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The role of idiotypic interactions in the adaptive immune
system: a belief-propagation approach

Silvia Bartolucci!, Alexander Mozeika? and Alessia Annibale !2

I Department of Mathematics, King’s College London, The Strand, London WC2R 2LS, UK
2 Institute for Mathematical and Molecular Biomedicine, King’s College London, Hodgkin Building,
London SE1 1UL, UK

Abstract. In this work we use belief-propagation techniques to study the equilibrium behaviour of a
minimal model for the immune system comprising interacting T and B clones. We investigate the effect
of the so-called idiotypic interactions among complementary B clones on the system’s activation. Our
results show that B-B interactions increase the system’s resilience to noise, making clonal activation more
stable, while increasing the cross-talk between different clones. We derive analytically the noise level at
which a B clone gets activated, in the absence of cross-talk, and find that this increases with the strength
of idiotypic interactions and with the number of T cells sending signals to the B clones. We also derive,
analytically and numerically, via population dynamics, the critical line where clonal cross-talk arises. Our
approach allows us to derive the B clone size distribution, which can be experimentally measured and
gives important information about the adaptive immune system response to antigens and vaccination.

1. Introduction

The immune system is a complex collection of biological structures (molecules, cells, organs, etc.) that
protects the organism from a variety of agents causing diseases, i.e. pathogens [1]. The first line of
defence, called innate immune system, is composed by anatomical barriers, which include physical (e.g.
epithelium), chemical (e.g. gut flora) and biological (e.g. saliva) barriers; it produces a generic response
to a large class of different pathogens or substances causing diseases. The adaptive immune system
produces a more targeted response to specific invaders, the antigensi. The cells composing this part of
the immune system, namely B and T lymphocytes, present B cell receptors (BCRs) and T cell receptors
(TCRs) on their surfaces that are able to bind only to specific antigens or fragments of them [3, 4].
Hence, the resulting immune response is highly specialised and more effective. Moreover, the adaptive
immunity keeps an immunological memory of the specific antigen: in subsequent encounters with the
same antigen, the system produces stronger and faster immune responses. T cells and B cells recognise
the antigens in a different way. In contrast to B cells, the T cells receptors do not bind to the antigen
directly but rely on other cells (called antigen presenting cells or APC) , such as B cells, dendritic cells,
etc., which present short peptide fragments of antigen via proteins known as MHC molecules [1, 2, 3].

I "Foreign substances that induce specific immune responses or are the targets of such responses"[l].



Their roles in the immune response are also different: T clones§ regulate the immune response by
sending excitatory or inhibitory signals in the form of signalling proteins, the cytokines, to the B clones:
these confirmatory messages are essential to initiate the antibodies production [1]. B clones are indeed
the only clones that can produce antibodies, proteins able to identify and neutralise the antigens. Once
the immune response has been activated, B clones start to proliferate and clonally expand, producing
clones of identical cells sharing the same antigen receptors.

Recently, following the development of experimental techniques such as high-throughput sequencing
data [5] new interesting observables have become available, among which the clonal size distribution. All
clones in the immune systems undergo a birth-death process, which is regulated and modified to achieve
the desired immune response. Monitoring the clone size distribution is thus important to understand
the immune system response to antigens and vaccinations [6]. Experiments and analytical work are
now available for different cell types, both for humans and other species [6, 7, 8, 9].

Interestingly, the cells and molecules of the immune system can also recognise, react to and regulate
each other forming an interacting network. In particular, B clones can bind, recognise and inhibit or
excite each other forming the so-called idiotypic network of interactions; indeed, the antigens combining
sites, i.e. idiotypes, which are expressed on the B cells surface also react to complementary receptors
displayed on other B clones [10]. A schematic representation of the interactions among lymphocytes is
shown in fig. 1. Different B-B interactions mechanisms have been proposed, e.g. via cell receptors or
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Figure 1. Scheme of B-T and B-B interactions: B and T clones are activated by an antigen (A) and T
clones start sending cytokines to promote (green link) or suppress (red link) the activation of the relevant
B clones able to react to the antigen. Once activated, the B cell starts clonally expanding, i.e. identically
copying itself, producing antibodies. In this process, also B clones with complementary idiotypes to the
active one get activated, creating the so-called idiotypic network of interactions between B lymphocytes.

antibodies. In this work we do not enter the details of how such interactions arise, we just assume their
existence and study their impact on the system’s behaviour. The first formulation of an immune network
theory by N. K. Jerne [11] dates back to the early 1970s and was soon after followed by preliminary

§ Clones are group of T cells (B cells) sharing the same receptors TCR (BCR) [1].



experimental confirmations [12, 13, 14] and various mathematical models to capture this interaction
mechanism [15]. In particular, linear idiotypic network models [16], where antibodies belonging to the
i-th group could interact with antibodies of the i — 1 and i 4+ 1-th group, or a cyclic version of it [17]
have been proposed, together with models with random connections between antibodies [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 its effects [19, 20, 21].

