

v=1

Inserting [ dzd (z — Y_I_; ¢,€"m,) = 1, we obtain

Mpy1 = /dan(z]m,q) tanh(B(gni1mns1 + 2)) (3.2.65)

with P,(z|m, q) defined in (3.2.35). Taylor expanding for small m,; we have,

to leading order

Mpy1 = /dan(z|m, q) {(1 — tanh®(82)) Bgni1mMni1 + O(m2, )| , (3.2.66)
where we have used P,(z|m,q) = P,(—z|m,q). One solution is m,; = 0 and a
non-zero solution is possible when

1
1 — [dzP,(z|m,q) tanh*(Bz) -

Ban+1 = (3.2.67)

For n < N7, P,(z|lm,q) = 0(z), and we retrieve 3¢,.1; = 1 for the temperature
at which m,, ;1 becomes non-zero. For P, (z|m, q) having a small but finite width
we can use tanh(fz) ~ fz

(=)

S Bm?
gqn+121+2_21+w

, 3.2.68
Ani1 quH-lN’y ( )

showing that T},.1 < ¢,+1 and deviations from ¢,,; depend on the promiscuity
distribution of the activated clones. Equation (3.2.67) shows that as more clones

are activated, these create an interference, encoded in P,(z|m, q), which decreases
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the activation temperature of the inactive ones. Furthermore, it suggests that the
number n of clones that the system can activate (i.e. the number of O(1) order

parameters m,,) at small but finite temperature is O(N7).
3.2.3.3 Numerical examples.

In this section we test (3.2.67) and look at the effect of receptor promiscuity
on the intensity of B clones activation, for three simple cases that can be treated

analytically, with ¢; > ¢» and P = aN":

(i) a=(q1,¢2,--.,q2): only one clone has a higher promiscuity;

(i) 9= (q1,---,q1,G2,---,q2): half of the clones have promiscuity ¢;, and half

have promiscuity go;

(iii) 9 = (q1,-.-,q1,q2): only one clone has a smaller promiscuity.

Our goal is to analyse the increasing interference effect due to the activated
clones with more receptors on the quiescent ones with less receptors. According
to (3.2.67) active clones should play the role of interference terms that lower the

critical temperature of the quiescent clones.

(i) Near T, clones with the same promiscuity will be activated with the same
intensity, as discussed in chapter 2. In this case the activation vector bifur-
cating away from the pure state will have the form m = (my, mo, ..., ms),
where mq, mo are the amplitudes associated to clones with promiscuity ¢

and ¢y respectively. The amplitudes m; and msy , computed from the steady
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state in (3.2.10), are

N7 ul
my = —<§1 tanh (ﬁ (flth + 2 Zﬁ”ml,)) >
gl v=2 €
P
= <tanh (5 <Q1m1 + gomo qu>> >£
v=2

= Z Pp_1(z|q) tanh(B(qimy + gamy2)) . (3.2.69)
For my we obtain

mog = Z PP—2(2|01) (tanh(B(q:&'my + gama(1 + z))))er

= 3 Proa(zlq) tanh(Bems(1 +2) + ON ) . (3:2.70)

Analogously to sec. 2.3.2.1 (eq. (2.3.77)), we have introduced here a discrete

noise distribution of the form

Pp(z|q) = <5Z,25:15»> (3.2.71)

¢
Using (3.2.34) and P = aN7, we can write Pp(z|q) = e %I, (ga) where
I.(z) is a modified Bessel function of the first kind [45] and Pp_;(z|q) =~

Pp_5(z|q) =~ Pp(z|q). The activation temperature of the clones with smaller

promiscuity follows from Taylor expansion of (3.2.70) for small msy giving

m = 3 Pro(zla) {5q2m2<1+z>—§<5q2m2>3<1+z>3 +O(NT)

1
= Bgamg — §<5Q2m2)3(1 +3(2%) + O(N7)
1 .
= Bgams — §<5Q2m2)3(1 +3aqz) + O(N77) (3.2.72)
where we used the parity of Pp(z|q) = Pp(—2|q) Vnand (2?) =3 Pp(z|q)2* =

aqe. For P = 1 we retrieve Sgy = 1+O(N~7) for the activation temperature

of my, consistently with (3.2.67). The activation intensity at Sg, = 1 + €
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follows from (3.2.72) as

3€

= 3.2.73
14 3(]20& ’ ( )

mao

as one expects for clones with homogeneous promiscuity ¢, as derived in
chapter 3 in eq. (2.4.101). In fig. 3.11 we plot the amplitudes m;,ms
resulting from (3.2.69, 3.2.70), as a function of the temperature (right) and
those resulting from Monte Carlo simulations, as a function of time (left).
The simulations are in agreement with the theoretically predicted steady

state in (3.2.69), (3.2.70). A contour plot of my = 0 in the T' — ¢ plane,

m1

1.0

m2

0.8

0.6

0.4

0.2

t 0.2 0.4 0.6 0.8 l.OT

Figure 3.11: Left: Monte Carlo simulations with N = 10* spins, § = v = 0.25,
T =03, ¢¢ = 0.8, g2 = 04. We plot the magnetisations as a function of
time at fixed temperature; the markers are the theoretically predicted symmetric
steady state activations for mj, my from the dynamical system (3.2.69, 3.2.70).
Right: Full temperature dependence of the steady state solutions mq, mo of the
dynamical system (3.2.69, 3.2.70) for ¢g; = 0.8, ¢2 = 0.4.

computed numerically from (3.2.70), is shown in fig. 3.12. Deviations from

the line T' = ¢y are consistent with finite size effects N77.

In conclusion, the presence of one clone with a higher number of receptors,
does not affect, in the thermodynamic limit, the activation temperature nor

the activation intensity of clones with fewer receptors.

(ii) In this case we expect a transition from the state m = (mq,...,my,0,...,0)



3.2. Effects of receptor promiscuity 108

00 02 04 06 08
T

Figure 3.12: Contours of constant my with q = (¢1,¢2,...,¢2), ¢1 = 0.8. The
contour indicating the onset of a non-zero value of my is in agreement with the

theoretically predicted blue dotted line T = ¢s.
tom = (my,...,my, mag,...,ms), with

my = Z PP/2(21’Q)15P/2(Z2|(1) tanh(B(qrmi (1 + 21) + gemaz2)) |

21,22

me = Z Pp/g(zl|q)]5p/2(zg|q) tanh(B(gama(1 + 2z2) + g1miz1)) . (3.2.74)

21,22

The temperature at which the onset of non-zero msy occurs can be found by

Taylor expanding (3.2.74) for small my with m; = O(1)

me = Z Ppys(21]a) Prja(22]q) |:tanh(6(hmlzl)+

21,22

+ (1 — tanh?(Bgimy21)) Bgama(1 + 20) + O(m3) | =

= ﬂq2m2 Z PP/2(21|q)(1 — tanh2(ﬂq1mlzl)) (3275)

21
giving my # 0 for

1
1=, Ppja(z]q) tanh?(Bgimy 2)

Bas (3.2.76)

The theoretically predicted critical line (3.2.76) is in good agreement with
the contour plot of my # 0 in the T — ¢y plane, shown in fig. 3.13 (left),
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Figure 3.13: Contour plot of my in the (7, ¢2) plane for q = (q1,...,q1,¢2, ..., ¢2)
(left) and q = (q1,...,q1,¢q2) (right) with ¢ = 0.8. The blue dotted line rep-
resents the theoretical critical temperature line computed using respectively the
self-consistent equations (3.2.74) (left) and (3.2.78)(right) together with the the-
oretical predictions for the critical temperature (3.2.76)(left) and (3.2.81)(right).
Deviations from the numerical results when ¢» ~ ¢; are due to the fact that

(3.2.67) is obtained assuming my < my, condition which is not satisfied when

g2 =~ q1.

computed numerically from (3.2.74). The plot shows that in the presence of
O(N7) clones with higher numbers of receptors, the activation temperature

of those with smaller promiscuity ¢ will deviate from the line T' = ¢s.

(iii) This is the case where deviations from the line T' = ¢o are expected to be

the largest. The steady state equations for the magnetisation read

N7 &
my = —<§1 tanh (ﬁ <§1q1m1 T quﬁ”my» >
gl v=2 S
P
= <tanh <B <QIm1 + Z qllfllmll>> >E )
v=2

(3.2.77)

where in the last line we are averaging over &' # 0. Separating the con-

tribution of the only clone with promiscuity ¢, and introducing the usual
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discrete noise distribution, yields

my = Z Pp_s(z|q)(tanh(B(gimi (1 + 2) + gamat?)))ez

= Z Pp_s(2|q) tanh(Bgymi (1 + 2)) + O(N7Y) . (3.2.78)
Equivalently for ms we have

P
me = <tanh (ﬂ <Q2m2 + Z QV§VWV>> >
V2 3

= Z Pp_y(z|q) tanh (B(gams + q1m1 2)) (3.2.79)

When clones with lower promiscuity become active, we expect m; = O(1)
and mo small. Taylor expanding for my small and using the parity of

Pp(z|q) = Pp(—z[q) ¥ n
my = Z Pp_i(z|q)[tanh(Bgim1z) + (1 — tanh®(Bgimi 2) Bgama)] + O (m5)
= Bgms |1 - Z Pp_1(z|q) tanh?(Bqymy2) | + O(m3) , (3.2.80)

we obtain for the activation temperature of the only clone with promiscuity

q2

1
1- Zz pP—1(2|Q) tanhQ(ﬁfhmﬂ) '

Ba = (3.2.81)

This result is in agreement with the zero contour plot of msy in the T' —
¢2, obtained by numerically solving (3.2.80), shown in fig. 3.13 (right).
Deviations are compatible with finite size effects and are more evident for
¢2 =~ q; where the assumption my < my is no longer valid. Monte Carlo
simulations with 10 B clones, one of which has a lower promiscuity ¢, = 0.6,
are shown in fig. 3.14: at T = ¢ the pattern with the lowest promiscuity

is inactive and is activated only at a much lower temperature 7" ~ 0.2.
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Figure 3.14: Time evolution of B clones activation in Monte Carlo simulations
with 10% spins and q = (g1, . .., q1, ¢2) (case (iii)) with ¢; = 0.8 (blue) and ¢» = 0.6
(violet). The activation for the clone with fewer receptors (violet) decays to 0
for T'= 0.5 (left) and stays non-zero for 7' = 0.2 (right), i.e. at temperatures
considerably lower than in the absence of clonal interference T' = ¢s.
Finally in fig. 3.15 we plot ms as a function of the temperature in the
three different cases with promiscuity (i) q = (q1,92,---,42), (i) q =
(@1, q1,Q2,---,q2), (iii) 9 = (q1,---,q1,q2). The presence of clones with
higher promiscuity ¢; and activation intensity m;, does not only affect the
activation temperature of clones with lower promiscuity g», but also the
intensity mso of their immune responses. In conclusion, clones with fewer
triggered receptors are activated at a lower temperature and will produce

a weaker response than clones with a higher number of active receptors.

3.3 Idiotypic interactions

Cells and molecules of the adaptive immune system can recognise, react to
and regulate each other forming an interacting network. In particular, B cells
can bind, recognise and suppress or excite each other forming the so-called id-
totypic network of interactions. Different B-B interaction mechanisms have been
proposed, e. g. via cell receptors or antibodies, but in this model we are not con-
cerned with the microscopic details of such interactions and we will rather focus

on their mere existence. The first formulation of an immune network theory by
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Figure 3.15: Plot of my as a function of T in the different cases: (1) q =

(Qb qz,- - - %]2)7 (2) q= (q17 s 1,42, - 7QQ>7 (3) q= (qla <o, CI2) Increasing
the interference due to clones activated at a higher temperature, the mq intensity

decreases.

N. K. Jerne [4] dates back to the early 1970s and was soon after followed by pre-
liminary experimental confirmations [55-57] and various mathematical models to
capture this interaction mechanism [14]. In particular, linear idiotypic network
models [58], where antibodies belonging to the i-th group could interact with
antibodies of the i — 1 and i + 1-th group, or a cyclic version of it [59] have
been proposed, together with models with random connections between antibod-
ies [18]. In these models, the dynamics of the B clones concentration is modelled
via large systems of coupled ODEs, mostly solved via numerical simulations.
More recently, experiments also showed a new connection between the existence
of an ”idiotypic network” and the onset of autoimmune diseases, spotlighting the
importance of such interactions and the need for a more careful analysis of their

effects [49-52].

To investigate B-B interactions, we choose the simplest configuration of the
receptor space which retains the key biological features. We represent B clones re-
ceptors as binary strings and assume that complementary strings, like e.g. 010. ..
and 101 ..., excite each other. Noting that one can always label each of P = 24
binary strings of length d by an index p, so that the string complementary to p is

labeled by u + P/2, we order the strings on a ring in such a way that each string
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sits close to similar strings and opposite to complementary ones. The reason for
this choice is that B-B interactions are believed to be very specific [4,60], with
each B clone interacting with a number O(1) of other clones. For simplicity, we
assume that each B clone interacts only with another clone, but this assumption
can be easily relaxed; for example, one may assume that each B clone does not
only interact with the cell strictly complementary to it (with Hamming distance
d), but also with the d clones which are nearly complementary (with a Ham-
ming distance d — 1). We expect that as long as the connectivity of B clones is
~ d < N the effect should be qualitatively very similar. We suppose that the
p-th B clone expansion is triggered by the (1 + P/2)-th B clone [mod P], which
is precisely complementary to that B clone. Each B clone will die at a certain
rate, while complementary B clones will excite each other. Therefore, for the B-B

interactions we use the following matrix

A = S — KBy (v P2) mod P (3.3.82)

with & € [0,1) representing the strength of idiotypic interactions. The non-
zero diagonal terms A,, account for a decay term in the population dynamics
(taken as a gradient descent on H(o,b) [61]) of each clone u, proportional to
the population size b, itself. For simplicity we assumed a unit death rate for
all clones. Intra-clonal competition can be introduced by allowing non-zero off-
diagonal entries in A. These elements would need to scale as 1/P to ensure that
the decay term is overall O(1). Assuming that off-diagonal terms are all equal i.e.
A, =1/P Y p # v and the overall log-concentration of clones 25:1 b, = B is
constant, the loss term in the population dynamics gains a constant term —B/P,
which can be absorbed in the definition of b,. This choice of the matrix also allows
for a straightforward matrix inversion, useful for the analytical treatment, while
retaining the two key biological ingredients of (i) suppression effects preventing

abnormal clonal expansion and (ii) excitatory signalling between complementary
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clones. Its inverse is

1 k

(A = 1_—k25,u1/ + 1_—k25u,(u+P/2) mod P- (3.3.83)

We note that A is positive definite and symmetric and the following relations hold:
A, = A(p—v) with A(n+ P) = A(n) and A(n) = A(—n). The eigenvalue
spectrum p(u) of A has a finite limit as N — oo, ensuring the correct scaling of

the Hamiltonian.

M+ P/2

Figure 3.16: Left: B-B interaction via A,,. The expansion of the p-th clone
is triggered by its complementary clone, p + P/2, where P is the number of B
clones. Right: We represent the epitopes as binary strings, organising them on a

ring and assuming that the complementary strings interact.

In the following, we will show that the idiotypic interactions contribute to the
overall stability of the network, sustaining the propagation of a suppressive/exci-
tatory signal for the immune response through the system. In healthy situations,
this may prevent unwanted activations and increase the region where all clones
are equally activated and ready to start an immune response upon arrival of new
infections. In particular, including B-B interactions in the model affects the crit-
ical temperature, in this case widening the region where a symmetric immune
response is stable, as the interactions strength k is increased (fig. 3.19). This
increased network stability may not always have positive effects on the immune
system performances: in presence of autoimmune diseases, for example, this may

encourage the transmission of a wrong signal, e.g. producing autoantibodies,
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which would attack self-cells [49].

3.3.1 Dynamical equations

In this section, we study the effect of the idiotypic interactions on the ability
of the system to activate multiple clones in parallel. For simplicity, here we
will assume homogeneous receptor promiscuities i.e. ¢, = ¢, Vu, so that the

dynamical equations (3.1.7) read

P
dg;u — % <§“ tanh <ﬁc Z §V(A—1)pl,mp> >£ —-my, . (3.3.84)

p,v=1

The matrix A is positive definite for k£ € (0,1) and symmetric, hence the free
energy of the system is a Lyapunov function for the dynamics [62] and the system
will converge to a steady state. Next, we compute the critical temperature at

which clonal activation emerges. Starting from the steady state

NY "
My =~ <§“ tanh (Bc Z f”(A_l)pymp>> : (3.3.85)
£

p,v=1

and summing over ij)\:l mx(A™1),,, yields

P N F P
Z ma(A™ ) \m, = — < Z my (A1), E" tanh (Bc Z f”(A_l)pymp)> :
pA=1 ¢ pA=1 p,v=1 €

(3.3.86)

Using the inequality |tanh(x)| < |z| and averaging over the disorder we obtain

P P
Z m,\(A_l),\um“ < Be Z mA(A_2)Apmp ) (3.3.87)
wA=1 p,A=1

Next we diagonalise the matrix A by means of the similarity transformation
D = P'AP, where D is the diagonal matrix constructed from the eigenvalues

P of A and P is the orthogonal matrix of eigenvectors, i.e. P~! = P7.
{”p}p 1 g g ’
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Hence, we can rewrite the equation above for the transformed vector v = P~'m

as
viID'v - BeviD2v <0, (3.3.88)

which gives

XP: <&)2 (Be =) =0, (3.3.89)

v=1 Hv

This yields v = 0 for S¢ < fimin, where piy;,, = min, y,,. The eigenvalues of A are

p=1—k,  deg(mm)="P/2, (3.3.90)

pe =14k,  deg(us) = P/2, (3.3.91)

hence, above the critical temperature T, = ¢(pimin) " = ¢/(1 — k) we have m = 0,
whereas below criticality m # 0 is possible (and expected). Remarkably, the
critical temperature increases with k£, meaning that idiotypic interactions enhance
the immune system’s activation. Next, we investigate the structure of the states

bifurcating away from m = 0 below 7, and their stability.