To this end, we extend previous models of B-T clones interactions using statistical mechanics tools
[22, 23, 24, 25] to further investigate the effects of the idiotypic interactions on the clone activation level
and immune response strength. Fully connected models of B-B interactions using statistical mechanics
tools have been introduced in [26, 27] to study anergy in self-reactive clones and inhibitory effects of the
idiotypic network. Our aim in this work, as we shall detail in the following, is to study the ezcitatory
effects of idiotypic interactions between complementary B clones, namely between idiotypes and anti-
idiotypes. In presence of a close complementarity between antigen and idiotype and between idiotype
and anti-idiotype (due to idiotypic interactions), the latter may be interpreted as an internal image of
the antigen, having BCRs resembling antigens themselves [1, 10, 28].

In the following section we will introduce in detail the mathematical model, its players and
assumptions.

2. The model

In this section, we define a minimal model for the adaptive immune system, which comprises the
interactions between B and T clones, essential to initiate an immune response, and the idiotypic
interactions between B clones, with the aim to quantify their impact on the immune system activation.
In our model T clones are binary variables or “spins” o; = +1,7=1,..., N, depending on whether they
are (+1) or not (—1) secreting cytokines. B clones are described by real variables b, € R, p=1,..., P,
characterising their log-concentrations with respect to a reference value. The interactions between
T and B clones are mediated by cytokines, which can be excitatory or inhibitory. We model the
interaction between a T clone i and a B clone i, via a variable &' which takes value 1 if the cytokine is
excitatory, —1 if it is inhibitory and 0 if it is absent, due to the specificity of these interactions. Both
o’s and b’s are random variables and we expect that in equilibrium at inverse noise level v/ their joint
distribution p(o,bl€, A) for any symmetric|| realisation of the cytokines patterns, is be given, by the
Gibbs Boltzmann distribution [29, 30]

e_\/BH(o-vb|€7A)
plo bl A) = ——F—— . &)

I For symmetric interactions detailed balance ensures the convergence of the dynamics to a Boltzmann distribution [29].



with Hamiltonian

H(o,bl€, A) Zzg“a,b + 575 Z by Aub, . (2)

i=1 p=1 ;L,u 1
The matrix A = {4, } models interactions between B clones, also called idiotypic interactions [11, 10].
In the following, we will often drop the explicit dependence on the B-T interactions & and the matrix A
in the Hamiltonian, which we will simply denote by H(o,b), as well as in the Boltzmann distribution,
p(o,b), and in its marginals.

In this section, we choose a suitable form of the matrix A to mimic idiotypic interactions, discussing
the model’s assumptions that motivate our choice. Moreover, we introduce the relevant quantities that
we will monitor to probe the system’s behaviour. We will discuss the graph topology chosen for the
B-T interactions in sec. 4, where a more convenient (factor graph) representation of the Boltzmann
distribution will be introduced.

To investigate B-B interactions we choose the simplest configuration of the receptor space which
retains the key biological features: (i) suppression effects preventing abnormal clonal expansion and (ii)
excitatory signalling between complementary clones. We represent B clones receptors 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 = 2% binary strings of length L by an index 4, in such a way that the string
complementary to 7 is labeled by i + P/2, we order the strings on a ring in such a way that each string
sits close to similar strings and opposite to complementary ones. We assume that two strings interact
if they match perfectly, i.e. if their Hamming distance is d = L (in order to reproduce all possible
antibodies strings one would then need L = O(log P) [27]).

The reason for this choice is that B-B interactions are believed to be very specific [11, 31|, with each
B clone interacting with a number O(1) of other clones. This model stems from the idea of an “internal
image” of the antigen [1, 10, 28, 11] belonging to the B repertoire having a stimulatory effect on the
antibody responding to the antigen. The antigen recognition process is based on cell receptors with
binding sites complementary to the antigen itself, the so-called idiotypes [1]. Let us indicate the initial
antibody recognising the antigen by Abl, and by Ab2 the anti-idiotypic antibody able to recognise the
antigen-binding site of Abl. Hence, the Ab2, which is complementary to Abl, is structurally similar to
the antigen and can be thought of as its internal image [32, 33].

The perfect matching 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 = L),
but also with the L clones which are nearly complementary (with a Hamming distance d = L —1). We
expect that as long as the connectivity of B clones is ~ L — d = O(1) the effect is qualitatively very
similar 4. We suppose that the p-th B clone expansion is triggered by the (u+ P/2)-th B clone, which
is precisely complementary to that B clone and each B clone dies at a certain rate. In the following we
will denote by i = p + P/2 the complementary clone of the pu-th B clone. For simplicity, we assume a
unitary death rate for all clones. This leads us to the B-B interactions matrix

Auy = 5uy k(S ,(v+P/2) mod P> (3)

¢ Indeed, the number of interacting string will be O(LF~4) <« 2L.
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with & € [0,1) representing the strength of idiotypic interactions. Assuming that each clone p is
governed by the gradient descent on H (o, b) [24], the non-zero diagonal terms A,, model the natural
death of cells in its population. Clearly, one could make several other choices for matrix A. For
example, 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 V p # v and the overall log-concentration of clones
> i b, = B is constant, the loss term in the population dynamics would gain a constant term —B/P,
which can be absorbed in the definition of b,. More general matrices can be chosen to account for the
system’s heterogeneities. The choice in (3) also allows for a straightforward matrix inversion, which
is useful for later analytical calculations. We note that A is a Toeplitz matrix, positive definite and
symmetric with the properties A,, = A(px —v), A(n + P) = A(n) and A(n) = A(—n) and its inverse
is

1 k
= 1 — k2 5;“/ + 1— k2 (S,u,(y—l—P/Q) mod P - (4)

(A )

In the following we show that many important properties of the system described by Hamiltonian (2)
are encoded in the marginal distribution of the o, which is found by integrating (1) over the variables
b

m

L
plo) = e @) o)

leading to a Boltzmann distribution with effective Hamiltonian

N o
1 — v
H(o)=—5 > ooy D €Aty (6)
2,7=1 p,v=1
The latter involves only interactions between T clones, in the separable form J;; = £;7FA_1£]- with
¢l = (¢&},...,¢£P), and thus describes an associative network with P diluted patterns {&€"}]_) [24, 30, 34].
Here, the patterns {£"} stored in the network represent T clonal strategies for B clonal activations. We
can rewrite the Hamiltonian (6) as
1
H(o) = —5m"(0)A 'm(o) . 7)
in terms of the vector of magnetizations or order parameters m = (my,...,m p)T and and its transpose

m”. The magnetization defined as

m, (o) = Zaifl-“ , (8)

gives the overlap between the system configuration o and pattern £, which quantifies the strength of
the signal sent by T clones to B clone p, or the activation of B clone pu.

Experimentally, one has access to the B clone size distribution, rather than p(e). Hence, the
relevant quantity to probe and compare the experimental data with the model behaviour is

p0) = [ab 3 plob) > ol b) ©
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To this end, we rewrite (1) as

1 _1yr -
p(O',b) _ Ee bl Ab+/BbTm(0) (10)

= Jplo)p(bl\/FA (@) (1)

where we have completed the square in (10) and introduced the joint distribution of the B clone sizes

_ detA 1l “1m T _ —1m
p(bl\/BA ' m(5)) = \ 2o 2 (b= VEATIm(@) A VEAT m(@) | (12)

a multivariate Gaussian distribution with covariance matrix A~!. 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 v/B(A 'm(o)), and variance (A1), =1/(1 —k*) V p ie.
1 (1-k2) -1 2
b A'm@o)) )= —— ¢35 u=VBATImM(0))* 13
p(bulv/5( (@))u) o) (13)

Hence, from (9) we get

p(b) = 2 S plo) 5 S p(blV/EA m(o)),) (14)

Upon introducing the “rotated” overlaps m(o) = A~'m(o) we get

p0) = ;[ am Y ple) 5 Y 6 i o))plol /i)

= [ din P )/ (15)
where
Pn) = 3 pe) 5 S 800 — (o) (16)
and
POV BR) = e F (1)

This shows that the distribution of B clones sizes p(b) is readily determined from the distribution P(m) of
rotated overlaps m (o) in the "marginalised” system involving only o, described by (7), where the b have
been integrated out. Hence, the problem of computing B clones distributions, which are experimentally
accessible in immunology, reduces to evaluating 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
seen numerically that for ratios « = P/N not too large and for low noise level T', the overlap distribution
crosses-over from a unimodal distribution peaked in zero to a bimodal peaked at large values of the
overlap [23]. In this work we derive a tight bound on the noise level T" at which this cross-over takes
place. Interestingly, this coincides with the critical temperature at which the system undergoes a phase

6



transition, from m = 0 to m # 0, in the regime of extremely diluted B-T interactions and sub-extensive
number of B clones [24]. Since the B clones size distribution is a convolution of Gaussian distributions
centered 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 antigens, and is believed to
be one of the mechanisms to accomplish a homeostatic control of cell numbers [35].