3.3.2 Dynamical equations for two B clones

As before, it is useful to consider first the toy model with P = 2 clones. For

k # 0, the dynamics of different clones is always coupled, for all v > 0. We first
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Figure 3.17: Flow diagram in the plane (my,ms) (left) and Monte Carlo simula-
tions with 10 spins (right) for the dynamical system (3.3.92) with 7' = 1.7,¢ =
0.55,k = 0.7 (T, = 1.83).

look at the case v = 0, where the system evolves according to the equations

% = (1—c)tanh (%(ml + kmg)) + g [tanh (lﬁ_—ck(ml + m2)>
+ tanh (lﬁ_—ck(ﬂh — mg)) ] —my
% = (1 —c)tanh (1€—C]€2(km1 + mz)) + g {tanh (ﬁ—ck(ml + m2)>

(2 -
(3.3.92)

The state m = (0,0) is a fixed point of the dynamics at all temperatures, but
we expect it to become unstable below 7. = ¢/(1 — k). In order to inspect the
structure of the bifurcating state, it is convenient to analyse the steady state

equations in terms of the variables x = m; + my and y = m; — my

¢ = ctanh (f_%) F1-o [tanh (%@ (k- 1>m2))

+ tanh (1€—Ck2(:v + (k- 1)m1))] , (3.3.93)
y = ctanh (%) +(1—¢) [tanh (1 ECkQ (x+ (k— 1)m2))
k

(
— tanh <1 fckz (x+

(k — 1)m1)>] . (3.3.94)
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Figure 3.18: Flow diagram in the plane (mj,ms) (left) and Monte Carlo simula-
tions with 10* spins (right) for the dynamical system (3.3.92), for T' = 0.65,¢ =
0.55,k = 0.7 (T, = 1.83).

Assuming continuous bifurcations, we Taylor expand for small m near fc=1—k

ie at f= lﬁ_—ck = 1+ ¢, obtaining, to leading orders

5 L =3 3 5 l—c = 2
r = cﬂx—gcﬁx —i—(l—c)ﬂx—mﬂx{(x—i—(k—l)mg) ,
(@4 (k—1)my)? — (. + (k= Dmy)(x + (k — 1)m2)] : (3.3.95)
v = iy ety + 005, - LU= R 5 (0 (1= may

+(x 4+ (k= )my)? — (z + (k= Dmy)(x + (k — 1)m2)] : (3.3.96)

We note that x = y = 0 is always a solution (corresponding to m = (0,0)). A
solution y # 0 is not possible as in (3.3.96) terms O(e®) do not simplify. Hence,
y = 0 is the only solution, implying m; = msy. In contrast, in (3.3.95) first
order terms simplify, hence we can have = # 0. We can conclude that mixtures
bifurcate from m = (0,0) in a symmetric fashion m = m(1,1). We can compute
the amplitude m, Taylor expanding (3.3.92) at the steady state near Ty, for small

m,

N 1- N
m = fm — §ﬁ3m3 —cBm? (3.3.97)
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yielding, at B =1+e,

3€

2

- 3.3.98
m 14 3¢’ ( )

or the trivial solution m = 0. Flow diagrams and Monte Carlo simulations are in
agreement with theoretical predictions, showing that close to criticality both B
clones are activated with the same intensity (fig. 3.17). The stability of symmetric

solutions can be analysed by computing the eigenvalues of the Jacobian

P
Tw = Be(A™) . [ 1- <tanh2 <5c > {A(A_l)p)\m;>> — 0 + O(N7T7)
§

pA=1

(3.3.99)

and substituting m* = m(1,1) we find for the eigenvalues

pe pe(l —¢) o [ mpBc c? 5 [ 2mfc
=0 P T a2 () tanh? | Z77¢
Sy ok e ) e\ )

(3.3.100)
~ Be(l—¢) mpc Be?
)\Q—H—k(l—tanh2<1_k>)—I—l_k—l. (3.3.101)

These can be calculated analytically near criticality i.e. at fc/1—k = 14 € where

A~ —2€ (3.3.102)
—2¢ + 6ec — 2k + 2ke — 4kc — 4kce

Ag , 3.3.103
2 (14 3c)(1+ k) ( )
and for T' — 0, where
A~ —1, (3.3.104)
Bc?
Ay ™~ —1. 3.1
2™ T (3.3.105)

We deduce that \; is always negative, hence the stability of symmetric solutions

is determined by Ay. A plot of Ay (rescaled by T') as a function of T is shown
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Figure 3.19: Left: AT as a function of T for ¢ = 0.3 and k£ = 0.2. The value
at T'= 0 matches the analytical prediction AT = ¢*/1 — k (red marker). Right:
Contour plot of Ay = 0 with different interaction strengths £ = 0.8,k = 0.5,k =
0.2 in the parameter space (7', ¢). The region where clones are activated in parallel

with the same intensity (S) becomes wider as k increases.

in fig. 3.19 (left) for fixed dilution and B-B interaction strength k. The critical
line where Ay = 0 in the 7" — ¢ plane for different values of k is shown in fig.
3.19 (right). Remarkably, the region (S) where the activation of parallel immune
responses is accomplished with the same intensity becomes wider as k increases.

For v > 0, the system evolves according to the equations

dmy
At
dmes
At

12

tanh (1f—ckz(m1 + kmg)) —my+O(N),

~ tanh (1€—C]€2(k’m1 + mg)) — Mg + O(N_W) .
(3.3.106)

One can show again that m = (0, 0) is the only fixed point above T, = ¢/(1 — k),
and symmetric mixtures m = m(1, 1) bifurcate away from m = (0,0) at 7.. Now,
however, symmetric mixtures remain stable for any 7' < T, (see sec. 3.3.3.1), with

the intensity m of the symmetric activation found from

cm

m = tanh P : (3.3.107)
1—k

Hence for v > 0 the system reduces to independent Curie-Weiss ferromagnets,

even in the presence of idiotypic interactions, with the critical temperature T, =

¢/(1 — k) increasing with the strength of interactions.
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3.3.3 Generalisation to P clones

In this section we consider the case of P = N% 0 < § < 1 B clones. At
T. = ¢/(1—k), we expect clones to be activated in a symmetric fashion. For § < v
we expect symmetric solutions to be stable for all T' < T, whereas for § > v we
expect them to destabilise at low temperature. Without loss of generality, we can
set P = aN"Y with a = 1 for § = v and the cases 6 < v and § > ~ retrieved in

the limits o — 0 and o — 0o respectively.

To inspect the behaviour of the system near criticality, it is convenient to
write the steady state equations in terms of the rescaled matrix A = A /(1 — k),

with eigenvalues

=1, deg(pn) = P/2, (3.3.108)
1+k

Taylor-expanding the steady state equations (3.3.85) for small m near T, intro-

Be
—k

17, we have

ducing for convenience g =

NY - N
my, = Tﬁ Z (A_l)pvmp<€ufy>£+

p,v=1

BN - ; i i
— ?7{ Z <§M5V1§V25V3>5mp1(Ail)plwmpz (Ail)pzuzmps (Al)psw}

P1,V1,p2,V2,03,V3=1

(3.3.110)
and averaging over the disorder gives
P s P P
My = BZ(Ail)wmp - % Z(Ai?’)wmi - BS% Z(Ail)wmp Z (A7) o .
p=1 p p=1 =1
(3.3.111)

. P : . . .
To make progress, we write m = i1 ajV(J) as a linear combination of the
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cigenvectors of A~!, defined by A~'v() = ;1,;v() hence we get

P P
5
2 v =5 Z% ol =3 2 aajanipp v v
j=1 zjk 1
e
_63]\7 Zaz,uz Z Z a]ak,ujukv (k) . (3.3.112)
p#p g k=1

We then split the sum into j = 1,...,P/2 and j = P/2+1,..., P, substitute the

eigenvalues (3.3.108, 3.3.109), and equating linear terms we get

P/2 P e
Zajvfj)a —B) + Z (1 — BH—k) =0, VYpu. (3.3.113)
j=1

j=P/2+1

At 3 =1 linear terms cancel only if Zf:P/%—l ajvff) = (0 V p. Since the eigenvec-

tors of A~! are in the form

, 1 :

vl = V2 (Opuj + Opjirsa) j=1.,P/2, (3.3.114)
. 1 4

v = 7 (6 = Oujprr2) »  Jj=P/241,.,P, (3.3.115)

this implies a; = 0V j = E + 1,...,P. Substituting in (3.3.112) and using

my, = ZP @jvx(j) = ZP/2 ajv,g), we obtain

7=1
P oy e L
3 3 _ 33 2 _
mu(=1+ B) = mj, — B Smy > m2=0. (3.3.116)
pFL
This gives at B =1+e,
1 4 c 9
mye = gm, nymu|m\ =0, (3.3.117)
where |m|? = Zle m2, yielding m,, = 0 or
3¢
2 2
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Each clone activation m,, depends on the whole vector m, hence all clones will
have the same activation strength m, € (—m,+m,0). Assuming the non-zero
components are a fraction ¢ < « of the total number of components P, we have

Im|? = agpN'm? yielding

9 3e

=—. 3.3.119
mn 1+ 3cag ( )

We will see in the next section that while for k£ = 0 stability of symmetric mixtures
is only ensured for ¢ = 1, in the presence of idiotypic interactions, i.e. for k # 0,

values of ¢ # 1 are possible.
3.3.3.1 Linear stability analysis and phase diagram

In this section we study the stability of symmetric clonal activation, m* =
m(1,...,1,0,...0) with n = apN" activated clones below criticality. To this
end, we study the eigenvalues of the Jacobian of the dynamical system (3.3.84),

which has a block structure with diagonal elements given for u < n by
P

T = ﬁC(A_l),U»N 1 - <tanh2 (BC (Z(A_l)pump + Z g)\(A_l)p)\mp>>> -1,
13

p=1 PAFE L

(3.3.120)

and for p > n by

P
Top = Be(A™) | 1 <tanh2 (ﬁc Z f)\(Al)pAmp>> -1 (33.121)
§

PAER

Off-diagonal elements for u, v < n are

_ p
T = _%j)#“ <tanh2 (602 Z éA(Al)p/\mp>> -1 (3.3.122)
£

PAFR
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and zero otherwise. Note that in the limit N — oo the matrix becomes diagonal.
At the symmetric fixed point, using > (A™'),n = 1/(1 — k) V A, we get the

eigenvalues

‘\Q>

A1 (1 — ZP )tanh? ( 3 ( m(1+ z))) —1, deg(\)=n, (3.3.123)

1+k

Ay = (1 - Z P, (%) tanh? <ﬁmz)) —1, deg(hs) =P —n, (3.3.124)

where 3 = Sc and the discrete noise distribution P = <5 1€u> : I5n(z)

can be written as a modified Bessel function of the first kind I,(x)

D o dw iwz - —iwg? i dw iwz ,—apc(l—cos(w —apc
Pn<z>=/ el I AC E>sﬁ/ o et atelimed) = 70 (age) |
- v=1 -

(3.3.125)

where we used n = ¢P = ¢paN7 fraction of the total number of B clones. Close

to criticality, by Taylor-expanding in powers of € = B — 1 we obtain

—2€ — k(1 4 3cag)

(1+k)(1+ 3cagp) ’
— k(14 3cag)

(14 k)(1+ 3cagp)

AL =

(3.3.126)

)\2:

(3.3.127)

In contrast to the case k = 0 analysed in sec. 2.4, where near 7. Ay > 0 and the
symmetric activation was stable only when involving all clones, in the presence
of idiotypic interactions, i.e. for k # 0, both eigenvalues are negative, showing

the possibility of a partial clonal activation.

In the opposite limit, i.e. T" — 0 we get

~

B
= ——e %] -1 3.12
A1 A 1(age) , (3.3.128)

B

= ke_”¢clo(a¢c) —1. (3.3.129)

)\2:
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For 6 < v, a = 0, hence using the properties of Bessel functions /;(0) = 0 and
In(0) =1, we get A; < 0 and Ay > 0. Since Ay has degeneracy P — n, symmetric
mixtures m = m(1,...,1) i.e. with n = P will be stable for all T < T,. In
contrast, for § =y ie. a#0, \; >0 as [;(z) > 0 for any z > 0, meaning that
symmetric mixtures are unstable at low temperature for any n. Finally, for 6 > v
one has a — oo in the thermodynamic limit, so e=*%°I, (a¢c) ~ (2rapc) /2 V¥ 2,

and symmetric mixtures will gain stability at low temperature as N — oo.

Let us now compute the critical line in the phase diagram where symmetric
mixtures become unstable. We note that Ay > A\ for T" — 0 and for T' — T,
and deduce that Ay > \; for all T < T.. Hence, stability of n-mixtures m =
m(1,...,1,0,...,0) is given by the region where Ay < 0. In fig. 3.20 (left) we
show the critical lines where Ay becomes zero in the space of scaled parameters
T = T/ c,é = ¢c for different values of k¥ and a = 1. As k increases, the region
where clones are activated with the same intensity widens. When A\, destabilises,
symmetric mixtures can only be stable for n = P, i.e. for ¢ = 1, in the region
where A\; < 0. A contour plot of Ay =0 for ¢ =1 in the T"— k plane is shown in
fig. 3.20 (right).
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Figure 3.20: Left: Contour plot of Ay = 0 (obtained from (3.3.124)) for a = 1,
as a function of the scaled parameters (T' = T'/¢, ¢ = ¢c), for different value of
B-B interaction strength k. Increasing k the region where symmetric mixtures
are stable (to the right of the critical line) becomes wider. Right: Contour plot
of A\; = 0 (obtained from (3.3.123)) for & = ¢ = 1, as a function of the scaled
temperature 1" = T'/c and strength k of the idiotypic interactions.
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3.4 Antigen effect

In this section, we investigate the effect of the antigens on the basal activity
of the immune system. We will mainly focus on how the response of non-infected
B clones decreases with the fraction of infected ? ones, due to the interference of
strongly activated B clones; non-infected clones will also be activated at a lower
noise level, making the whole system unresponsive to new incoming pathogens
(see fig. 3.23). In our model, antigens involved in B clones activation are modelled
as external fields acting on coupled ferromagnetic systems. The introduction of
antigens also induces hysteresis phenomena [63], which could explain short-term
memory effect in the immune response [2,64], even in the absence of memory

cells.

We can further investigate the B-Antigen interactions analysing the stochastic

process in (3.1.2)

db o al = BN
T T ) = Yt + N Y = 5> Ak () |
© a=1 i=1 v=1

(3.4.130)

which governs the dynamics of B clones concentration. Denoting by v, the con-
centration of the antigen complementary to the b, clone, we need the b, concentra-
tion to increase when 1, # 0. Also, we assume that clone b, p/2, complementary
to b, and thus carrying the same epitope as antigen 1, is inhibited by the pres-
ence of antigen 1), and we denote by k; the strength of this inhibition. This

leads to a matrix for the B-Antigen interaction of the form

775 = 6ua - kl(su,(a+P/2) mod P - (34131)

According to (3.4.130), the concentration of the p-th clone also increases in the

2By infected clones we mean B clones y with complementary receptors to antigen A.
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presence of excitatory signals received by T clones (second term), while the third
suppressive term represents a B-B interactions acting as a threshold to be over-
come to start the immune response. Assuming that the total B clones concentra-

tion is conserved on average leads to a relation between k and k;

d B L—Fk 1> (b))
at 200 =0 T T

(3.4.132)

which depends on the steady state concentrations of B cells and antigens. For

simplicity we will set k& = k;, which leads to n = A. Different choices of the matrix

B cells T cells

.Y + m |
Antigen A ® T WS

W2‘ B

B cells T cells

T .
Antigen “ + . O J *
'.’.

Figure 3.21: Top: effect of having C = nA~! = 1, in the presence of two antigens
whose complementary B clones are signalled by different cytokines from the same
T clone: the field acting on the T clone is 11 — 1y and T gets activated only if
Yy > 1. Bottom: an illustration of the effect of having C = A~!, which may

result in an inhibitory signal on T clones from inactive B clones.

1 or of the constants k, k; will lead to different forms of the matrix C = nA~—1,
however the choice C = 1 seems to ensure the strongest excitatory signal to
antigen-activated B clones. As an illustration, let us consider the simple case
where we have just one antigen i.e. ;: for the choice C = 1 the field acting
on the i-th T cell exciting the complementary clone b; is v, hence i receives
an activation signal only from the clone B activated by the antigen. With two

antigens present, whose complementary B cells are signalled by different cytokines
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from the same T cell, the field acting on the latter is ¢»; — ¢9 and the T cell will
get activated only if 1) > 19, as biologically desired (fig. 3.21, top). For C # 1
there might be a negative interference on the desired signal. For example, for

the alternative choice 7 = 1, leading to C = A~!, the field acting on T in the

presence of a single virus ¥; # 0 would be 122 (&} + kf“%], meaning that for
&= +1, §1+£ = —1 the T clone would receive, in addition to the excitatory
signal from the B clone activated by the antigen, an inhibitory signal from a non-
activated B clone (fig. 3.21, bottom). As a result the overall field and immune

response will decrease. Similar arguments can be given for 1 defined in (3.4.131)

with k; # k.

Therefore, for 1 defined in (3.4.131) with k& = k;, we have C = nA~! = 1,

and each order parameter m, = M,/c evolves according to

»
dg’;u _ g <§u tanh (B > e (my + @by)) >£ —m, (3.4.133)

v=1

where we considered homogeneous promiscuities, q = ¢(1,...,1) and absent id-
iotypic interactions , i.e. A,, = §,,. Considering the steady state of (3.4.133),
we can derive two sets of equations, for the activation m,, p =1,..., Ny of B
clones complementary to the incoming viruses and those for the activation m,,,

v=Ns+1,..., P, for non-infected clones performing basal activity:

Ny P
mM:<tanh<B<mu+¢u+z¢p§p+2m>\fk)>> , p=1...,Ny,
§

pFR AFEp
(3.4.134)
. N P
m, = <tanh (ﬁ (my+2¢p§ﬂ+ZmA§/\>>> , v=Nu+1,...,P.
pFV A#v ¢

(3.4.135)
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3.4.1 No interference case, A < N7

In this section, we will consider the case with a number N4 < N7 of antigens.
This means that we have few infected B clones in the system. We will show that
the infected clones, which will be strongly activated, will not interfere with non-
infected clones nor compromise the basal activity of the immune system in this

regime. In this case, the equations (3.4.134, 3.4.135) can be written as

my, = /dzP(z|m) tanh <B (my + ¥, + z)) , p=1...,Nqa, (3.4.136)

m, = /dzP(z|m) tanh (B (m,, + z)) ., v=Na+1,....P. (3.4.137)

Here we introduced the noise distribution P(z|m), which is the large N limit
of P,(z|{m,, c}) defined in (3.2.34), and only depends on the vector m of basal
activation (non-infected clones) ®. The large N limit depends on the scaling of P

with the system size N, as we will discuss in the following.