In a similar fashion, we can calculate the equilibrium concentration of any B clone p and the
activation of any T clone ¢ via

Pulond) = [ b3 (e )5(b = )5
- % 5 (@)oo B

Z’ drn p(b|+/ i) Zp )06.0,6(m — My, (o)), (18)

showing again that all the information about the physics of the system is encoded in the marginalised
distribution p(o).

3. Summary of results

Using belief-propagation techniques [36, 37] and tools imported from neural networks [38,; 34] and spin
glasses [40], we investigate the effect of idiotypic interactions on the B-T clones system’s performance
and response. In particular, we will show that idiotypic interactions:

e increase the single clone activation temperature, hence its resilience to noise (sec. 5.1);
e may help boost the proliferation of a B clone and improve the response to antigens (sec. 5, 6);

e widen the region in the phase space characterised by clonal cross-talk, i.e. interference among
different clones in the system (sec. 7).

These results are robust and apply to a wider family of Toepliz matrix of interactions, accounting for
excitatory signalling between B clones. In sec. 4, we will introduce a factor graph representation of the
Boltzmann distribution of the marginalised system described by the Hamiltonian (7). This will allow
us to derive recursive equations for the marginal distributions of T clones activation and formulae for
the distributions of the overlaps (8), which quantify B clones activation. The details of the analytical
derivation of the recursive equations can be found in Appendix A. Interestingly, as shown in the previous
section (sec. 2), from the overlaps distribution we can derive the expression of experimentally accessible
observables such as the distribution of B clone sizes (15). The latter gives important information about
the response of the immune system in healthy and pathological situations [8, 9].

We first explore the cases that can be treated analytically, namely the paramagnetic phase (sec. 5),
where clones act independently from each other and the results are disorder-independent, and the case
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with ferromagnetic interactions (sec. 6), where there is no disorder in the system (&# = 1, Vu). In
particular, we are interested in the dependence of the overlap and clone size distribution on the noise T'
and the B-B interaction strength k: varying the system’s parameters they exhibit a transition from a
single peaked distribution centred around zero to a bimodal distribution peaked around non-zero value
of overlap and clonal activation, as shown for example in figure 4. This transition was also numerically
detected, in the absence of idiotypic interactions, in [23], however an analytical expression for the cross-
over line in the parameter space was not available. In this paper, we are able to locate both analytically
(sec. 5.1) and numerically (Appendix C) the line where this unimodal-bimodal transition takes place,
defined as single cluster activation line, in the more general scenario where B clones interacts. The
latter highlights the region in the parameter space (k,T') where a single clone - independently from the
others - becomes activated and receives signals to expand /contract. Our results show that increasing the
idiotypic interactions strength k, the temperature at which the clones become activated becomes higher
(see for example fig. 7). Overall, B-B interactions help increase the stability of B clones activation
against biological noise.

To investigate cross-talk effects between clones, we first consider the case with ferromagnetic
interactions, where one can proceed analytically. In section 6, we study the system’s behaviour
increasing the clonal cross-talk and obtain the critical line separating the region where clones act
independently from the region where they feel the presence of other clones in the system, comparing it
with the single cluster activation line (fig. 9). With this choice of interactions, we can also study the
overlaps and B clone size distribution within the clonal cross-talk region.

In sec. 7, we consider the most general case with disordered interactions and we derive analytically
and via population dynamics simulations the cross-talk critical line, in the space of model parameters.
Details of the population dynamics algorithm are summarised in Appendix D. Via this analysis we obtain
the cross-talk critical line and the comparison with the single cluster activation line for a regular graph
topology in the parameter space (7, L) - noise against factor degree - fixing the vertex degree K and
varying the B-B interaction strength k. We consider two examples of disorder: a case with symmetric
patterns distribution (sec. 7.1.1), where the cross-talk line defines the transition from the paramagnetic
phase to a spin-glass phase [25, 23] and a case with biased patterns distribution (sec. 7.1.2), focusing in
particular on the case of ferromagnetic interactions to make contact with the results obtained in sec. 6.
In the latter, the cross-talk line mark the transition from the paramagnetic to the ferromagnetic phase
and for £ = 0 and regular graph topology indeed coincides with the one computed for the Bethe Lattice
[39]. In fig. 15, 16 we show the phase diagrams for the two choices of disorder, symmetric and biased
respectively. The effect of the idiotypic interactions is to widen the clonal cross-talk region, increasing
the interference between B clones. In the presence of ferromagnetic interactions, this interference is
constructive and induces a net contraction or expansion of the B clones. In the disordered case, within
the cross-talk region each clone feels random fields due to the presence of other interacting clones, which
may hinder the system’s parallel processing capabilities and the clonal activation.

Finally, in sec. 8, we discuss possible extensions of this model also suggesting experimental data
that can be used to validate and refine the model.



4. Factor graph representation

We can visualize our system of N T clones and P B clones as a bipartite graph, G = (7, 8) where T
clones constitute the 7 party and B clones represent the BB party, with N = |7 | and P = |B|. We indicate
with Ou = {i : £ # 0} the set of T clones connected to the B clone p, and with 9i = {u : &' # 0} the set
of B clones connected to a particular clone 4, i.e. |Ou| is the degree of a B clone p and |0i| is the degree of
a T clone 7 in the bipartite graph G. In our analysis, we will consider random bipartite graph ensembles
where the degrees d; = |0i| and ¢, = |0p| of the nodes in the two parties are drawn respectively from
the distributions Py(d) = + SN Sajans Bylq) = % 25:1 dq,j0p» and links are random and independent
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 P,(d) and P,(q). Different graph
topologies have been considered, in the absence of idiotypic interactions, in [25], while here we mostly
focus on regular graph topologies and on the role of B-B interactions.

To introduce a factor graph representation of the Boltzmann distribution (5) as a first step, we
diagonalise the symmetric matrix A by means of the similarity transformation D = P~*AP, where D
is the diagonal matrix constructed from the eigenvalues {Au}fj:l of A and P is the orthogonal matrix

of eigenvectors (P~! = PT). Hence, we write the Hamiltonian 7 in terms of the transformed vector
v(o) =P 'M(o)

H(o) = —%VT(J)D—IV(U) =) Ui(a)A—M : (19)

This allows to write p(o), as defined in (5), in the factorised form

P
1

p(a):ZHFM(U), (20)

pn=1

with factors

FM(O') = eﬁvﬁ(d‘)/@/\“) - <eUu(0')Z\/ 5/)‘u> (21)

and -

VA _ 1,2

<f(z)>z = e 2 f(Z) . (22)

o V2T

After simple algebraic manipulations (see Appendix A for details) we can rewrite (20) as a product of
P/2 factors
P/2

p(0) = 7, L] hualow k € ). o, € 1)) (23)

each involving a pair of complementary clones p, fi

fua{ow: k € Ou}, {ov, 0 € Op}) = <exp [JB <y1 D oty Y @%z)] > : (24)

kedu Ledf y
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Figure 2. Schematic representation of the messages ¢;_,,» from node j to factors v, and ¥, ;, from
the factors pfi to node j in the factor tree used to derive equations (54) and (55).

where

(), «/1_k2/dy1dy2 . e*%yTC*Iy (25)

(1 -k
C _<_k 1>. (26)

Each factor f,; is a function of the T clones {0} connected to the pu-th B clone and the {0} connected
to the complementary clone ji. Via this representation we note that the effect of the B-B interactions is
equivalent to joining together T clones signalling to complementary B clones. A schematic representation
of the factor graph is shown in fig. 2.

and

To compute relevant observables of the system, such as the distribution of overlaps quantifying
B clones activation, we introduce the so-called cavity marginals P,;(0;) of ¢;, when the i-th clone is
coupled to either the factor 4 or its complementary fi and nothing else, and P, ,;(0;) of 0; when coupled
to all factors except p and its complement ji. These are often referred to as the messages from factors
i, ii to node ¢ and from node 7 to factors p, i, respectively. For sparse interactions {¢!'}, our factor graph
will be locally tree-like in the thermodynamic limit, with typical loop lengths diverging (logarithmically)
with N, so we can use the Bethe-Peierls approximation [37, 36] to find the cavity distributions in a
recursive fashion

P\uuo-z_ H Pyuo-z )

Veaz\uu

PVI)(Ui) Z Z fl/l/ 0y, {Ukeauu\z H 4P\u19(0k) ) (27)

{O'kE(’)VV\z} kE(()VlA/\Z
where Jv = OvUJp and Z,; ensures the normalisation of P,;(0;). In Appendix B we provide a formal
derivation of the recursions (27) for a model defined on a factor tree and a schematic representation of
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the graph used to derive the equations. Iterating these equations until convergence, we obtain exact
solutions on trees and approximately exact solutions on locally tree-like graphs.