For P <« N7, we have P(zjm) = <5 (z -r §”m,,>>£ ~ §(z) and the
equations decouple, hence there is no interference between infected and non-

infected clones

my = tanh (B(my + 1)) . p=1,...,Na, (3.4.138)

m, = tanh (Bm,,) . U=Ns+1,....P. (3.4.139)

Introducing a field induces a discontinuous transition from zero to non-zero
magnetisations and a hysteresis effect in the clonal activation of the infected
clones [63]. In particular, considering the simple case with one antigenic field, i.e.

¥ = (1,0,...,0) we can compute the amplitude of the coercive field )* [65].

3In principle, we should have introduced another noise distribution of the form
N W iwz, Na &y cos(w(my 0
Qulzol{n}) = (8 (20 = Sphulmy +0,)67) ) = [ ggeiomveBod st coslelmtind), but as
N4 < N7 in the large N-limit it converges to §(zy).
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For ¢ < ¢* the systems shows bi-stability with two possible solutions for the
magnetisation £m™*. This means that it could be trapped in a metastable state,
e. g. with a positive field and a negative magnetisation. For ¢ > 1, the system

has only one possible solution with the magnetisation concordant with the field.

This may explain immunological memory effects [2,64], without the require-
ment of dedicated memory cells: after an infection, the responsive B clones retain
a non-zero activation as the antigenic field decreases and the antigens’ concentra-
tion goes to zero, and on a successive encounter with the same antigen they will
provide a stronger and faster response. In addition, the fact that for antigenic
fields smaller than ¢* the system is not properly activated as discussed, may be
interpreted as a low-dose tolerance effect [1,66]: if the antigen is presented with
a concentration below a certain threshold, the immune system does not produce
a response. This mechanism is also exploited to prevent immune activations to

self-cells.

The threshold ¢* for the case with no interference and one antigenic field 1,

is easily found by combining the equation for the activation of infected clones
m = tanh (B(m + @b)) , (3.4.140)
with the condition on the slope of the curve F/(m) = tanh (B(m + 1/1)) in (£m*, £9*)
1= [1 ~ tanh? (B(m + w)ﬂ . (3.4.141)

Combining (3.4.140) and (3.4.141) we obtain

m*=+\/1-1/3, (3.4.142)

1
P = E atanh(m™*) —m* | (3.4.143)

with B = [fc, similarly to what is obtained for the standard Curie-Weiss [65]

(note the dependence on the dilution ¢ in 7). The bifurcation diagram for 1* as
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a function of 7" is shown fig. 3.22 : below Bc = 1 the system is in the low-dose
tolerance phase, while above it the B clone is correctly activated.
08
0.4}
0.2}

~0.2}
~0.4f

-0.6¢

Figure 3.22: Plot of the coercive field ¥* as a function of B The coercive field

materialises above the value 8 = B¢ = 1 of the inverse temperature.

For P = O(N7), P(z|m) = [*2° dwgizweXimy srleoswemnn) =1l iy (3.4.136, 3.4.137),
has a finite width, and both the antigen-induced and basal activities reduce, due
to clonal interference. Also, the hysteresis cycles become smaller. However,
the presence of antigens does not affect the basal activity of non-infected clones

v=Nyu+1,...,P, as long as Ny < N".

3.4.2 Increasing the number of infections

To investigate the interplay between infected and non-infected clones increas-
ing the number of antigens, it is convenient to consider small fields ¢ that allow
us to work with continuous transitions. In particular, we are interested in under-
standing whether the system is able or not to fight Ny = O(N7) antigens in par-
allel, and how this compromises the basal activity. For simplicity, we set P = N”
and Ny = ¢; N7, with ¢; denoting the fraction of infected clones, and we assume

that all viruses have the same concentrations i.e. ¥ = (1,...,1,0,...,0). This
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leads to the steady state equations

Na P
mu:<tanh(3(mu+¢+2(mp+¢)§p+ Z m,\f’\>>> , o m=1,..., Ny,
pFL A=N4+1 £
N P
ml,:<tanh<ﬁ(my+2(mp+w)§p+ZmA§A)>> , v=Na+1,...,P.
p=1 AF£v €

(3.4.144)

~

In the small field limit, we can Taylor-expand (3.4.144) near 8 = 1+ € and small

(non-infected) m,,, obtaining

my >~ (L4+e)m, + (1 +¢€) — %((mu+¢)3+ %(m“+¢)2(mp+@/})> .
pF#R

(3.4.145)

For 1 < N4 (infected clones) we have for ¢ < e

—(1 +¢€)

€

my, o =m , w=1,...,Ny. (3.4.146)
Note that for fields ¢ > €, m, = O(1) and the transition is discontinuous. For
v > Ny (¢, = 0) we have
1/ 4  3c 9
m, ~ (1+€)m, — 3\ + N Z(mp +9)* | . (3.4.147)
pF#v
Hence, m, = 0 is always a solution (non-infected clones may not be activated)

together with

P
3c
m? ~ 3e—mzl(mp+¢)2:
o=
3. P Na
— 36—m<2m2+2(2m1d}+w)) , v=Ny+1,...,P
p=1 p=1
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This shows that non-infected clones are symmetrically activated, each with in-
tensity

2 3e 1 —2co (9)2
2:36—3C¢1w (2(1—|—€)/€—|—1> 1\

= 3.4.149
2 1 + 3copo 1+ 3cpy ’ ( )

where ¢ < 1— ¢ is the fraction of active non-infected clones and m; is computed

in (3.4.146).

For 1) < €, clonal activation close to criticality will have the form
m* = (my,...,my,ma,...,ms,0,...,0). However, upon increasing the fraction
¢1 of infected clones or the antigenic field v, (3.4.149) shows that non-zero values
of ms may become impossible and non-infected clones may get activated at a lower

temperature (similarly to clones with smaller receptor promiscuity we dealt with

in sec. 3.2). This is confirmed by numerical results in fig. 3.23, where the response

Figure 3.23: 3D plot of the activation ms of non-infected clones versus the fraction
of infected clones ggl = ¢1c and the scaled temperature T=T /e, for fixed ¢ = 0.1.
Increasing qu both the intensity and the critical activation temperature decrease,
due to antigenic interference.

of non-infected B clones and their activation temperature decrease for increasing
fractions of infected clones. This results in a reduced basal activity of the immune

system, which is important to accomplish the homeostatic control of cell numbers

[27,53]. In fig. 3.24 we study the impact of antigen concentration on the critical
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Figure 3.24: Critical line for the activation of non-infected clones in the space
of scaled parameters T = T/c, ngl = ¢1¢, obtained from the condition my # 0
(3.4.144), for different values of the antigenic field 1. Increasing 1, the region
where non-infected clones receive signals shrinks.

temperature at which non-infected B clones become responsive, by plotting the
critical temperature against the fraction of infected clones, for different values of

antigen concentration. This shows that as the fraction of infected clones and the

field increase, the basal activity is more and more compromised.

Subsequently, we inspect the stability region of the steady state
m* = (my,...,my,mg,...,ms,0,...,0) by looking at the eigenvalues of the
Jacobian of the dynamical system (3.4.133). In the thermodynamic limit off-
diagonal elements become negligible. We define by nqy = ¢1N? and ny = o N?
the number of infected and non-infected clones respectively. Diagonal terms for

w<mng =N are

T =01~ <tanh2 (B (mu FU D mE Y (it w)) >
A=1 5

p=ni1+1

(3.4.150)
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For ny < p < ng = ¢po N7 we have

p=ni1+1

*714;1:/3 1_<tanh2<6(mu+ Z mp§p+Zm)\—|—¢ )>> )
3
(3.4.151)
while for p > no
Tw=0811- <temh2 (5 ( S ompet + ) (ma+ ¢)§A>)> . (3.4.152)
p=n1+1 A=1 E

Evaluating the Jacobian at the symmetric fixed point m* and introducing the
discrete noise distribution P <(5 > §u> ¢ supported over z € (—n,...,n)

gives

21,22

)\123 (1—2157“(,21)]5”2(22) tanh? (B((@ZJ +my)(1+21) + m222)>> -1, deg(\)=nq,

(3.4.153)

)\2:5 (1_215711(21)]5@(22) tanh? (B((w +mq)z1 +mo(1+ zg)))) —1, deg(X2)=ns,

(3.4.154)

)\3:B (1_an1 (Zl)an(Zg) tanh2 <B((¢ + m1)21 + 77’@22))) —1 5 deg()\g) :P—nl—nz .

(3.4.155)

The amplitudes mq, my follow from (3.4.146), (3.4.147)

Z P, (#1)P,,(z;) tanh <B((1/1 +my) (14 z) + m2z2)) . (3.4.156)

21,22

Z P, (z1)P,,(z;) tanh (B((@/J +mq)z1 +ma(l+ 22))> . (3.4.157)

21,22

In fig. 3.25 (left) we show the critical lines Ay = 0, A\ = 0 and A3 = 0 in the

space of scaled parameters T=T /c, q§2 = ¢oc. Lowering the temperature, A3
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Figure 3.25: Left: Phase diagram in the space of scaled parameters T = T/c, ¢22 =
¢oc with ¢ = 0.4. Lines represent contours of A\; = 0 (circles), Ay = 0 (triangles)
and A3 = 0 (squares). To the right of the line A3 = 0, solutions where non-infected
clones are partially activated are stable. Lowering the temperature and crossing
the line A; = 0, the m; symmetric mixtures destabilise, implying that infected
clones are hierarchically activated. Crossing the line Ay = 0, the my symmetric
mixtures destabilise, and non-infected clones are hierarchically activated. Right:
Plots of Ay = 0 (circles), Ay = 0 (triangles) in the space T = T/c, ¢y = ¢yc for
P2 =1—¢1.

is the first eigenvalue to destabilise, meaning that clonal activation will get in
the form m = (myq,...,mq, ma, ..., my). Decreasing the temperature further, the
system will first prioritise activation of infected clones, while keeping activation of
non-infected clones symmetric, and later, at low temperature, will activate non-
infected clones in a hierarchical fashion (see fig. 3.25, right). Near the critical
temperature, symmetric mixtures with ¢, < 1 — ¢; are stable. To investigate the

optimal value of ¢o, we calculate the free-energy as a function of ¢, for fixed T, ¢,

F(¢y,¢5) = —% > " P (21)Poy(22) log(2 cosh(Be(my + )21 + mazs))+

21,22

+ o (v} + gam3) (3.4.158)

N O

which is minimal (fig. 3.26) at ¢ = 1 — ¢4, implying that all non-infected clones

will keep receiving signals.
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Figure 3.26: Free energy f(¢2) = F(¢1 = 0.5, ¢2) as a function of the fraction of
active non-infected clones (¢g) for ¢; = 0.5, T = 0.7,¢ = 0.2,¢ = 0.05.

3.5 Summary

In this chapter, we introduced new interesting mechanisms in the model, which
the adaptive immune system exploits to control, sustain and manage immune
responses. In table 3.1 we summarise them, highlighting their main effects on the
system’s behaviour. Our model is able to capture important collective features of
the real immune system, such as the ability of simultaneously handling multiple
infections, the dependence of B clones’ activation on the number of receptors on
clonal surface and the role of idiotypic interactions in enhancing parallel response

to multiple infections.

One of the limitations of this model is that it works well only for some dilu-
tion regimes, in particular v < 1. In the next chapter, we will analyse the regime
v = 1 (finitely connected) focusing on one particular effect introduced here, the
idiotypic interactions. In addition, we will give formulae to compute the distri-
butions of B clone sizes, which were integrated out from the beginning in the
present approach, from the distribution of the overlaps. Being able to compute
clonal distributions, indeed, constitutes a substantial step forward towards the
comparisons with available data: nowadays these distributions can be directly
measured exploiting new experimental techniques, such as high-throughput se-

quencing [67].
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Receptor
promiscuity

B-B interactions

Antigen effect

Mathematical
modelling

Summary of
results

¢, tuning patterns
dilution in

- B clones activation strength and
T. of activation increase
with promiscuity.

P(¢la) .
- Emergence of competition between
activated clones.
- Contribute to the overall network
stability sustaining the signal
propagation.

Interaction

matrix A,

- Widens the region where
symmetric retrieval

is stable (T, increases with

the B-B interaction strength k).

External field v,

- Memory effect and hysteresis
phenomena.

- Increasing the number of
infected clones the basal
activity becomes more and more
compromised.

Table 3.1: Summary of the main mechanisms introduced in the model, their

mathematical implementation and the most interesting effects on the system’s

behaviour.



If I have seen further it is by standing on the shoulders of

Giants.

Isaac Newton, Letter to Robert Hooke (15 February 1676)

Belief-propagation approach to
the idiotypic network

Recently, following the development of experimental techniques such as high-
throughput sequencing data [68] new interesting observables have become avail-
able, among which the clone size distribution. These techniques together with a
complex computational analysis of the clonal genetic profile allow for the recon-
struction of the clonal repertoire and the analysis of its properties in healthy and

pathological conditions [67].

The clone size distribution encodes important information about the clones
proliferation and activation. As already discussed, all clones in the immune sys-
tem undergo a birth-death process, depending on the tasks to be performed: for
example, in the presence of an antigen, complementary B clones start proliferat-
ing increasing the clone size, i.e. the number of clones sharing the same antigenic
receptor. Monitoring the clone size distribution, thus, gives important informa-

tion about the state of the immune system: for instance, it could help understand

139
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how the organism reacts to antigens and vaccinations [12]. Experiments and an-
alytical work are currently available for different cell types, both for humans and

other species [12,69, 70].

In this chapter, we will focus on the interacting system of B-T cells with id-
iotypic interactions in the high storage (P = aN) and finite connectivity (7 = 1)
regime. Using belief-propagation techniques [71] and tools imported from neural
networks models [31,72] and spin glasses [25,32], we will be able to derive predic-
tions for the B clone size distribution. The aim of this chapter is to understand
the behaviour of the finitely connected system of B-T clones in the parameter

space.

In particular, we want to study the effect of the idiotypic interactions on
the activation properties of the system. We will show that they increase the
stability of single B clones activation against biological noise while increasing
the interference between different clones. We will derive analytically and via
population dynamics simulations the critical line in the space of model parameters
separating the region where each B clone would act independently from the others
from the one where they feel a strong interference due to the presence of other

active clones in the system.

The chapter is organised as follows. In sec. 4.1 we introduce the mathematical
model, its players and assumptions. In sec. 4.2 we derive the recursive equations
for the marginal distributions of T clones activation and we provide formulae for
the overlap distributions of B clones activation and the B clone sizes distribution.
We compute these distributions and inspect their transition from a single peaked
to a bimodal distribution as the noise level is increased in the paramagnetic
phase (sec. 4.4) and for ferromagnetic interactions (sec. 4.5), where one can
proceed analytically. In sec. 4.6 we consider the most general case with disordered

Interactions.



4.1. The set-up 141

4.1 The set-up

In this chapter, we study the system of interacting B-T clones via cytokines
and subjected to idiotypic interactions. Here we will focus on the high storage
regime where P = aN (6 = 1) with a high degree of dilution v = 1. The
setting is similar to what has been introduced so far: T clones are binary variables
o;,==x1,i=1,..., N, where (£1) depends on whether they are/are not secreting
cytokines, while B clones are described by b, € R, u = 1,..., P, characterising
their log-concentrations. Moreover, they interact via cytokines &/, which are

quenched i.i.d. random variables drawn from

B =1) =P =-1)= 5=, PE=0=1-%,  (4L1)

with ¢ = O(N?), as required in the finitely connected regime. Both o’s and b’s
are random variable described at equilibrium at inverse noise level 8 [24], by the

joint distribution P(o,bl€)

A
with Hamiltonian
(o,bl) = Z ob, + = Z by Aub, | (4.1.3)
t,u=1 Ml/ 1

where ¢ € {41, —1,0} represent the interaction between T clone ¢ and B clone
i, mediated by cytokines, which can be excitatory (+1), inhibitory (—1) or ab-
sent (0). The matrix A = {4,,}, introduced in sec. 3.3, models the idiotypic

interactions. As before, for the B-B interactions we use the following matrix

Ay = Gy — kv P/2) mod P » (4.1.4)

uv
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with k£ € [0,1) representing the strength of idiotypic interactions. In the fol-
lowing, we will simplify the notation, dropping the explicit dependence on the
&-interactions, in the Hamiltonian, which will be denoted by H(o,b), and the

Boltzmann distribution, P(o, b) (analogously for marginals).

Marginalising over the variables b,, as shown in sec. 3.3, the system can be

described in terms of the distribution

1
Plo) = —e pH(O) | (4.1.5)
with effective Hamiltonian
| N P
H(o) =—3 > oo > AW (4.1.6)
i,0=1 p,v=1
and normalisation
7' =Y eI (4.1.7)

g

This involves only interactions between T clones in the separable form J;; =
E/ATIE,, where & = (&),...,¢)", and thus describes an associative network

with diluted patterns {€"}. We can rewrite the Hamiltonian (4.1.6) as

1
H(o) = —§mT(0')A_1m(0') (4.1.8)
in terms of the aN' (non-normalised) order parameters m = (my, ..., mp)T, where
N
myu(o) =) ol (4.1.9)
i=1

quantifies the strength of the excitatory signal on B clone p and thus its activation,
and m” denotes the transpose of m. In the following we will show that important

properties of the system are encoded in the system of interacting T clones only.
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Experimentally, one has access to the B clone size distribution, rather than
P(o). Hence, the relevant quantity to probe to compare the model behaviour

with experimental data is

P
1

P®%=/ﬁb§:Pwﬂmﬁ§:Mb—@). (4.1.10)

o pn=1

To this end, we rewrite (4.1.2) as

P(o,b) = %e—%ﬂbTAWbTm(") (4.1.11)

1 _
= P(e)P(b|A ' m(0) . (11.12)

where we have completed the square in (4.1.11) and introduced the joint distri-

bution of the B clone sizes

_ det A _B(b—A-lm T “Alm
P(b’A 1m(a‘)) = (27T)Pe z(b—A (0))"A(b—A (0)) , (4‘1.13)

a multivariate Gaussian distribution. The marginal distribution for the p-th B
clone, obtained by integrating the above over all b, other than b,,, will be Gaussian

as well with average (A~'m(o)), and variance (A1), i.e.