4.1. 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, = Zkefm Loy, we look at the joint distribution of
complementary clones activation

Pﬂﬂ<m>m) = <5m,mu(0' mmH(O' ZP mmM(O' 5m,mﬂ(0') . (28)

Inserting (23) in (28) and splitting the sums over spins attached to factors y, 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

_1,Tc-1 m e
E{akeaug}fdyld?%e 3Y T CTly o VBy1mu(0)+y2 M(U))(sm’mu(a)(gm’mﬂ(a) eraﬂﬂ P (o)
-1 - m, (O m; (O ~
> torconiy J dyrdyse™ 2 O Y eVBlnmu (@) tumi(OV T, o - P (65)

)

Puﬂ(mv m) =
(29)

where the cavity marginals P, ,;(0%) must be computed recursively from equations (27). Finally, to

compute the B clone size distribution p(b) given in (15), we need the distribution of the rotated overlaps
~ kmg,
My = 105z + 1ok

- . - m km
m):ZPW(m,m)é (m_l—k@_l—k@)' (30)

In the following sections, we will solve the recursive equations (27) in two cases that can be treated
analytically, namely the paramagnetic phase (sec. 5) and the case with ferromagnetic interactions (sec.
6) and we will compute the overlaps and clone sizes distributions in different regimes of the model’s
parameters. In sec. 7 we numerically solve the recursive equations (27) for the general case with
disordered interactions using a population dynamics algorithm.

5. Paramagnetic phase

One can easily see that P ,;(0x) = 1/2 V u, i, k is always a solution of the recursive equations (27).

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 (29) for the clusters u, i simplifies to

Z{akeau,;} [ dyld?ﬁe_%chflye‘/’g(ylm“(a)wmﬂ(a))5m,mu(o-)5m,mﬂ(o-)
> (o J Ayrdyze 3" €Y eV Bl (@) tuama(@))

Bup(m, 1) = : (31)

thus losing the dependence on the interaction with the other clusters in the graph. This means that in
the paramagnetic phase each cluster in the graph behaves as if it were in isolation. Let us now analyse
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and simplify (31). We use the delta constraints to remove the spin dependence from the exponential in
the numerator, then we perform the integration over y;,y> and the sum over the spins

1 : NN ; o ; A
E O,y (0)Orinm () = 75 dx dpyelrrmhiem g 0™ i%1 Lkeop &k Tk g o772 2eon S 0t

 4n?
{okeou,o0con} {oreout {oeen}
1 . L N
=1z Ay daye™ ™2 (9 cos 21) 112 cos 225) 1P
7r

e e N
:i Onl\ 5 i 0\ (32)
. r m,2r—|Ou| par ] m,25—|0f >

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 discrete distribution

o 1 %(m2+2kmﬁl+ﬁl2) |8,u| |aﬂ|
Pup(m, i) = ——e20-1 m+ioul |\ mtion | (33)
2

KL 2

where

o (10u]\ < (104 Sz [(2r—10u)? +2k(2r—[0p]) 2|97+ (25~ 0)?]
Zy=) X > e (34)

r= 7=0

0
ensures normalization of (33) and the binomials are zero for non-integer arguments.

Figure 3. 3D plot of the joint distribution of complementary B-clones overlaps P(m, m|K) (36) 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 the
eye.

We note 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
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i, it only through |0pul, |0fi|. The distribution of rotated overlap follows as

— B (m24-2kmin+tm?) - 5
i e20-#) |0l |0/ - om km
Poa(m) =) z <’”+'8" aloil O\ M T T o)
2 2

m,m i
(35)
Averaging equations (33) and (35) over graphs with factors degree distribution P,, we obtain respectively
. — B (m242kman4?) 1 K K
P(m,m|F,;) = e20-+ Z Pq(“)Pq(”)T mtr |\ mti (36)
K,R>1 Rk 2 2

and

. 1 —L (m?+2kmin+1n?)
P(m|Fy) = Z Pq(“)Pq(“)Z . ZGQ(I—kQ)