1 B(1—k?) 1 2
P(b,|(A'm(e)),) = e” 2z bum(ATm@)))7 (4114
(bl ( (@))u) 57 B ) ( )

where we used (A1), =1/(1 — k*) V u. Hence, from (4.1.10) we get

MZ%ZP 1meAn1»y (4.1.15)
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Upon defining m(o) = A"'m(o) we get

PO) = 5 303 Pl) 3 60 — (@) (bl

Lo
= o dmP(m)P(blm) , (4.1.16)
where
Py =3 P(@% S 600 — 1 (@) (4.1.17)
and

_k2 -
1 _5(12k )(b—m)Z

NN

This shows that the distribution of B clone sizes P(b) is readily determined once

P(blm) =

(4.1.18)

we know P(m), distribution of “rotated” overlaps m(o) in the “marginalised”
system involving only o described by (4.1.8), where the b have been integrated
out. Hence, the problem of computing B clone distributions, which are experi-
mentally accessible in immunology, amounts to finding the overlap distribution

in an associative memory with diluted and coupled patterns.

In the absence of idiotypic interactions, i.e. for uncoupled patterns, it is
known that for ratios @« = P/N not too large and below a critical value of the
noise level T', non-zero values of the overlaps m emerge in the system, meaning
that B clones are spontaneously activated [39]. The overlap distribution crosses-
over from a unimodal distribution peaked at zero to a bimodal peaked at large
values of the overlap [27]. In section 4.4.1 we will derive a tight bound on the
noise level T" at which this cross-over takes place. Interestingly, we will show
that this coincides with the critical temperature at which the system undergoes a
phase transition, from m = 0 to m # 0, in the regime of extremely diluted B-T

interactions and sub-extensive number of B clones, analysed in sec. 3.3.
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Since the B clones size distribution is a convolution of Gaussian distributions
centred on the emerging values of the (rotated) overlaps, the phase where m # 0
can be regarded as the healthy phase of the immune system, where cells numbers
are sustained. This may provide a theoretical explanation for the need of a basal
activity of the immune system, by which T clones send signals to B clones. This
is experimentally observed, even in the absence of external pathogens, and is
believed to be one of the mechanisms to accomplish a homeostatic control of cell

numbers [53].

In a similar fashion, we can calculate the equilibrium concentration of any B

clone p and the activation of any T cell i via

P,(o,b) = /deP o, b)5(b — 0,)05.0,

_ —ZP )00.0: P(b|(A'm(a)),)

1
= | dmP(blm ZP 0)05.0,0(M — 1, (a)),  (4.1.19)
showing again that all the information about the physics of the system is encoded

in the marginalised distribution P(o).

4.2 Factor graph representation

We can visualize our system of N T clones and P B clones as a bipartite
graph, G = (T, B), where T clones constitute the 7 party and B clones represent
the B party, with N = |T| and P = |B|. We indicate with dp = {i : £/ # 0} the
set of T clones connected to the B clone p, and with 0i = {u : &' # 0} the set of
B clones connected to a particular clone 4, i.e. |Op| is the degree of a B clone u
and |0i| is the degree of a T clone 7 in the bipartite graph G [73]. The bipartite

graph is schematically represented in fig. 4.1.

In our analysis, we will consider random bipartite graph ensembles where
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Oi bu

N P

Figure 4.1: Schematic representation of the bipartite graph G = (7, B) composed
of P B clones and N T clones. |0i| = d; and |0u| = g, represent the degree of
party 7 and B respectively.

the degrees d; = |0i| and g, = |0u| of the nodes in the two parties are drawn
respectively from the distributions Py(d) = + SN Sajoi, Pylq) = %25:1 O, 0u
and links are i.i.d variables which take values & € {+1,—1}. Conservation of
links demands S~ | d; = 25:1 qu, which gives, for large N, N(d) = P(q), where
averages are taken over Py(d) and P,(¢). Different graph topologies have been
considered, in the absence of idiotypic interactions, in [39], while here we mostly

focus on regular graph topologies and on the role of B-B interactions.

In this section, we introduce a factor graph representation of the Boltzmann
distribution for the marginalised system described by (4.1.8). In general, a factor
graph is useful to represent multivariate distributions of n variables o; factorising
into the product of local functions or factors, each dependent only on a subset
of the n variables, as bipartite graphs. Hence, in the bipartite graph we can
distinguish wvariable nodes, representing the o;’s, and factor nodes, representing
the local functions f,, connected via an edge only if the variable o; is an argument

of f,. Let us consider, as an example, a simple factorising distribution over the
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o1 a2 o3 04 05 (o]

fbD f(i D ff
fa fb fc fd fe ff o6

Figure 4.2: Factor graph representation of the distribution in (4.2.20). Black
circles represent variable nodes and square represent factor nodes, edges are drawn
if the variable o; is an argument of the factor f,. We represent the distribution

as a bipartite graph (left) and as a tree (right).

variables o1, ..., 04 of the form

P(O’l, e 70'6) = fa(o-l)fb(0-2>fc(0-17 09, 0-3)fd(0-4>fe(0-1; 04, O'5)ff(0'5, 0'6) . (4220)

Using the above-given prescriptions, we can easily represent this distribution as

a bipartite graph and, equivalently, as a tree, as shown in fig. 4.2.

For the general theory of factor representation we refer to [71,75]. This rep-
resentation will allow us to easily derive a set of recursive equations for marginal
distributions of T clones activation and expressions for the distributions of local

observables, which quantify B clones activation.

It is convenient to manipulate the P(o) in (4.1.5) to provide a suitable factor
graph representation. First, we diagonalise the matrix A~! transforming it via
D = P~'A~'P, where D is the diagonal matrix constructed from the eigenvalues
{)‘u}le of A=! and P is the orthogonal matrix of eigenvectors. We can rewrite

the Hamiltonian in terms of the transformed vector v(o) = P~'m(o)

H(o) = —%VT(O')D_lv(O') = —% Zvi(a)%ﬂ : (4.2.21)
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Hence, the P(o) defined in (4.1.5) clearly factorizes over p

P
1
Plo)=— [[7.0). (4.2.22)
pn=1
with normalisation Z’ defined in (4.1.7) and factors

F

I

(o) = P (@)/@N) _ <evu<cr>z\/ﬁm> , (4.2.23)

z

where
oo dZ 1.2

= = me_iz f(z) . (4.2.24)

We recall that v(o) = P™'m(o) and P is the orthogonal matrix whose columns

{(Fz)).

are the eigenvectors {n*}/”_, of the matrix A defined in (4.1.4). We can write

P P

v, (o) = Z(PT)WmV(U) = Zn‘,jm,,(a) = Z nk Z & oy, (4.2.25)

v=1 v=1 1€V

where Ov = {i : £/ # 0} and n# is the v-component of the eigenvector n* of A,

associated to the eigenvalue \,. The eigenvalues of A, each with degeneracy P/2,

are
The P/2 eigenvectors n*, = 1,..., P/2, associated to A;, have components
i 1
nk = 7 (6vp + Oupspp2) » p=1,...,P/2, (4.2.27)

whereas the P/2 eigenvectors n*, u = P/2 + 1,..., P, associated to Ay, have

components

1

n=— (Bupe = Bupsppa) » m=P/2+1,...,P. (4.2.28)
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Hence, there are only two contributions to the sum over v in (4.2.25)
1 e
v(o) = 7 | SNogonntp, > &0 | (42.29)
keou Led(u+P/2)

nt

NIV

Defining the scaled eigenvector x* = we obtain

F.(o)= <exp V/Bzat Z §pow + \/Bzx’;+P/2 Z gtig, >
)

keou Led(p+P/2 .

(4.2.30)

We can proceed by splitting the product over p in (4.2.22), to separate the con-
tributions from p < P/2 and p > P/2

P/2 P
1 v z v 4
Plo) = = (e @)=/ By [T (ext@=very,
p=1 v=P/2+1
| P2
o 51 (o |5 (s St st X e |)
u=1 kedp Led(p+P/2)
P
X H <exp VB2 | Z §rok + 1) po Z ¢, > .
v=P/2+1 kedv Led(v+P/2)
(4.2.31)
Setting v = (u + P/2) modP we have
| P
P(o) = 7 <exp \/_Z T, Z 5k0k+xu+P/2 Z §M+P/2 > X
p=1 keou Led(u+P/2)

P/2
(o | VB (7 S gmeniti S @] |}
pn=1

ke ted(u+P/2)
(4.2.32)
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and combining the averages yields

P/2
P(o) = % H <exp [\/B (zat; + ngij) Z lon+ /B (zlxﬁ + ZQCCZ) Z ffag] > ,
p=1 keou teon 21,22
(4.2.33)

where fi = (u+P/2) mod P and (-),, ., denotes the average over the distribution
f(z1) - f(22) where f is a Gaussian distribution with zero mean and unit variance

as in (4.2.24). For all p =1,..., P/2 we have

X 1 1
212t 4 zozh = z1 — Z 4.2.34
' e A0k L 201k (4.2:34)
N 1 1
21X + 29X = 21+ z 4.2.35
' R Ak V20 k) (4.2.35)
Applying to the variables 21, z5 the transformation y = Xz with
1 1
— z
x=| Vv 2‘11 ") Vl 201+0) y=| " z=| |, (4.2.36)
V200—k)  /2(1+k) Y2 <

we can rewrite (4.2.33) in terms of (y1,ys)

P/2
)= 51T (o |V X dtow v St ) a2

u=1 kedu Ledp

In the above expression we used
dyldyg _1yTo-1
(- )> =V1—k? s e 2y Y (4.2.38)

and

Cl=XHX"= : (4.2.39)
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We can finally write P(o) as a product of P/2 factors

P/2

11 fual{ow k € Op}, {ou. £ € 91} (4.2.40)

p=1

1

P(o) = 7

each involving a pair of (complementary) clones p, fi

Fun{ow b € O} {0l € D) = <exp [ﬂ <yl S o+ g;?ag)] >

keou LEDf y

(4.2.41)

Each factor f,; is a function of spins (T clones) {0} connected to the p-
th B clone and {o,} connected to i = (u + P/2) modP, which is the B clone
complementary to p. Via this representation, we note that the effect of the B-B
interactions is equivalent to connecting together T clones signalling to comple-

mentary B clones.

4.3 Derivation of the cavity equations

The cavity equations and the belief-propagation approach are useful to recur-
sively compute marginals of joint distributions of N variables o = (071,...,0x)
of the form (4.2.40) and the associated observables of the system, such as the

overlap distribution quantifying B clones activation, as shown in sec. 4.3.1.

These types of factorised distributions can be graphically represented on bi-
partite graphs (as the graph shown in fig. 4.1) or factor graphs containing N
variable nodes, representing the variables o;’s, and g factor nodes associated to
the factors f,; in (4.2.41). For sparse interactions {¢!'}, our factor graph will be
locally tree-like in the thermodynamic limit, with typical loop lengths diverging
(logarithmically) with N. This will allow us to use the Bethe-Peierls approxi-
mation [71,74] to find the cavity distributions in a recursive fashion. Compared

to the naive algorithm to compute marginals of joint distributions, which would
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sum over all the possible configurations for a total of order 2V operations, com-
putations on trees can reduce the complexity of the operations to just a linear

growth in V.

To better understand this point, it is instructive to consider a simple example

with P(o) of the form

P(O’l, Ce ,UN) = f172(01, 02)]0273((72, 0'3) tee fN—l,N(O_N—la O’N) . (4342)

In a factor graph representation, this distribution corresponds to a chain, as each

variable is common to at most two factors. To compute the marginal

P(oy) = Z fi2(o1,02) f23(02,03) -+ fn-1n(on-1,0n) , (4.3.43)
02,....,0N
the naive strategy would require summing over 2V~! configurations. A more

efficient procedure would be to write the sums as follows

P(01> = Zfl,Q(o-laO-Q) [Z f2,3(0'2,0'3) cee [Z fN_LN(O'N_l,O'N)]] , (4344)

and start computing them from the innermost sum. The latter can be represented
as a product between a 2 x 2 matrix S, whose entries are S,,» = f(0,0’) and a
vector v = (1,1)T . Each subsequent sum is again a matrix multiplication of
S with the resulting vector from the previous step, for a total of 22 elementary
multiplications at each step. Hence, to compute the marginal, we must perform

N — 1 matrix multiplications for a total of (N — 1)2% = O(N) operations.

This reasoning can be easily applied not only to chains, but also to more com-
plicated factor graphs as long as they are trees. For instance, we may consider
the example given in the previous section where the distribution (4.2.20) can be

represented as a tree (see fig. 4.2 (right)) and compute the marginal

-----
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efficient way

P(oy) = fulo) [Z o) {Z foor,s.00)] |
X [;fd(m) [;fe(al,ml,%) {;ff(af),%)m : (4.3.45)

exploiting the factorisation properties of the distribution, as shown for the case

of the chain.

Coming back to our distribution P(o) in (4.2.40) we denote with P,;(o;) the
marginals of o;, when the ¢-th clone is coupled to the factors pfi, which “measure”
the dependence of the factors pji on the variable ;. The so-called cavity marginals
P, (o) of ; when coupled to all factors except p and its complement ji (also
called messages from node i to factors p, 1), instead quantify the influence of all

the neighbouring factors except pu, i on o;.

Exploiting the tree structure of the graph, we notice that the message from
factors p, fi to node ¢, encoded in the marginals P,;(o;) depends on the incoming
messages from the nodes j # i connected to the factors ufi. Equivalently, the
message from node i to factors pu, i (when the edge ¢ — pp has been removed)
can be computed from the messages sent to node ¢ from all the neighbouring

factors p, p # u, [, as summarised in the scheme in fig. 4.3.

Hence, messages can be updated using local computations performed at each
node of the factor graph, i.e. using the incoming messages from a previous iter-
ation to compute the new outgoing ones. For a more detailed account of main
features and limitations of the method we refer to the standard books [71, 75],

while for applications to spin glasses we point the reader to [74].

We now proceed to the formal derivation of the recursive equations considering
the tree schematically represented in fig. 4.4. We start by removing the factor

i and its complementary factor i and we calculate the partition function of the
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node — factor

Figure 4.3: Scheme representing the incoming and outgoing node-factor and fac-

tor node messages used in local computations of marginal distributions on a tree.

tree T;(r) rooted in ¢ with depth 7, in the absence of the pair p, i

0
Zz'(u; = Z H fos{oneon s {oweas}) (4.3.46)
{onETi(r)} veT; (T)\,u,ﬂ
where the 0-index highlights that the root is the 0-th layer of the tree. We can

rewrite the above in a more compact way as

0
Zio= Y I feloreos)) (4.3.47)
{UneTi(r)} VETi(T)\,u,ﬂ
where we introduced the notation vy = dv U Ov and o}, denotes any spin inter-
acting with either v or . We proceed by computing the same quantity as above

but fixing the spin ;. This gives the constrained partition function Zf,?,);(az’)

Zi(;%(gi): Z H fllﬁ(giv{o-keauz?\i}> H H fpﬁ({Useap,a\k}) )

{onvier; ()} vEOI\1L keovi\i p€Ty (r—1)

(4.3.48)

which represents the un-normalised marginal distribution of ¢; in the absence
of factors y, 1. Its normalised version gives the cavity distribution R, ,;(0;), also

defined as the “message” that site i sends to factors p, fi. In (4.3.48) we separated
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®e® © @ —— r=1,
pp
Figure 4.4: Schematic representation of the factor tree T;(r), i.e. the tree rooted
in the spin o; with radius r. Rectangles represent factors f,; defined in (4.2.41)
and filled circle the spin variables the factors depend on.
the contributions of the factors directly attached to ¢ from those in the rest of the
tree, which are independent of o;. Rearranging the sums in the expression above
we obtain
0
zZine) =TI | Y foloidowcann) [ D IT  foloscon})

Tl

vedi\ui | {orcavoni} kedviNi{onery (r—1)\k} PETK(r—1)\v,i0

(4.3.49)

The last sum in the expression represents exactly the partition function Z ,S,)V(ak)
of the sub-tree rooted in k of depth r — 1, where the spin o}, has been fixed. This

leads to the following recursive relation

Z¢(321<Ui>: H Z fuo(oi, {Okeovini}) H Z,ii)ﬁ(ak) ., (4.3.50)

vedi\up | {orcavonit keovi\i

and more generally to the recursion for the (un-normalised) cavity distribution
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at layer r in terms of those at layer r + 1

Zz(;L(Uz) = H Z fuﬁ(gia{o-keauu\z H ZkT—H

vedi\ufi | {orcavoni} keovi\i
(4.3.51)
The stationary solutions of the recursion equations then satisfy
Zuglo) = T[] | Do foslonfowconid) [[ Ziws(ow)
vedi\pi | {oreavinit keovi\i
(4.3.52)

Recalling the meaning of Z;,,;(0;) as the un-normalised marginal distribution of o;
where factors p, i have been removed, one finally obtains the recursive equations

for the cavity marginals

P\uﬂ<0i) = H Pm/ Uz ) (4353)
VE(?z\,u,u
Py;}(Ui) = Z fuu a;, {Ukeayv\z H P\V{,(O'k> s (4354)
{Ukeaw/\1} k‘eallfl\l

where Z,, ensures the normalisation of P,;(c;). Iterating these equations until
convergence, we obtain exact solutions on trees and approximately exact solutions

on locally tree-like graph [71].

4.3.1 Distribution of overlaps

To study the activation properties of the system, i.e. its ability to retrieve
stored patterns of clonal activation, encoded in the pattern overlaps m, = >, -, u Lo,

we look at the joint distribution of complementary clones activation

Py (m,110) = (S () Osim(0r ZP S (0O (o) - (4.3.55)
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Inserting (4.2.40) in (4.3.55) and splitting the sums over spins attached to factors
i, fi from the sums over spins in the rest of the (tree-like) graph (which give the

cavity marginals in the absence of the factors pu, fi) we obtain

[ DyeVBu1mu(O)+y2ma(0)) §

p. (m A ) o Z{akeauﬂ} m,m#(a)(sm,mﬂ(a) er&uﬂ P\Mﬂ(ak)
e ’ o m, (O m; (O ~ )
Y iorcopiy J DyeVPumul@twema@T], o - P a(o%)

(4.3.56)

where Dy = m%e_%ﬂcfly and the cavity marginals P,,;(0%) must
be computed recursively from equations (4.3.53, 4.3.54). Summing over m or
m, we obtain the marginalised distributions P,;(m) and P,;(1h) respectively.
Marginalised distributions are particularly useful to monitor the single-cluster

behaviour varying the parameters T, k.