K,k>1 )

K R 5 m km
() (o)

In the following we consider the regular graph case, P,(k) = 0, k, for which we get

m,m

— B (m242kmin+m?)
R e2(1—k2) K K
Pl i) = S (L) () )
2 2
and
- 1 s (M2 2kman-1n?) K K ~ m km
P(m|K):§m2;ﬂe(—k> mix | mex Nm—T—m 12 (39)

We plot P(m,m|K) in figure 3 for different values of the noise level (or temperature) 7. For high

P(m) P(m)
05 05
0.4 0.4
03 LT=1 03 .k=0.1
« T=5 .k=0.
. 1=10 .k=0.9
% “a 2 2 Z g™ 6 4 2 2 i g™

Figure 4. 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 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}.

temperature, the distribution is peaked around zero, meaning that in the absence of an antigenic field
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there is no clonal expansion. Decreasing the temperature, the overlap distribution becomes peaked at
equal values of m = m = +K, meaning that pairs of interacting 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 T 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 ~ ePK?/(=k) " This means
that any clone that has 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 £ of the idiotypic
interactions. Hence, one of the roles of idiotypic interactions is to prolong the short-term memory of
the system.

In fig. 4 we plot P(m|K) obtained by marginalising over r, for different values of the temperature
T and of the B-B interaction strength k. The effect of increasing the B-B interactions strength k is
qualitatively similar to what we observe when decreasing the temperature. In the next section (5.1), we
will discuss more in detail the dependence on the parameters 7" and k of the transition from a bimodal
to a unimodal overlap distribution.

P(b)
0.2
0/15
- T=1 -T=1
-T:5 10 -T=5
- T=10 .T=10
0.05
0 5 5 TOmmaL 95 -0 <5 5 70 750

Figure 5. Plot of P(m|K) (left) and the associated B clone sizes distribution p(b) (right) for different
temperatures T' = 1,5, 10, and fixed k = 0.5 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. 5 (left panel) we show the behaviour of P(m|K) when varying the temperature,
while in fig. 6 (left panel) we plot it for different values of k. The behaviour is qualitatively similar
to what we discussed for P(m|K) and it directly affects the B clones size distribution. The latter can
be computed from P(m|K) by using (15), (16), (17), and is shown in the right panels of the same
figures. Fig. 5 (right panel) shows that at hight temperature the B clone size distribution is peaked in
zero, meaning that no clonal expansion or contraction occurs in the system. Lowering the temperature,
the distribution develops two peaks leading the system to oscillate, 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. 6 (right
panel) one sees the peaks shifting at larger clonal sizes when k is increased, showing that idiotypic
interactions may help boosting the proliferation of B cells. Furthermore, when decreasing k at fixed T'
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0.5 P(b)
0.4
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Figure 6. Plot of P(m|K) (left) and the associated B clone sizes distribution p(b) (right) for different
strength 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.

the distribution crosses over from a bimodal to a unimodal distribution peaked in zero, meaning that
clonal expansion and contraction are more resilient to noise in the presence of idiotypic interactions.

5.1. Crossover transition

In this section, we study the dependence on the noise level T and on the idiotypic interaction strength
k of the crossover transition of the overlap distribution from unimodal to bimodal (see fig. 3 and 4).
We note that this crossover transition is not a phase transition, due to the effective finite size K of the
system. In contrast with what happens in the case K ~ N7 with v < 1 (and P ~ N7) analysed
in [34], 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 in 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 (7, k) plane where the crossover takes place, as
the single cluster activation line, as it represents the onset of B clonal activation in the paramagnetic
phase.

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 K > 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, P,) = Y v Py(K) Y, P(m,m|K, P,), which
can be written as -

Zf( (K)em[m2+(2j*f<)2+2km(2j*f()]( K )

mtK
P(m|K,P) =Y Py(K) =0 :

2 U r— s—K s—K
S ) o (o R R

,  (40)

K>0

where we have fixed the size of one clone to K and marginalised over the overlap m of the other clone.
Its size K is assumed, in what follows, to be drawn from a Poisson distribution 7y with average K. We
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plot in fig. 7 the peak difference A = P(K|K, g )— P(0| K, 7k) as a function of T and k and we show in
fig. 8 (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 seen to be in good agreement with the critical line T, = K /(1 — k), theoretically predicted for regular
graph topology™ and large size K (dashed line). Alternatively, for a regular topology with degree K