Finally, to compute the B clone size distribution P(b) given in (4.1.16), we

need the distribution of the rotated overlaps m,, = % + f%“z
~ . N m km

In the following sections, we will solve the recursive equations (4.3.53, 4.3.54) in
two cases that can be treated analytically, namely the paramagnetic phase (sec.
4.4) and the case with ferromagnetic interactions (sec. 4.5) and we will com-
pute the overlaps and clone sizes distributions in different regimes of the model
parameters. We will also specialise them for a particular graph distribution, fo-
cusing mainly on the regular graph topology. In sec. 4.6 we numerically solve
the recursive equations for the general case with disordered interactions using a

population dynamics algorithm, described in appendix A.2.
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4.4 Paramagnetic phase

One can easily see that P,;(0x) = 1/2 V¥ u, i,k is always a solution of the
recursive equations (4.3.53, 4.3.54). We refer to this solution as the paramagnetic
phase, where spins have probability 1/2 to be £1. In this phase, the distribution
of overlaps (4.3.56) for the clusters p, i simplifies to

Z{akeauﬂ} f Dye\/ﬁ(ylm“(a)—i_yzmﬂ(a))(5m,mu(a')(5m,mﬂ(a')

> oy | DyeVBunmu(@)tnmu(@) ’
Okeduj

P,u(m,m) = (4.4.58)
thus losing the dependence on the interaction with the other clusters in the graph
through the cavity marginals P ,;(0y). This means that in the paramagnetic
phase each cluster in the graph behaves as if it were in isolation. Hence, analysing
(4.4.58) and the other related overlap distribution in this phase, we can obtain

information about single clusters activation.

We use the delta constraints to remove the spin dependence from the expo-
nential in the numerator, then we perform the integration over y;, yo and the sum

over the spins

Z Orm,my () Orim (07) =

{Ukeawffzeaﬂ}

_ 1 dxldxzeimlerixgm § e*il“l Zkeau fgak E e*iCL’Q Zzeaﬂ 550’@

472
{okeon} {ovean}
1 . C .
=13 dzydage®mHe2m (9 cog 21) 112 cos 25) 17
7r
|Op [l .
ferd |0/
= Z < 5m,2r—|8u| Z . 5m72j—|5ﬂ\ ) (4.4.59)
=0 N " i=o N J

where we used the Fourier representation of the Kronecker §’s, the parity of the
cosine function to drop the ¢’s from its argument, the binomial expansion of the

powers of cosine and finally carried out the integrations. This leads us to the
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discrete distribution

. 1 B (m242kmmtm?) 2 |Op| il |01
Pwl(m’m) = = Ae2(1fk ) / (5m,gg,|au‘ Z . 5m,2j—\8ﬂ| )
s £=0 Jj=0 J

(4.4.60)

where

- g‘:' (yau|) g;' (\8;1!) sz (26— 10m)?+ 2K (20|00l (25~ 07+ (25—05)?
i = ‘ e2(1—k
(=0 ¢ = \ J

(4.4.61)

ensures normalization of (4.4.60) over the support m € {—|9ul, |[Ou|+2, ..., |Ou|—
2,|0p|} and similarly for m.

Figure 4.5: 3D plot of the joint distribution of complementary B-clones overlaps
P(m,m|K) (4.4.65) for T' = 5 (left) and T = 10 (right) and & = 0.5. The
distribution is computed for a regular graph with degree K = K = 4 in the
paramagnetic phase. Note that here and elsewhere the support of the distribution
is discrete, m,m € {—4,—2,0,2,4}, and a continuous interpolating function has

been used to guide the eye.

It is worth stressing that in the paramagnetic phase the overlap distribution,
from which our observables of interest can be derived, does not depend on the

nature of the interactions {£!'}, and Z,,; depends on p, i only through |Opu|, |0/



4.4. Paramagnetic phase 160

The distribution of rotated overlap follows as

eﬁ(m%zkmmm?) [0 EM
Puﬂ(m) - Z Z/ ] Z ( / )5m,2é—|8u X
m,m 2223 =0
X 8ZM| 91 5 5(m— " il (4.4.62)
m.27—|0 m — - . A
=\ J 25104 1—k2 1—k2

Averaging eq. (4.4.60) and (4.4.62) over graphs with factor degree distribution

P,(k) we obtain respectively

A~ ~ 1 _B _ m2 mm 'ﬁqz " K R /2'/
Pl = X AP 5o @ S (0 5 (MY onar s
K,R>1 Kot =0 §=0 J
(4.4.63)
and
_B8 5 (m2+2kmm+m?) &
- - e2(1-k%) K
PGP = Y PR (R) Y ()
K,R>1 m,m KK =0

Ay m ki
> a6 — — . (4.4.64
5 (j)‘s’”” & (m 1— k2 1—/«?) (44.64)

In addition, we can obtain the marginalised distributions P(m|P,) = > . P(m,m|F,)
and P(m|P,) =), P(m,m|P,). In the following we consider the regular graph

case, i.e. P,(k) = 0,k for which the distributions reduce to

— B (m22kmm+m?) K K
R e2(1-k%) K K
P(m,m|K) = Z Z (E)(Sm’%_KZ (] )57;172]‘_[( (4465)
/=0 7=0
and
— B (m24+2%kmm+m?) K
B e2(1—k2) K
POTIR) = S 3 () Jowar
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where Z, 2’ are the normalising constants. Analogously, we can define the
marginalised distribution for a regular graph topology, which we will indicate
with P(m|K), P(m|K).

P(m) P(m)
0.5 0.5

0.4 0.4

0.3]

Figure 4.6: Plot of P(m|K) in the paramagnetic phase for a regular graph with
degree K = 4. Left panel: P(m|K) for different temperatures 7' = 1,5,10 at
fixed k& = 0.5. Right panel: P(m|K) for different B-B interaction strengths
k = 0.1,0.5,0.9 at fixed T" = 5. Note that the support of the distribution is
discrete (markers), m € {—4,—2,0,2,4}.

Our aim is now to investigate the system’s behaviour varying the parameters
T and k. To this end, we first we plot P(m,m|K) in figure 4.5 for different values
of the noise level T'. At high temperature, the distribution is peaked around zero,
suggesting that in the absence of an antigenic field there is no clonal expansion.
Decreasing the temperature, the overlap distribution becomes peaked at equal
values of m = m = £ K this means that pairs of complementary clones are likely
to receive the same signals, either both excitatory or both inhibitory. The system
will fluctuate from one peak to the other with a timescale 7 proportional to
the exponential of the free-energy barrier between (m,m) = £(K, K) and (0, 0),
hence exponentially large in the finite size K of the two clones 7 ~ ef5*/(1=k),
It follows that any clone that is initially expanded, will eventually undergo a
contraction in the absence of an antigen, over a typical timescale that increases
with the size K and the strength k of the idiotypic interactions. Hence, one of
the roles of idiotypic interactions is to prolong the short-term memory of the

encountered antigen in the system.

To better understand the dependence of the activation on the system’s pa-

rameters, we plot P(m|K) in fig. 4.6 for different values of the temperature T
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and of the B-B interaction strength k. The effect of increasing the B-B inter-
actions strength k is qualitatively similar to what we observe when decreasing
the temperature. In the next section (4.4.1), we will discuss in more detail the
dependence of the transition from bimodal to unimodal overlap distribution on
the parameters T" and k .

P(f) P(b)
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0.05] z :
m b
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Figure 4.7: Plot of P(m|K) (left) and the associated B clone sizes distribution
P(b) (right) for different temperatures 7' = 1, 5, 10, and fixed k£ = 0.5 for a regular
graph with degree K = 4 in the paramagnetic phase.
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Figure 4.8: Plot of P(m|K) (left) and the associated B clone sizes distribution
P(b) (right) for different strengths of idiotypic interactions & = 0.1,0.5,0.9, and
temperature T" = 5 for a regular graph with degree K = 4 in the paramagnetic

phase.

Finally, we plot the distribution of rotated overlaps that is needed to derive
the B clone size distribution. In fig. 4.7 (left panel) we show the behaviour of
P(m|K) when varying the temperature, while in fig. 4.8 (left panel) we plot it for
different values of k. The behaviour is qualitatively similar to what we discussed
for P(m|K) and directly affects the B clones size distribution. The latter can
be computed from P(m|K) by using (4.1.16, 4.1.17, 4.1.18), and is shown in

the right panels of the same figures. Fig. 4.7 (right panel) shows that at high
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temperature the B clone size distribution is peaked at zero, meaning that no clonal
expansion or contraction take place in the system. Lowering the temperature, the
distribution develops two peaks leading the system to alternate, in the absence of
an antigenic field, between “memorised” (expanded or contracted) states, where
B clones are boosted or suppressed, respectively. An antigenic field will force the

system to remain in the expanded state.

In fig. 4.8 (right panel) one notices that the peaks shift to larger clonal
sizes when k is increased, showing that idiotypic interactions may help boost the
proliferation of B clones. Furthermore, decreasing k at fixed T the distribution
crosses over from a bimodal to a unimodal distribution peaked at zero, meaning
that clonal expansions and contractions are more resilient to noise in the presence

of idiotypic interactions.

4.4.1 Crossover transition

In this section, we study the dependence of the crossover transition of the
overlap distribution from unimodal to bimodal (as shown in fig. 4.5 and 4.6) on

the noise level T" and the idiotypic interaction strength & .

We note that this crossover transition is not a true phase transition, due to
the effective finite size K of the system. In contrast with the case K ~ N7,
with v < 1 (and P ~ N7) analysed in chapter 3, there is no order parameter
that becomes non-zero at the crossover. Before the crossover, one has a broad
distribution of the order parameter, peaked at zero, while after the crossover one
has a typical timescale for the system to make a transition between one peak and
the other, rather than a full ergodicity breaking. We will refer to the line in the
(T, k) plane where the crossover takes place as the single cluster activation line,

since it represents the onset of B clonal activation in the paramagnetic phase.

In order to derive the activation line, we consider the distribution of the

magnetisations m € {—K,..., K} and 7 € {—K,..., K} in the cluster of size
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K + K defined in (4.4.65) for the case K = K. This distribution is of the form

o 1 s _ m mm-+m K f(
P(m,m|K, K) :§e2(1k2)< o 2k 2)< )( ) : (4.4.67)

K+m K+
2 2

where we introduced the binomial coefficients, which are meant to be zero for

non-integer arguments. The normalising constant, which reads

*TB m mm-+m K [A(
Z = 262(17k 5 (m?+2kmiintin?) (K+m) (K+m) ’ (4.4.68)
2

2

m,m

gives the system’s partition function. Hence, we can derive the free energy F' =
—% log Z, which is expected to give information on the “critical behaviour” of the
cluster. We note that F' cannot be directly computed but we can obtain bounds
on this function by considering bounds for Z. In particular, we can exploit the

inequalities

Lers() < (M) < ers(x)
< < 4.4.

K+1o O =\r)=0 (4.4.69)
where S(p) = —plogp—(1—p)log(1—p). The second inequality, after the change

of variables m = 22 and 7 = %, gives us the upper bound

z < Zerfm(K2m2+2Kkkmmf<2+m2)+K$(#)H%S(HT?”)
B m,m

< (2K +1)2K +1)e¥Pmmel-1é1(mm) (4.4.70)

Y

where we have defined the function

¢1<m7m) = 2(1 . k2) 9 9
(4.4.71)
The lower bound on the free energy follows from (4.4.71) and reads
1 N
F> [— sup ¢ (m, ) — log ((2K+1)(2K+1)) L (4472)
m,me[—1,1]

B<K2m2+2kKKmm+K2m2> ks <l—l—m) ks (1—1—771)



4.4. Paramagnetic phase 165

Let us now consider the function ¢, (m,m). The stationary points of this function

satisfy the “mean-field” equations

m = tanh( (Km—i—f(kﬁz)) , (4.4.73)

1 — k2

o B .
M = tanh (m (Km—i—Kk;m) . (4.4.74)

In this approximation, eq. (4.4.73, 4.4.74) qualitatively correspond to the steady
state of the equations (3.3.106) derived in sec. 3.3. We note that the “paramag-
netic” point (m,m) = (0, 0) is always a solution to the above equations. However,
the point (0,0) becomes unstable when the largest eigenvalue of the Jacobian J

of the system (4.4.73, 4.4.74) evaluated in (0,0)

J b KRk 4.4.75
Ryl (4.4.75)
becomes greater than one. This happens for
2(1 — k?)
g = : (4.4.76)

K+ K+ \/K? + 2KK (2 — 1) + K?

which for K = K reduces to 8 > % In this regime, the point (0, 0) ceases to be
a maximum and becomes a saddle-point of the function ¢;(m, ). Interestingly,
the line T'= K/(1 — k) coincides with the critical line of the real phase transition
occurring in the system with a sub-extensive number P ~ N7 of extremely diluted
patterns, with v < 1, analysed in chapter 3, where the typical size of a cluster is

K ~ N7,

This connection is best understood by looking also at the first inequality in

(4.4.69), which gives an upper bound on F. Let us define « such that K =akK
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and set = % then

z > 1 Z672(15192)(K2m2+2kKKmm+K2m2)+K$(l+Tm)+f<$(1+2m)
T (K+1)K+1)

m,m

_ 1 _ ZeKdng(m,ﬁ’L)
(K1 K+1) 2=

Ksup,,, .mqe—1,1] P2(m1,m2)
(§ 1,m2 efK(supm17m2€[_171] ¢2(m1,m2)7¢2(m,fn))

(K+1)K+1) o~ ’
(4.4.77)
where we have defined the function
3 1 1+
¢o(m,m) = ﬁ (m? 4 2kamin + o*m?) + S <%) +aS ( —;m) .
(4.4.78)
From the above lower bound on Z we get the upper bound
1 .
Foe Mok s dalmn) —log 37 e K Etmmact 1o xtmamn)-ontm)
B m,me[—1,1] 2( ) T;h
+10g((K+1)(aK+1))] . (4.4.79)
The stationary points of the function ¢,(m,m) satisfy the equations
_ g ,
m = tanh 12 (m+akm) | , (4.4.80)
o B,
m = tanh T 72 (am +km) | , (4.4.81)

which, if we reverse the transformations K = oK and 8 = %, give us again
the mean-field equations (4.4.73, 4.4.74). We note that ¢1(m,m) = Kpo(m,m)
when K = aK and 8 = %, hence in the limit of large K and assuming o < oo,
the upper bound (4.4.79) and the lower bound (4.4.72) give for the free energy

density £ — —% SUD,, me(—1,1) P2(m, M) as K — oo. This suggests that the result
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(4.4.73, 4.4.74) can be interpreted as the infinite size approximation of the finite
size system (4.4.67), which gives the connection with results derived in ch. 3 [61].
This system becomes “critical”, i.e. develops bi-stability, when the equality in

(4.4.76) is satisfied.

Numerically, it is possible to identify a crossover temperature by looking at
the height difference between the peaks in 0 and K. This method is exact in
the case K = 2, where the support consists of three points, and will provide a
lower bound for the crossover temperature for X' > 2 (an exact numerical method
would consist in locating the temperature at which the peak in 0 stops being the

maximum over the support of the distribution).

We consider P(m|K, Py) = > i~ P,(K)Y.,. P(m,m|K,P,), which can be

written as
K (f?)em[m2+<2j—f%)2+2km<2j—kn( £
0 m+tK
P(m|K,P) =Y P(K e 2 .
%50 Z (K) ZK (K)em[(2r7K)2+2k(2r7K)(257K)+(237K)}
r=0 s=0 \s
(4.4.82)

where we have fixed the size of one clone to K and marginalised over the overlap
7 of the other clone. Its size K is assumed, in what follows, to be drawn from a
Poisson distribution mx with average K. We plot in fig. 4.9 the peak difference
A = P(K|K,7k)— P(0|K, k) as a function of 7" and k and we show in fig. 4.10
(left panel) the line, in the plane (T, k), where A first becomes positive. For low
values of K, this is expected to give a good approximation for the activation line
where the crossover transition occurs, and is in good agreement with the critical
line Taust = K/(1 — k), theoretically predicted for regular graph topology and
large size K (dashed line).

Alternatively, for a regular topology with degree K one can monitor the total
cluster magnetisation m, = m + m via P(my|K) = Y . P(m,m|K)dm, mtm,
although we expect here the peak difference P(2K|K) — P(0|K) to give a worse

estimate of the transition line, given the broader support of the distribution. The
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Figure 4.9: Plot of the peak difference A = P(K|K,nx) — P(0|K,7f) for the

distribution defined in (4.4.82) as a function of the temperature (left) and 3D
plot (right) with K = 3.

latter can be written as

o (M) (K ) ()

P(my|K) =

m,m

K (%) K (K)eﬁ((QK—K)2+21~:(2£—K)(gj_K)+(2j_K)2 S —

(4.4.83)

and the line where the peak difference first becomes positive is plotted in fig. 4.10
(right panel). This indeed provides a lower bound on the activation temperature

Teust = K/(1 — k) shown in the same plot, for guidance, as a dashed line.

4.5 Ferromagnetic interactions

Cross-talks effects between clusters can be studied in the case of ferromagnetic
interactions &' = 5{1 = 1, V 4, u, i, where we can progress analytically even
away from the paramagnetic phase. To this end, we consider spins interacting
on a random regular factor-graph with [0i| = L and |0u| = |0ii] = K. In the
thermodynamic limit N — oo, the graph is tree-like and due to the ferromagnetic
nature of the interactions all factors (4.2.41) are equivalent. It follows that all the
cavity distributions are equivalent R ,;(0) = P°(c), V p, fi. Parametrizing them

as P¢(0;) o %9 and denoting Dy = v/1 — kZ%eleyTC_ly, we can write the
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Figure 4.10: Transition line in the plane (7', k) from unimodal to bimodal dis-
tribution. Left: Zero-contour plot of the peak difference A in the plane (7, k)
monitoring P(m|K, P,;) for a regular graph with degree K" = 3 when coupled to
a factor with Poisson distribution (average degree K = 3). Right: Zero-contour
plot of the peak difference monitoring P(my.|K) with K = 3. The dashed lines
represent the activation line Ty = % predicted for large K, consistently with

results in [61].
recursive equation (4.3.53) as
L1
“+00
P(o) = % / Dy 3 o/Fontn (VIS ox) (VI )+ )

{okt AT}
(4.5.84)

where we denoted by o the spins attached to factor ;o and by 7 those attached
to 1. We also assumed that, due to sparsity of interactions, o (where the tree is

rooted) is attached to factor u only.

Considering ¢ = 0 in (4.5.84) we retrieve the paramagnetic phase analysed in
sec. 4.4 with P¢(0;) = 1/2 V 0; = 1, while for ¢ # 0 each cluster will receive a

signal from the others, acting as a field. We can manipulate (4.5.84) by summing
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over {ox}, {7} to obtain

P<(o) U_Jr;o %efﬂg_lye\/ﬁayl [cosh(v/Byr + ﬁqﬁ)}K_l [cosh(v/Bya + 5¢)}K} o
0)= -
dos [fj;o %e—y 5 evVBan [cosh(\/gyl + 5@5)}1(71 [COSh(\/ByQ + 5¢)}K}L 1
(4.5.85)
and using P°(1) oc €% and P¢(—1) o e ??, we get
1 Pe(1)
6= 55198 ey (4.5.86)

This leads to the following self-consistency equation for ¢

b= L—1 log fj;o ‘;—ZefyTg_lye*/Byl [cosh(v/Byr + Bqﬁ)}K—l [cosh(v/Bya + ﬁqu
[ A= TE B [cosh(v/Byn + B6)] " [cosh(v/Bys + B6)]
(4.5.87)

Clearly ¢ = 0 is always a solution, but we expect it to become unstable at low

temperature. With simple manipulations we can rewrite (4.5.87) in the following

form
L-1 B (Y ST (K) [ e oI et ap2ic)
= lo - — = T .
T KT S () [ o5 oMTypoalr 22k +)
= = — e

(4.5.88)

where JT = (\/B(2+20—K),/B(2p—K)) and M” = (v/B(20—K),/B(2p—K)).

Integrating over y, we obtain

2 2
K-1 (K—l) K (K) BUze—f2) +(2p- K 3 2R K2 B0 K)) | gy (20+2p—2K+1)
J— 2 5_ 2 J— 5_ ~
2 K-1 <K~_1) ZK (K) BURL K24 (20 KO 42k (IO 25I)) 4 goy(27 4 252K +1)
=0 \ 7 =0 \5)€

(4.5.89)

Via bifurcation analysis we can determine the critical temperature T, at which
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cavity fields bifurcate to a non-zero value (we will provide full details for general
types of interactions in sec. 4.6). In fig. 4.11 (left), we plot the critical temper-
ature T, as a function of the vertex and factor degree for two different values of
the B-B interaction strength k. Increasing k widens the region where the cavity
fields are non-zero, the so-called interference region. Given that in the ferromag-
netic case the cavity fields are homogeneous, the interference between cytokine
patterns is constructive and does not disrupt the system’s parallel retrieval of

information.

In addition, in the right panel of fig. 4.11 we show a comparison between the
critical temperature T, at which the cavity field bifurcate to non-zero values, and

the single cluster activation temperature Tg,s (computed in sec. 4.4.1) for fixed

values of K =4 and L = 2.

As in the paramagnetic case, we compute the overlap distribution, defined in
(4.3.55), for a regular factor graph with degree K (generalizations to non-regular

topologies are straightforward) from

o3y (M H 2 2kmii) 4 86 (m-th) SEL () T, (K

l p=0 \p
BURL=K)2+(2p—K)2 42k (2L K) (25— K)?) | gy97 05 9/ 41)

Z?ZO (IZ() Zfa(:o ([g)e 2(1-k2)

) (5m,227K 6fn,2p7K

P(m,m|K) =

(4.5.90)

where ¢ is self-consistently obtained from eq. (4.5.89). In fig. 4.12 we plot
the distribution (4.5.90) for different values of the temperature and fixed degrees
K =4, L =2 ForT > T, where ¢ = 0 (see fig. 4.11, right), the overlap
distribution (4.5.90) reduces to (4.4.65), which describes the behaviour of a sin-
gle cluster in the paramagnetic phase and does not depend on the nature (e.g.
ferromagnetic or disordered) of the interactions. Since T, in this case is larger
than the single cluster activation temperature (see fig. 4.11, right), the system is
found in the high-temperature regime of the paramagnetic phase and displays an

overlap distribution peaked at zero.
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Lowering the temperature, ¢ becomes non-zero: hence, we expect that the
predictions obtained in the paramagnetic phase become inaccurate in this regime.
Numerical evaluation of (4.5.90) shows that at low temperature one has again a
crossover of the overlap distribution to an activated regime, where it displays a
single peak at either positive or negative values of the magnetisation, depending
on the initial conditions (see fig. 4.12, left). Indeed, clonal cross-talk arises, in this
regime, as a field that pins the system at one peak or the other, and the system

develops a non-zero global magnetisation (as for ferromagnetic interactions the

field is homogeneous).

Tclust k=0

i Tclustk=0.5

= N W~ O O

‘5 10 15 20

Figure 4.11: Left: Critical temperature T, for the transition ¢ = 0 — ¢ # 0 for
a regular graph with degrees K, L for the values of the B-B interaction strength
k = 0.5 (orange) and & = 0 (blue). Right: Plot of ¢ as a function of the
temperature T" for K = 4 and L = 2. Dashed lines represent the single cluster

activation temperature (sec. 4.4).

Marginalising over m, we can get information about the overlap distribution
of the pu-th B clone given that it interacts with its complement ji: in fig. 4.13 we
plot it for different values of the temperature and the B-B interaction strength,
and observe qualitatively the same transition described above. From the joint
distribution P(m,m|K), we can compute the distribution P(m|K) of rotated
overlaps m,, = % + T—k@, which is plotted in fig. 4.14 (left panel) for different

temperatures and in fig. 4.15 (left panel) for different values of k.

We can finally use the rotated overlap distribution P(m) to derive the B clones

size distribution, as shown in sec. 4.1. In fig. 4.14 and 4.15 (right panels) we
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Figure 4.12: Plot of P(m,m|K) defined in (4.5.90) for T" = 5 (left panel) and
T = 15 (right panel) fixing & = 0.5, for a regular graph with K = 4, L = 2 with

ferromagnetic interactions.
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Figure 4.13: Plot of P(m|K) for a regular graph with K = 4, L = 2 with fer-
romagnetic interactions. Left: P(m|K) varying the temperature 7' = 1,10, 15
with £ = 0.5. Right: P(m) varying B-B interaction strength k& = 0.1,0.5,0.9 for

T = 10.
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Figure 4.14: Plot of P(m|K) (left) and the corresponding B clones distribution
P(b) (right) for different temperatures ' = 1,5,10 for a regular graph with

K =4 L =2 and k = 0.5 with ferromagnetic interactions.
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Figure 4.15: Plot of P(m|K) (left) and the corresponding B clones distribution
P(b) (right) for different B-B interaction strength & = 0.1,0.5,0.9 for a regular
graph with K =4, L =2 and T' = 5 with ferromagnetic interactions.

show its behaviour in temperature and in k respectively. At low temperature, the
B clone size distribution is peaked around non-zero values, meaning that B clones
are expanding. Increasing k, the probability of having strong clonal expansions

(even at high noise levels) increases.

B clone sizes, as anticipated, are often experimentally measured as concen-
trations and in some cases are thought to follow a Zipf’s law [12]. Using our
definition of clonal sizes as (relative) log-concentrations b = logc¢/cy we can get
concentration distributions as P(c) = [ P(b)6(c—e®)db = 1 P(log(c)). In fig. 4.16
we show the log-log plot of P(c) for different values of T' (left) and & (right). In
particular, we see that increasing k£ and decreasing 7', increases the probability
of having clones in high concentrations. More generally, our model enables us
to determine the single most important parameters that affect the tail behaviour
of these distributions and might be useful to infer the network connectivity and

operational noise in health and disease situations.

4.6 Disordered interactions

In order to discuss more general cases of interactions, it is useful to parametrise
P,i(0;), the message from factor p and fi to node 4, by an effective field 1, ;

and P,,;(0;), the message from node j to factors y, ji, by the effective field ¢;_,,
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Figure 4.16: Log-Log plot of P(c) for a regular graph with K = 4, L = 2 with
ferromagnetic interactions. Top: P(c) varying the temperature fixing k& = 0.5.
Bottom: P(c) varying k for T = 5.

as

Pi(oj) oc ePrivmi—i (4.6.91)
Ps(0j) o el7idimve (4.6.92)

A schematic representation of these messages in a factor graph can be seen in fig.
Pup(oj)oj

4.17. Using the relation (o;) = % = tanh(f8,,-,,) we can derive an

expression for v,;,,;. From (4.3.53) and the definition of f,;({okeau}, {oecon})

in (4.2.41), we have

n
P forcopt doecon} kedup\j

(4.6.93)

1 )
P ,tl(gj) — e Z 'Dye\/ﬁ(yl Sheou Enorty2 Ypcan € 00) H P\uﬂ(gk’) ’
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where Z,; is the normalization. Manipulating (4.6.93) by using the parametri-

sation (4.6.92), yields

Puﬂ(gj) :L Z 'Dye\/Bylf?Uj H e(\/Byle-i-B(ﬁk—mﬂ)Uk %
Z N
HE {opeont{oceon} keou\j
w [H e(\/ﬁy2§f+l3¢z—>w)w] ) (4.6.94)
tedp

Note that due to the sparsity of the links, we assume that each spin is connected

to either u or its complementary [ factor. Summing over {0}, {o¢}, we obtain

| o
Pup(oj) = 2~ /Dyeﬂyﬁj T 2cosh (VByEL + Bdru) |
i

keop\j

X [H 2 cosh (v/ Byl + Boesun)| - (4.6.95)

tedj

Hence, the cavity fields in (4.6.91) are ¢,;,-,; =

o ((sinh VB&S) [Treop; cosh (VBy1EL + Bdr—pn) [L;co; cosh (v Byl + 5@_”“1)))},)
(cosh v/By1€!) TTreopns cosh (VBy1EL + Broup) [reon cosh (VBYE) + Bdemun))y |
(4.6.96)

Finally, using the recursive equation (4.3.54) and the parametrisation (4.6.91,

4.6.92) it follows also that
Qjmvp = Z Yupsj - (4.6.97)
K

The cavity fields equations (4.6.96, 4.6.97) can be iterated until convergence [71].
We can show analytically and check numerically that 1,,,.; = 0,Vp, fi, j is a fixed
point of (4.6.96) for any value of k, simply using symmetries of the integral. In
the following we will study the transition from zero to non-zero cavity fields and
we will discuss how it affects the retrieval properties and the functioning of the

system.
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Figure 4.17: Schematic representation of the messages ¢;_,,; from node j to
factors vo, and 1), ;, from the factors pfi to node j in the factor tree used to
derive equations (4.6.96) and (4.6.97).

4.6.1 Distributions of cavity fields

In the large N limit, the solution of the cavity equations (4.6.97, 4.6.96) can
be characterised via the distribution of messages or fields, W, (¢) and Wy(¢). The
field distributions can be computed as follows, denoting by W({¢"}, {¢"}, {Pkopin}> {Pe—pin})
the rhs of (4.6.96),

Wyl) =Y Q<(§>>e<<5(w ~ WG ber A€ E ey (46.98)

and taking the average over i.i.d. values of the (non-zero) {£¢} and over i.i.d.
fields ¢y, ..., pe—1 drawn from Wy(¢). In the above expression, Q)(e)e/(e) is the
probability of picking an edge connected to a cluster of degree e [73]. Since
the cluster is composed by the union of the nodes signalling to factor p and ji,
its degree distribution @(e) follows from the degree distribution of the disjoint

factors u, i as

Q) = 3 Pa) Py)ole —q 1) (4.6.99)
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and

(e) = Z Qle)e = Z Z ePy(q)Py(q)o(e —q — q) = Z P(@)Py(9)(q +q) = 2(q) -

e g4 q,9

(4.6.100)

Similarly we have

d—1

dPy(d

W(9) = Z$<<5 (qﬁ—Z%) >> : (4.6.101)
d pn=1 év’lp

where the average is over i.i.d. values of the (non-zero) {{°} and i.i.d. fields

Y1, ..y Ya—1 drawn from Wy (¢0). Py(d) represents the probability of picking a node

of degree d. Field distributions can then be obtained numerically by a population

dynamics (PD) algorithm [74], details of which are provided in chapter A.2.

4.6.2 Small fields expansion and bifurcation lines

Transitions from zero to non-zero cavity fields can be located by monitoring
bifurcations away from zero of the moments of the field distribution. Depending
on the model’s parameters, either the first or the second moment will first bifur-

cate away from zero [39]. To this end, we Taylor expand for small fields the rhs



4.6. Disordered interactions 179

of equation (4.6.96) to first order around ¢ = 0, which gives

\Ij( j'lv {55}7 {65}7 {¢k—>uﬂ}’ {d)ﬁ—mﬂ}) =
<sinh(ﬂy15;f) sinh(vVBy&l) [ cosh(vBui&) I] cosh(ﬂy25£>>

redp\{k,j} Ledp

~ D G Yt
' < )

H cosh(\/Bylﬁ,’;) H COSh(\/B?hff)

keou Jastom y

<sinh(\/3y1§;.*)sinh(\/3y2§£) H cosh(v/ By H cosh(\/Eyzﬁg)>

redu\j PEIRNL
+ Z ¢€—> (i Y=
Ledp " I f
<H cosh(v/Bun&l) [ cosh(v/Byss! )>
kedu Ledii y
= ) oL AL AL + D bemun (€L € AT AEY)
keou\j Ledn
(4.6.102)
where

(sinh(v/By:€") sinh(v/By1£) H?;é cosh (v/Byi€") HZ:q cosh(v/Bya8"))y

Qe 80 =
(&) ([T7Z; cosh(v/Byi€") [T, cosh(v/BysE"))y |
(4.6.103)
e e )iy ) Ty b (V) Ty st (V)

(IT=; cosh(v/By: &) [T/, cosh(v/By28Y))y
(4.6.104)

Moments can be obtained using the fields distribution (4.6.98, 4.6.101) and aver-
aging the small field expansion (4.6.102) over ¢,,¢ . For the mean bifurcation

we get

o = {000 30 FHOTE =0 [ pyiamien . e)g + (e~ e €]
(4.6.105)

(D)o = W)y Y - (4.6.106)
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Combining them we obtain

W)y = Y PM)ZXZ - 1) Pq<q>1;q<ge> —qe

X [(q - 1)<Qa(£17 s ’€e>>€ + (6 - Q)<Qb(€17 s 7§e)>£] ) (46107)

d.e,q

with solutions (¢),, = 0 or

= Pud)d(d — 1) <~ Po(q) Pafe — qe
D D DT

< [la= D@ (N + e =@ D] (46.108)

If the means are zero, the transition can be detected monitoring the variances.

The equation for the variances read

<w2>w _ <¢2>¢ Z PQ(q)PIJ(e — q)e

- 2(q)
(4.6.109)
(@) = (W)Y Pd(d)ig;l —3 (4.6.110)
d
Combining equations (4.6.109) and (4.6.110) we have
<¢2>¢ :<1/}2>¢ Z Pd(d)ig;i _ 1) PQ(Q)];q(E; - q)e «
d,e,q
(0= DUOE g + (e - @ €
(4.6.111)
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Both eq. (4.6.107) and (4.6.111) have a trivial solution with zero moments or a
more complicated one, which gives us the line where moments become different
from zero. This will depend on the system’s temperature, the B-B interaction
strength, the graph topology encoded in the distributions P;(d),Q(e) and the
distribution of the disordered interactions ¢’s. In the next subsection, we will
study the bifurcations for different choices of the disorder. We will focus on the
regular graph topology with vertex degree L and factor degree K; hence, we
choose Py(d) = dq., and P,(q) = 0, 5. We will obtain the critical line numerically

via population dynamics simulations and analytically from (4.6.107, 4.6.111).
4.6.2.1 Symmetric pattern distributions

We first consider the case of symmetrically distributed £’s, i.e. P(§) = %(5&“ +
%55,,1. In this case there is no instability from growing means as the field dis-
tribution is always symmetric and, indeed, the rhs of (4.6.107) averages to zero.
The bifurcation is, therefore, detectable from the instability of growing variances,
while the mean remains zero. Specialising (4.6.108) to the regular graph case

with Py(d) = 041 and P,(q) = 0,k we get

L . ( (sinh?(vBy) cosh” 2 (v/By1) cosh X (VBya))y \*
b= ”{(K ”( (cosh (v/By1) cosh™ (v/Fya))y )
K ((sinh(\/ﬁyl) sinh(y/Bys) cosh™ " (v/Bys) cosh " (v/Byn))y ) }

(cosh™ (/Byr) cosh™ (v/Bya) )y ‘

(4.6.113)

We can easily compute the large T-limit (8 — 0) in (4.6.113): the rhs clearly tends
to zero, hence no solutions with non-zero fields exist at high temperature. For
B — oo averages are dominated by large values of y;, 1, vielding sinh®(v/By;) ~

cosh®(v/By1) and 1 = (L — 1)(2K — 1). Hence, for a regular graph there is no

2K
2K—-1"

bifurcation as long as L < For the general S-dependence, we compute the
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Gaussian averages over y explicitly, obtaining

L—1 )
= G ror K- DOE kK + K@ kK], @46114)
where
() (B e (202 (K 22k 20 (K —29)
w(“B,k,K): ( )( )eZ(Isz)« ’
2L
01(B, k, K) = i: Kﬁzi(fl)” (12)) (K; 2) ([j) o3y (K =2r=20)2 (K ~26)2 4 k(K ~2r—2p) (K ~25)) 7
p=0 r=0 s=0
5 ) 1 K—l(*l)nm(l) (K - 1) (K - 1) (1)eﬁ((K—Qj_Qh)'Z+(K_2n_2v)2+2k(K_2j_2h)(K_2n_2U)) |
o n,h=0 j,u=0 n J v h

(4.6.115)

The latter condition gives the critical line for the variances bifurcation in
T =1/p as a function of L. We plot this line in fig. 4.18, in the presence and in
the absence of idiotypic interactions. We also compare the theoretical bifurcation
line in (4.6.114) with the data obtained from population dynamics simulations
(markers). For k = 0 the line is in agreement with results obtained in [39].
Increasing the B-B interactions strength widens the interference region as one of

the effects is to merge clusters (in this case of equal sizes) together.

As in the case with ferromagnetic interactions, the role of the critical line con-
sists in separating the region of clonal cross-talk from the region with no interfer-
ence. However, with disordered interactions the interference acts on the system in
the form of inhomogeneous fields and will therefore represent an additional source
of noise in the system (besides the thermal noise). For T > T.(K, L), the cavity
fields are zero and each clique is signalling to a particular B clone, without feeling
the interference of the others. In the neural networks jargon, the system works,
in this region, as a parallel processor able to retrieve multiple cytokine patterns
&" simultaneously. For T' < T.(K, L) the system is in the clonal cross-talk region
or so-called spin glass phase (SG) [39], where random fields act on each clique,
reducing the parallel processing capabilities and making the signalling process to

B clones less effective.
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Figure 4.18: Critical line for symmetric patterns distribution (bifurcation in vari-
ance) in the plane (7', L) for different values of B-B interaction strength k£ = 0, 0.5.
We consider a regular graph with factor degree K = 2. At high temperature the
system is in the paramagnetic phase, where clusters are independent of each other.
Crossing the (solid) lines, cavity fields become non-zero and the clonal interfer-
ence increases entering the cross-talk or spin glass (SG) region [74]. Markers
(PD) represent numerical results obtained via population dynamics simulations
(population size M = 10%, see A.2 for details). Dashed lines represent the single
cluster (SC) activation temperatures, derived in sec. 4.4.1.

In addition, the dashed lines highlight the temperature 7., at which single
clusters become active (see sec. 4.4.1) for different k. Hence, lowering the tem-
perature the system is subjected to both an increased clonal interference (crossing
the solid lines) and to a unimodal-bimodal transition in the overlap distributions
for single clusters. Increasing k, the temperature at which the cross-over transi-

tion happens increases, meaning that the system increases its tolerance to high

noise levels.
4.6.2.2 Non-Symmetric pattern distributions

In this section, we add a degree of asymmetry a € [—1,+1] in the system,
to study the bifurcations in the first moment. Hence, we consider the £’s entries
to be distributed according to P(§) = £%0¢ 41 + 5%, 1. Computing the &-

averages in (4.6.106) and specialising the equations for the regular graph case
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with Py(d) = 041 and P,(q) = 0,k we get

(sinh?(v/By1 ) cosh™ =2 (v/Byr) cosh™ (v/Bya) )y
(cosh™ (v/Byy) cosh™ (v/Bya))y

g (8h(/By) sinh(y/Bys) cosh ! (v/Byn) cosh™ ! (VBa))y

(cosh™ (v/By1) cosh™ (v/Bys))y

a?=(L—-1)[(K—-1)

. (4.6.116)

Note that when a — 0 the transition point diverges and we recover the symmetric
case. First, we analyse the limits for high and zero temperature: for 5 — 0 eq.
(4.6.116) does not admit any solution, hence the first moment is zero. At zero
temperature, i.e. 3 — oo, we have a transition to non-zero mean for a2 =

(L—1)(2K —1). For a regular graph with vertex degree L and factor degree K,

the general S-dependence can be obtained from

., L-1

“ :w(ﬁ,k,K)

(K —1)6,(8, k, K) + K0y(8,k, K)] | (4.6.117)

X
Wbk E) =3 (K ) (K)ez(%kz)((K*ZZ)ZHK*Qf)2+2k(Kf2€)(K72f))
0,f=0 ¢ f
2 K-2 K
(2N (K =2\ (K\ — 8 ((K—2r— 2 or_ s
01(8.k, K) = ZZ(—I)P(p)( ; )(9)02(1,kz)<<K 220 (K =25 +2K(K—2r—2p)(K-2)
p=0 r=0 s=0 -
= NN(K-1\(K—-1\/1 B (K —2j—2h)2+(K —2n—20)2+2k(K —2j—2h) (K —2n—2
92(5,]67}(): (71)n+h( )( ] )( )( )em(( —2j—2h)?+(K —2n—2v)?42k(K —2j—2h) (K —2n— ”)).
n,h=0 j,v=0 n J v h

(4.6.118)
It is worth stressing that, even in presence of a non-symmetric patterns distri-

bution, there may be a bifurcation in the field variances at zero means, whose
critical line will still be given by eq. (4.6.114). In this situation, the physical

bifurcation is the first one taking place when lowering the temperature.

In fig. 4.19 we plot the critical line with £k = 0.5 and k£ = 0 for @ = 1, which
retrieves the case of ferromagnetic interactions £ = +1V ¢, u analysed in sec. 4.5.
Here the critical line is given by bifurcation of the means. The cross-talk region is
enlarged by the presence of B-B interactions. In this case, however, interference
is constructive, due to the ferromagnetic nature of interactions. Finally, we also

checked numerically that in the ferromagnetic case (¢ = 1) with no idiotypic
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Figure 4.19: Critical line for the bifurcation of means for a regular graph with
ferromagnetic interactions, i.e. a = 1. and factor degree K = 2. At high
temperature the system is in the paramagnetic phase, where each cluster within
the graph acts independently from the others. Crossing the (solid) lines for
different k’s, cavity fields become non-zero and the clonal interference increases
entering the cross-talk or ferromagnetic (FM) region. Markers (PD) represent
numerical results obtained via population dynamics simulations (population size
M = 10%, see A.2 for details). Dashed lines represent the single cluster (SC)
activation temperatures, derived in sec. 4.4.1.

interactions, k = 0, for the regular graph topology, we recover the critical line for

the ferromagnetic transition for the Bethe lattice [71,76].

4.7 Summary

In this chapter, we analysed the interacting system of B and T clones, main
constituents of the adaptive immune system. In particular, we investigated the
effect of idiotypic interactions among B clones, using belief propagation tech-
niques and extending a previous model studied in the sub-extensive regime [61].
We derived cavity equations for the factor graph associated to the system and we
discussed preliminary simple cases, which can be solved analytically. In partic-
ular, we considered the paramagnetic phase and ferromagnetic interactions and

monitored the behaviour of the overlap distributions. The latter is useful to cal-
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culate the B clone size distributions varying the temperature and the strength of
the idiotypic interactions. We also derived the activation line where the overlap
distribution shows a crossover behaviour from a phase of inactive to a phase of
active B clones. We find, in particular, that B-B interactions increase the ac-
tivation temperature making the system more resilient to noise. Indeed, one of
the effects of the idiotypic network is to merge groups of T clones signalling to
complementary B clones together, producing more stable signals and prolonging
memory in the system. Having a model that predicts the most important param-
eters affecting the B clonal distribution is particularly welcome as this observable

has recently become available.



She said that there was comfort to be found in the perma-
nence of mathematical truths, in the lack of arbitrariness
and the absence of ambiguity. In knowing that the answers
may be elusive, but they could be found. They were there,
waiting, chalk scribbles away. “Nothing like life, in other
words,” he said. “There, its questions with either no an-

swers or messy ones.”

K. Hosseini, And the mountains echoed.

Conclusions and Outlooks

In this thesis we have considered a statistical mechanics approach to modelling
B-T lymphocytes interactions in the adaptive immune system. The motivation
behind this research project is twofold. On one hand, the ever-growing data in
experimental immunology that have been made lately available calls for a unifying
and predictive framework to interpret and understand the results and suggest new
possible experiments [77]. On the other hand, the analysis of the properties of
associative memories with diluted patterns is interesting for possible applications

in artificial intelligence.

In chapter 2, 3 we focused on the dynamical analysis of the retrieval capa-
bilities of the diluted associative memories. While lacking so far for this type
of memories, the dynamical approach generally provides richer information than
the static analysis, which can only describe the behaviour of the system at the
steady state, and does not require that the system is in equilibrium. Moreover,
it may facilitate the comparison between theoretical predictions and experiments

in potential applications, such as immunology, where data are normally available

187
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for time-dependent quantities, e.g. responses in time to vaccination or infections.

In particular, in chapter 2 we show that the sparsity of the B-T interactions
makes the system able to activate multiple B clones in parallel. This multitasking
capability is one of the core features of the immune system, which in normal
conditions, can control and block several simultaneous antigenic invasions. In
addition, we find that the parallel activation of B clones may occur in a symmetric
fashion, where all infections are fought with the same strength, or in a hierarchical
way, where the system prioritises immune responses against specific pathogens.
We are able to identify the system’s parameters, such as noise, number of links,
number of different infections, which induce the switch from the symmetric to the
hierarchical operational mode. This might be potentially useful to investigate the
causes of dramatic failures in the functioning of the immune system. The switch to
a hierarchical immune response is in fact mostly related to the presence of strong
infections, such as hepatitis and autoimmune disorders: while the immune system
invests the highest amount of resources tackling the main disease, the progression
of minor infections may become lethal [78,79]. Hence, one of the open question
in theoretical immunology is understanding how the immune system prioritises

immune responses against different pathogens, executed in parallel.

In chapter 3 we extended our model to incorporate important biological mech-
anisms and features of real immune systems. We introduced the effect of cell
receptor promiscuity, idiotypic interactions as well as new players, the antigens.
Our aim was to investigate their effects on the clonal activation, in terms of
critical temperature of activation and response strength. We showed that clones
with smaller promiscuity are less likely to be activated (sec. 3.2) and idiotypic
interactions contribute to the overall stability of the network, in terms of signals
propagation (sec. 3.3). Furthermore, we investigated how the immune system
responds to antigens, showing that multiple antigens create an interference that
leads to less effective response to individual antigens and a reduction in the basal

activity of the non-infected B clones (sec. 3.4). For higher noise level, the system
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tends to simultaneously fight all the antigens, at the price of a weaker response
strength, whereas for lower noise level it will prioritise some infections over oth-
ers. Finally, we discussed the immune system short-term memory, which emerges

as a hysteresis effect to the antigenic field.

Finally, in chapter 4 we focused on the study of the statics of finitely con-
nected systems of interacting B and T lymphocytes in the presence of idiotypic
interactions. Using belief-propagation techniques [71], we analysed the activation
properties of single B clones and the clonal interference between many of them
within the network. On the experimental side, our study suggests that oscil-
lations of single clone populations may be observed on typical timescales. The
availability of experimental data on clonal expansion and contraction patterns in
time, in the absence of antigens, may thus feed important information into the

model.

Moreover, we could monitor the B clone size distribution, which is attracting
interest lately, thanks to the development of experimental techniques needed to
extract it [67]. In particular, we were able to study the B clone size distribu-
tion behaviour in different regions of the parameters, e.g. noise, B-B interaction
strength and graph topology. The so-called high-throughput sequencing of B-
cell repertoires and large-scale genetic profiling studies are, indeed, increasingly
used to extract information on the immune response in different pathological or
healthy situations. So far, these techniques have been exploited to gain a better
understanding of autoimmune diseases, cancer and of the ageing of the immune

systems [80-82].

Pathways for future research may include the modelling of T-T interactions,
which are known to play an important role in the self/non-self discrimination
process [5, 16], and T clones receptor promiscuity effects [54]. Moreover, the
assumption that each T clone is able to secrete both excitatory and inhibitory

cytokines may be replaced with the more realistic scenario of two populations
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of T clones, each responsible for sending one type of signal only. Indeed, there
are lymphocytes sub-families and other cells, e.g. as naive B-cells, plasma cells,
cytotoxic T-cells, helper T-cells, etc., or other cells, e.g. dendritic cells [1], which
have not been included in our model so far and whose role is fundamental in
specific processes in healthy/unhealthy organisms [1]. The assumption that B
clones and T clones evolve in the same thermal noise is also quite strong and
biologically debated. This could shed light on the effect of cellular environment

on the immune response as shown recently in [83].

The ultimate goal of the research in this interdisciplinary field is to create
valid theoretical immune system models, which might be used in the future to
design quantitative tmmunotherapies, tailored to specific diseases and individual
patients. Indeed, this challenge is still far from a concrete realisation but at
least important efforts are put in place from both sides (the theoretical and
experimental ones), to meet halfway. It will not be an easy task, however quoting

the ancients, per aspera ad astra.



Simulation codes

In this chapter we list the codes and pseudo-codes for the simulations used in
chapters 2, 3, 4. In particular, in sec. A.1 we will discuss the general steps for
the Monte Carlo simulations with Glauber dynamics and the algorithm for the
case with two patterns and fixed dilution (analysed in ch. 3). All other cases
discussed in chapters 2, 3 follow from simple modifications of the codes presented.
In sec. A.2 we will present the population dynamics code to compute the critical
line for the field bifurcations (see sec. 4.6.2) and the calculation of the update
equation for the cavity field.

A.1 Monte Carlo simulations

Here we list the pseudo-code to simulate spins Glauber dynamics.

(a) Define the parameters of the system: the temperature 3, the dilution by
tuning ¢, v, the number of patterns P and the size of the system N. In our

simulations we work with N = O(10%) spins.

191
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(b) Generate the patterns &!" according to their distribution P({£}) and create

the interaction matrix J;;.

(c) Select possible initial states of the system o and calculate their overlap

with the patterns.

(d) Start the dynamics, updating the spins with probability given by the Glauber
rates w; = 1[1 + o, tanh(Bh;(o))] (defined in (2.2.7)).

(e) Monitor and store the magnetisations at each time step.

1 #include ”include_lib/general .h”

2 #include ”string .h”

1+ void parameters(intx, int, int=xx, floatx);

5 int main ()

o

7 FILE xfopen () ,xfp;

s char name[30], filename [30],label [30];

9 int i,j,k,1,site ,mu,N, flips ,h;

10 int *xxJ, temp;

11 int *s,xivector (), #xpat, sxximatrix();

12 float sm,*xdata,**xmatrix () ,xvector () ,T,glauber ,d,gamma,c;

15 double RANDOM() ,pow () ,tanh () ;

15 SETRANDOMY( ) ;
16 // input file //

18 fp:fopen(” (}yclc.inﬁ ’771‘7,);

19 fscanf (fp,”%d” ,&N); // number of spins//
20 fscanf (fp ,”%f” ,&T); //temperature//

21 fscanf (fp,”%f” ,&gamma) ; // less then 1//

22 fscanf (fp,"%f” ,&c); // dilution//

25 fscanf (fp,”%s” ,name) ; // file name//

21 fclose (fp);

26 fp=fopen (”status” ,”w");
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fprintf (fp, " N= %d\n” ,\N) ;
fprintf(fp,” file= %s\n” ,name) ;

fprintf(fp,” allocations ...\n”); fclose(fp);
data=matrix (0,200,1,2); s=ivector (1,N);

J=imatrix (1,N,1 N); pat=imatrix (1,2,1,N);

m=vector (1,2);

fp=fopen (”status” ,”a”); fprintf(fp,”patterns and interactions ...\
n’);

fclose (fp);

d= c¢/(pow(N,gamma)); //dilution parameter//
fp=fopen (”status”, 7a”); fprintf(fp,” dilution= %f\n”, d);
fclose (fp);

//Patterns \xi= +1,—-1,0 //

for (mu=1;mu<=2mut++) for (i=1;i<=N;i++) {
if (RANDOM()> d) pat[mu][i]= 0;
else { if (RANDOM() >0.5) pat[mu][i]= 1;
else pat [mu][i]= -1,

}

}
fp=fopen (”status” ,”a”); for(i=1;i<=N;i++){
for (mu=1;mu<=2;mu+-+){
fprintf(fp,”"%d\n" ,pat [mu][i]);}} fclose(fp);

//Interactions J_ij//

for (i=1;i<=N; i++){
for (j=1;j<=i;j++){
temp=0;
for (mu=1;mu<=2;mu++){

temp += ((pat [mu][i])+(pat[mu][j]));
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62 J[1][j]=I1j][i]=temp;
64 J[1][1]=0;
65}

6o fp=fopen(”status”,”a”);
67 for (i=1;i<=N; i++){

for (j=1;j<=N;j++) fprintf(fp,”%d” ,J[i][j]);
69 fprintf (fp,”\n”);

o}

n fclose (fp);

73 //Iterations —choose different initial states//

b ”

75 fp=fopen (”status”,”a”); fprintf(fp,”\niterations:\n”); fclose (fp);
76 for (i=1;i<=25;i++) {

77 switch (i) {

78 case 1: for(j=1;j<=N;j++) {
v if(pat [1][j]l==pat [2][]]){

80 if (pat [1][j]==0){

81 if (RANDOM() >0.5) s[j]=1;
82 else s[j]=-1;}

83 else {s[jl=pat [1][]j];}}

84 else {if (RANDOM() >0.5) s[j]=1;
85 else s[j]=-1;}

86 }

87 break ;

so case 2: for(j=1;j<=N;j++) {
oo if(pat[1][j]==pat[2][j]){

o if (pat [1][j]==0){
92 if (RANDOM() >0.5) s[j]=1;
93 else s[j]=-1;}

94 else {s[j]= —(pat[1][j]);}}
05 else {if (RANDOM() >0.5) s[j]=1;
96 else s[j]=-1;}

97 }



A.1. Monte Carlo simulations

195

98

99

100

101

102

103

104

105

106

107

108

109

break ;

case 3: for(j=1;j<=N;j++) {
if (pat [1][jl==pat [2][]j]){
if (pat[1][j]==0){
if (RANDOM() >0.5) s[j]=—1;
else s[j]=1;}
else {s[j]= —(pat[1][j]);}}
else {if (RANDOM() >0.5) s[j]=1;
else s[j]=-1;}
}
break ;

case 4: for (j=1;j<=N;j++) {
if (pat [1][j]==pat [2][j]){
if (pat [1][j]==0){
if (RANDOM() >0.5) s[jl=—1;
else s[j]=1;}
else {s[j]= pat[1][]j];}}
else {if (RANDOM() >0.5) s[j]=—1;
else s[j]= 1;}
}

break ;

default: for (j=1;j<=N;j++) {
if (RANDOM() <0.5) s[j]=1;

else s[jl=—-1;

parameters (s,N, pat ,m);
fp=fopen (”status”,”a”);

for (mu=1;mu<=2;mu++) data [0] [mu|=m[mu];

fprintf (fp,” (ml,m2)=(%f,%f)\n” m[1] ,m[2]) ;

fclose (fp);
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if (i<26) sprintf(label ,”%1d” ,i);
else sprintf(label ,7267);

strecpy (filename ,name); strcat (filename ,label);
flips=(int) (0.5 + 0.1%N);

for (j=1;j<=200;j++) {
for (k=1;k<=flips ;k++) {
site=(int ) (RANDOM() *N) +1;

h= 0;
for (1=1;1<=N; 1++) {

if(s[1]>0) {ht=J[site][1];}
else {h—=J[site][1];

glauber = 0.5 % (1.0 + tanh((float)h/(NxT)));
if (RANDOM()<glauber) s[site]=1;

else s[site]=—1;

parameters (s,N, pat ,m) ;
data[j][1]= m[1];
data[j][2]= m[2];

//write on file ’status’ time step, ml, m2
fp=fopen (filename ,”w” ) ;
for (j=0;j <=200;j++) fprintf (fp,”%f %f %f\n” ,(float) (0.1xj),
data[j][1] ,data[j][2]) ;
fclose (fp);
}
free_matrix (data,0,200,1,2);
free_vector (m,1,2);
free_imatrix (J,1,N,1 ,N);
free_imatrix (pat,1,2,1,N);

free_ivector (s,1,N);
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return (0) ;

//Function—parameters compute magnetisations//

parameters(int s, int N, int xxpat, float =xm){

int i,mu, temp;

for (mu=1;mu<=2;mu++){

temp=0;
for (i=1;i<=N;i++){temp += ((s[i]) *(pat [mu][i]));}
m[mu]=(float )temp/((float )N);

Listing A.1: Monte Carlo simulations

A.2 Population dynamics algorithm

In this section we provide fomulae to compute the cavity fields for the popu-
lation dynamics algorithm. Starting form the parametrisation of P, ,;(0;) intro-

duced in sec. 4.6

P (o) oc ePPiomindi (1.2.1)

we can express the cavity field ¢;_,,; in terms of the cavity marginals

o1 P\uﬂ“‘”]
Pisuis = 55 log {P\W(—l) , (1.2.2)

which satisfy the recursion

R (o) = H Z Jvio(oi, {okconits {owcon}) H Ro(ow) -

veOi\pi {okeoit-{oecost kedvi\i

(1.2.3)
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obtained by combining (4.3.53) and (4.3.54). Inserting the explicit expression for

the factors

fuo(oi, {okconits {owean}) = <€Xp VB n&loity Y Gortw > o > ,

kedw\i tedp
(1.2.4)

y

we obtain

Pualo) = 1] > /Dyexp VB m&oi+y > Gontp)y o

veIi\ul {oreonit-{oeest keov\i 2D
X H P\I/I?(O-k) ) (125)
kedvo\i

with Dy = /1 — /{:Q%e_%ﬂc*ly. Expressing everything in terms of the fields

Or—vp and introducing the variables X, = Zkeau\z‘ oy, and X, = > veon &0,

yields
Yo Xu XV —vi0
P = I % / DyeVBunlortnXeint) §° T oormorgy o0 o
voedi\pf X, X, {or} keov\i
B¢ —vi 0. N N
x> 11705, 5., cro - (1.2.6)
{04}6680

Finally, we can integrate over y. The integral in (1.2.6) can be written in the

form

V1 — k?/%e—éfclﬁﬂy : (1.2.7)
’/T

with JT = (/B(¢ o, + X,), \/BXV) and y? = (y1,12) and considering

C'= : (1.2.8)
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Solving it by Gaussian integration gives

VTR [ e bty e 129

with
e oo
C= 1—: 1—1"f : (1.2.10)
1—k2  1-k2

Hence, we get

027" — exp <—2(1 f i) ((le'/az‘ +X,)% + 2qu(£zl'jO-i + X)) + X3> ) - (1.2.11)

We insert this result in (1.2.6), obtaining

Pualo)= [ > exp< = ((5 oi + X))+ 26X, (&0 + X,) +X3) > X

voEdi\pi X, X,

X Z H eﬁm_)wgkéXu,Zkeau\i Sk Z H eﬁ(ﬁHUWZCSXVszeaﬁ Sloe

{ok} keov\i {oe} Leop
(1.2.12)

Lastly, we plug (1.2.12) in (1.2.2) in order to get the expression for the update

Figure A.1: Plot of W(¢) fields distribution for a regular random graph with
L =2 =K, k= 0.5 and bias a = 0 (symmetric entries) for 7" = 1,2.4,3.
Crossing the critical line of interference (4.6.114) the variance of the distribution

mcreases.



A.2. Population dynamics algorithm 200

of the cavity field

B v 2 o Y
1 (_2((& +X0 )% 2k X, (€] +Xu)+XV)>
= g log { { g e 2= o

¢i—>ﬂﬂ = 2
vDEDi\pf Xy, Xy
Bék—vo0 Bbe—svo0e § N
X Z H S k(SXmZkeau\iézok Z H e ZCSXszzea&fZW}/
{ok} kedw\i {oe} Lo
> exp 0 ((—&7 + X2 + 20X, (—¢ + X,) + X2) )
- 2(1—-#?)
X, Xy
Bbk—svp0 Bbe—svo0e § .
X Z H e”o" k(qu,Zkeau\iézléUk Z H e Z(SXVszeaﬁfeﬁW]} '
{01} kedv\i {oe} teow

(1.2.13)

This expression for the fields update will be used in the population dynamics

algorithm. We summarise here the main steps of the algorithm:

(a) Define the degree distributions Q(e) and Py(d) - in our algorithm we used

a regular graph with vertex degree L and factor degree K.

(b) Generate the links € = (¢!,...,£%) as e i.i.d. random variables with prob-

ability distribution P(&) = 1%(5571 + 1;—“(557,1, dependent on the parameter

a.

(c¢) Extract a population composed of M fields ¢;, i = 1, ... M uniformly in the
interval [— fiaz, fmaz]: their histogram defines the zero-step approximation

of the field distribution W (¥).
(d) Start the iteration: choose e, d and generate £’s.
(e) Choose e—1 fields randomly: compute the updated field ¢y, using (1.2.13).
(f) Choose randomly one field ¢; and replace it with the field just computed.

In figure A.1 we plot the field distribution W (¢) in different regions of the phase

diagram fixing k = 0.5 and varying the temperature. Patterns are drawn from a
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Figure A.2: Ferromagnetic case (a = 1) on a regular graph L = 2, K = 2 with
k = 0.5 for 5 =1 (blue), 0.05 (green). When = 1 the distribution is peaked
around ¢ = 2.66 as predicted analytically from (4.5.89). Crossing the critical line
of interference (4.6.117) the distribution is peaked around a non-zero value of the
field ¢.

symmetric distribution, i.e. @ = 0. Starting from the high temperature regime,
where the distribution is delta-peaked in ¢ = 0, the variance increases decreasing
the temperature, when crossing the critical line. For ordered interactions, i.e.
a = 1, the distribution, plotted in figure A.2, shows a transition from a delta
peak in ¢ = 0 at high temperature, to a peak at non-zero values, when the
critical line is crossed.

1 #include <stdio.h>

2 #include <math.h>

3 #include <stdlib .h>

1 #include ”include_lib/general .h”

5 #include 7 string.h”

6 #define M 10000 /xfields population sizex/

7 #define SUPPH 0.05 /*support of W(psi) — initial =/

s #define SUPPHMAX 5.0 /*max support for the final histogram of psi
Y

o #define DH 0.05 /* W(psi) bin x*/

10 #define CAMPO ”campo.dat”

11 #define MOMENT ”moments. dat”

12 #define PM 7pm. dat”

13 #define MOMENTIT ”"momentstime . dat”
14 #define Q 2 /xvertex degree x/

15 #define R 0.0 /* xi’s bias x/
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16 #define K 0.0 /*x BB interaction strength =/

17

18 /*FUNCTIONSx /

1o int UniformRandomNumber (int); /+* Generate Uniform Random Number x/

20 int PoissonRandomNumber (double); /x Generate Uniform Random Number
*/

21 void Makelsto (double *,double *); /+* Produce histogram x/

22 int Delta (int, int); /+xdelta functionx/

23 void fast_d2b (unsigned long int, int #,int ); /+ function needed to
create the string sigmasx/

22 double Compute_-Var(double *psi,int m); /+«Compute the variance of the
field distributionsx/

25 double Compute_Mean (double xpsi,int m); /*Compute the mean of the
field distributionx*/

26 double Compute_Mom2(double #,int); /+*compute second momentx/

27 void product(int *%, double %, int ,int ,int , double *,double); /x
compute the product over k/1 of e"sigmaxpsitestx/

2s void magnetization (int *x, int %%, int %%, int , int ,int ,int); /=
Compute magnetization to insert in the delta functionx/

20 void vectorxxh (int ==, int , int ); /xcreate vectors x[a][i] and xh]
alli]+/

30

31 static double xpsitest;

32 int main (void){

33 double newpsi, =xprodk, =xprodl, =xfieldpart;

34 int Nbit, j,size ,e,d,q,qh,i,r,1, *xxpat,t, *bink, xbinl;

35 int sxsigmak, xxsigmal, ssmk,*xml *xx, **xxh, sximatrix (), xivector

0 ;

36 double xxdmatrix (), *dvector(),psi[M],mean, var;

35 Nbit=2%((int ) (SUPPHMAX/DH) ) +2;

30 double istopop [Nbit];

40

41 FILE xCampofile;

12 Campofile=fopen (CAMPO,”w”); // store cavity field distribution

13 FILE sxmoments;
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24 moments=fopen (MOMENT, "w” ); //store moments of the cavity field
distribution

45 FILE sxmomentstime;

46 momentstime=fopen (MOMENTIT, "w” ); //store moments at each step of
the pop dyn to check convergence

a7 q=Q; // factor degree factor /mu — regular topology

s gh=Q; //degree of factor /hat/mu — regular topology

19 double B; //beta

51 /*xstart cycle in temperature and in factor degree d x/

53 for (d=1;d<=T;d4++){
54 for (B=0.7;B<=2;B+=0.02){
55 /* field initialization =x/

56 {int ij

57 for (i=0;i<M; i++){
58 //psi[i]=0; (check that psi=0 is a Fixed Point)
59 psi[i] = (2xSUPPHxrand () /(RANDMAX + 1.0))—SUPPH;

60 }
61 }

62

63 /* POPULATION DYNAMICS x/
61 {for (t=0;t<100;t++){

65 mean=0.0;

66 var=0.0;

67 for (r=0;r <1000;r++){

6s  e=qt+qh; /* neighbourhood of mu,muh factor =/

6o if (e>2){psitest=(double *)malloc(exsizeof(double));}

70 {int s; for(s=0;s<(e—1);s++){psitest[s]=psi[UniformRandomNumber (M)
151}

71 // choose e—1 field from the population at random

72 pat=imatrix (1,d—1,1,e);
75 //Generate xi’s

76 int k;
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}

if (d>1){for (k=1; k<=d—1;k++) {

for (i=1;i<=e;i++){
if (RANDOM()> (1+4R)/2){pat[k][i]= +1;}
else{pat[k][i]= —1;}

1

//Generate matrix sigmak
int m; m=(int )pow(2,q—1); //size of sigmak
int bink[q];
sigmak=imatrix (0 ,m—1,1,q—1);
for (i=0;i<=m—1;i++)
{fast_d2b (i, bink,q);
for (j=1;j<=q—-1;j++)
{ if(bink[j—1]==1) sigmak[i][j]=1;
else if (bink[j—1]==0) sigmak[i][]j]=—1;

}

//Generate matrix sigmal
int n; n=(int )pow(2,qh); //size of sigmal
int binl[qh];
sigmal=imatrix (0,n—1,1,qh);
for (i=0;i<=(n—-1);i++)
{fast_d2b (i, binl, qh);
for (j=1;j<=(qh); j++)
{ if(binl[j—1]==1) sigmal[i][j]=1;

else if (binl[j—1]==0) sigmal[i][]j]=-1;

13

//Product function prodk
{int gg=-1;
prodk=dvector (0 ,m—1);

product (sigmak , psitest ,q—1,gg ,m, prodk ,B);
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//Product function prodl
{int 11=0;
prodl=dvector (0,n—1);
product (sigmal , psitest ,qh,q—2,n, prodl ,B);

}

//Compute magnetization of cluster
mk=imatrix (1,d—1,0,m—1);
ml=imatrix (1,d—1,0,n—1);
magnetization (sigmak , pat, mk, d—1,m, q—1,0);
magnetization (sigmal , pat, ml, d—1,n, qgh,q-1);

//Creat x[a],xh[a] vectors (to sum over them)
x=imatrix (1,d—1,—(q—1),q—1);
xh=imatrix (1,d—1 —(qh) ,qh);

vectorxxh (x, q—1,

—1);
vectorxxh (xh, qh, d-1);
//Compute new field
fieldpart=dvector (1,d—1);
double kk;
kk=pow (K,2) ;
{int r,s,a;
double temp,norm;
temp=0;
norm=0;
for (a=1; a<=d—1; at++) {for(r=—(q—1);r<= q—1;r+=2){for (s=qh;s<=
qh; s+=2){
for (i=0; i<=m—1; i++) {
for (5=07 femnety F4tl]
temp +=((exp ((((Bx(pat [a][e]+x[a][r]+xh[a][s]) *(pat [a] [ e]+x]
al][r]+xhfa][s])))/(2%(1-kk))-Bx((pat[a][e]l+x[a][r])*xh[a][s])/(1+
K)))*prodk[i]*Delta(x[a][r],mk[a][i])=*prodl[j]*Delta(xh[a][s],ml]
allj])));
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norm +=((exp ((((Bx(—(pat[a][e])+x[a][r]+xh[a][s])*(—(pat[a]]
e])+x[a][r]+xh[a][s])))/(2x(1-kk))-Bx((—(pat[a][e])+x[a][r]) +xh[a
1[s])/(14K)))«prodk[i]«Delta(x[a][r],mk[a][i])=*prodl[j]+*Delta(xh]
al[s],mlfa][j])));}}}}

fieldpart [a]=(double)temp/(double )norm;

// Compute Sum_a of log (fieldpart[a])
double psitemp; psitemp=0;
int a;
for (a=1; a<=d—1; a++){
psitemp+=(log (fieldpart [a]));}

// New field psi — random update
newpsi=((double)psitemp) /(double) (2xB) ;

/*Update a field at random among the available omnesx/

psi [UniformRandomNumber (M) |=newpsi ;

/+*COMPUTE MFAN & VARIANCE »/

double mm,vv; // mean and variance variables

mm=Compute_Mean ( psi ,M) ;
vv=Compute_Var ( psi ,M) ;
mean-+=nim;

var+=vv;

free_dvector (prodk ,0 ,m—1);
free_dvector (prodl ,0,n—1);
free_imatrix (sigmak ,0 ,m—1,1,q—1);

free_imatrix (pat,1,d—1,1,e);

(
(
(
(
free_imatrix (sigmal ,0 ,n—1,1,qh);
free.imatrix (mk,1,d—1,0,m—1);
free_imatrix (ml,1,d—1,0,n—1);
free_imatrix (x,1,d—1,—(q—1) ,q—1);
(

free_imatrix (xh,1,d—1,—qh,qh);



A.2. Population dynamics algorithm 207

177 free_dvector (fieldpart ,1,d-1);

178
179 if (e>2){free(psitest);}

180 }//close r loop

181 mean=mean /M;

182 var=var /M;

183 fprintf (momentstime,”%d %f %f \n” ,t, mean,var); // useful to

monitor convergence in time

184 }

155 }// close t loop

186

187 double vfin ,mfin, m2fin;

188 mfin=Compute_Mean ( psi ,M) ;
189 vfin=Compute_Var (psi ,M) ;
190 m2fin=Compute_-Mom?2 ( psi ,M) ;

191

192 for (i=1;i<=M; i++){fprintf (Campofile, "%f\n” ,psi[i]);}

103 fprintf (moments,”%d %f %f %t %f\n” ,d,(1/B), mfin, vfin ,m2fin);
194

!

196 fclose (moments) ;

o7 fclose (Campofile) ;

105 fclose (momentstime) ;

199 return 0;

200 }

201

202 [k otk skok s ok ok skok ok skok ok ok otk ook ok stk ok TUNICTTTONS s sk sk sk s stk sk ok ok stk ok o 4ok sk ok % o
203

201 /% Compute mean of W(psi)=x/

205

206 double Compute_Mean (double #psi,int m){

207 double mean=0.0;

208 int 1i;

200 for (i=0;i<m;i++){meant=psi[i];}

210 return mean/m;
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/+*Compute variance of W(psi)x/

5 double Compute_-Var(double *psi,int m){

double var=0.0;

double mean;

int i;

mean=Compute_Mean ( psi ,m) ;

for (1=0;i<m; i4++){var+=((psi[i]—mean)*(psi[i]—mean));}

return var/(m—1);

double Compute_Mom?2(double *psi,int m){

double var=0.0;

double mean;

int i;

for (1=0;i<m; i++){var+=((psi[i])*(psi[i]));}

return var /(m) ;

/* histogram of the populationx/

void Makelsto (double xpsi,double xistopop){

int i;
int n;
for (1=0;1<M;i++){
if (psi[i]>=0){
if (psi[i]>SUPPHMAX) {istopop[—2]=istopop[—2]+1.0/M;}
else{
n=(int) (psi[i]/DH);
istopop [2#n]=istopop [2xn]+1.0/(M«DH) ;
}
}

else{
if (psi[i]<—SUPPHMAX) {istopop[—1]=istopop[—1]+1.0/M;}

else{
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225 n=(int)(—psi[i]/DH);
210 istopop [2xn+1]=istopop [2*n+1]+1.0/(M«DH) ;
.

253 return ;

256 /*int between 0—m with uniform probability*/

255 int UniformRandomNumber (int m){

250 return (int) ((double)mxrand () /(RANDMAX+1.0));
260 }

261
262 /*Delta Function x*/

263

264 int Delta (int n, int m){

265 if (n=m){return 1;}else {return 0;}

266 }

26s /* Create all possible combinations of sigmassx/

270 void fast_d2b (unsigned long int x, int *bin,int size) {

271 int i;

272 /*

273 Fast decimal—to—binary conversions
274 Author: Giovanni Motta (gim@ieee.org)

275 */

276 for (1=0;i<size;i++)*(bin++) = (x >> i) & 0x1;

279 /% Compute products over k/1 of e”(psixksigma) magnetization =/

251 void product (int #xs, double xpsi, int v,int 1,int sizesigma ,

double #prod, double b){

282 int i,k;
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double temp, pp;
for (1=0;i<=sizesigma —1;i++){
temp=0;
pp=1;
for (k=1;k<=v;k++){temp=((s[i][k]) *(psi[k+l]));
pp #=exp (bxtemp);}
prod[i]=(double)pp;

s /*Compute magnetization mkf[a]|[i] & ml[a][i] =/

void magnetization (int xxs, int xkxpat, int *%m, int a, int

sizesigma ,int v, int 1){
int i,mu,k, temp;
for (mu=1;mu<=a ;mu++){
for (i=0;i<=sizesigma —1;i++) {
temp=0;
for (k=1;k<=v;k++){temp += ((s[i][k])*(pat [mu][k+1]));}
m[mu][i]=(int)temp;
}
3

/*Create matrix x[a][i],xh[a][]]*/

void vectorxxh(int *xx, int size, int sizepatt){

int i,a;
for (a=1; a<=sizepatt; a++) {
for (i=—(size);i<=size;i+=2){

Listing A.2: Population dynamics code
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