0.5 =
0.4
0.3
0.2
0.1

-0.1
-0.2

Figure 7. Plot of the peak difference A = P(K|K) — P(0|K) as a function of the temperature (left)
and 3D plot (right) with K = 3.

one can monitor the total cluster magnetization m;, = m+m via P(m,|K) =>__ . P(m, M| K)bm, m+m,
although we expect here the peak difference P(2K|K)— P(0|K) to give a worse estimate of the transition
line, given to the larger support of the distribution. The latter can be written as

e "I () ()

P K)= Ormser v 41
(m| ) Z Z K (K) K (K)eﬁ((2£—K)2+2k(2E—K)(2j—K)+(2j—K)2 tots T+ (41)
m.m =0 \¢ j=0

j
and the line where the peak difference first becomes positive is plotted in fig. 8 (right panel). This
indeed provides a lower bound on the activation temperature 7, = K/(1 — k) shown in the same plot,
for guidance, as a dashed line.
Analytically, one can derive the single cluster activation line using bounds on the free energy and
the stability conditions on the “paramagnetic point”, (m,m) = (0,0). Details of the calculation can be
found in Appendix C.

6. Ferromagnetic interactions

We can study cross-talks effects between clusters in the case of ferromagnetic interactions & = §f =1,
V i, i, i, where we can progress analytically even away from the paramagnetic phase. To this purpose
we consider spins interacting on a random regular factor-graph with [0¢| = L and |0u| = |04 = K. In

* This provides the main node of the Poissonian distribution used here.
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Figure 8. Transition line in the plane (T, k) from unimodal to bimodal distribution. Left: Zero-contour
plot of the peak difference A in the plane (T,%) monitoring P(m|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 T, = % predicted for large K, consistently with results in [24].

the thermodynamic limit N — oo, the graph is tree-like and due to the ferromagnetic nature of the
interactions all factors (24) are equivalent. It follows that all the cavity distributions are equivalent

P,u(0) = P%(0), V p, ji. Parametrizing them as P¢(0;) o« €’*? and denoting Dy = %e‘éﬂc&y,
we can write the recursive equation (27) as
L—1
+oo
P(0) = % / Dy Z e\fﬁgw-l-yl(\/BZkK:_ll ok )+y2 (VB Thoy T ) +Bo(C L okt A ) : (42)

{oe} {7}
where we denoted with o the spins attached to factor u, with 7 those attached to i, and assumed that,
due to sparsity of interactions, o; is attached to factor p only.
For ¢ = 0 we retrieve the paramagnetic phase analysed in sec. 5 with P¢(0;) = 1/2V 0; = £1,
while for ¢ # 0 each cluster will receive a signal from the others, acting as a field. Summing over
{ov},{m} we obtain

P(o) [fj;" (;—ZefyTgflye\/Bayl [cosh(v/By: + 5¢)}K_1 [cosh(v/Bys + quﬁ)}K} 43)
g)= _
25 [fj;o S—Zeiy 5 ¥ oVBay1 [cosh(\/B?ﬁ + ﬁéb)}K_l [COSh(\/Bm + ﬁ?ﬁ)}K]L 1
and using P¢(1) = ae®® and P*(—1) = ae™P?, we get
1 P<(1)

L-1

o= % og ek (44)
This leads to the following self-consistency equation for ¢
s b=ty (LS eV [cosh(v/Byr + 89)] " [cosh(v/By + B¢)] " 45)
= —F, o Tc-ly —
2 [ o= e VAu [eosh(vBy + B9)] " [cosh(v/Bys + 59)] "
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Clearly ¢ = 0 is always a solution, but we expect it to become unstable at low temperature. With
simple manipulations we can write (45) in the following form

11 5(:61 (K;1) Z;{:o (1;) fj;o (;_Ze_yTgflyeJTy+5¢(2Z+2p*2K+1)

’ L) S8 (K [ e My o 22

p=0

(46)

where J7 = (vVB(2+ 20— K),/B(2p — K)) and M” = (\/B(2{ — K),/B(2p — K)). Solving the integral
in eq. (25) and using the matrix C defined in (26) we obtain

B((26— K+2)2+(2p— K)2+2k(20— K+2)(2p—K))
K-1 (K—1 K (K — +B¢(20+2p—2K+1)
gzﬁ—L_llog z:o(z)zpzo(p)e ok
2 K-1 (K~—1) K (K) PURLK)?+(@p= KPP 2k QK ZD=K)) | g (97125 2K +1)
=0 4 p=0 \p

(47)

Via bifurcation analysis we can determine the critical temperature T, at which cavity fields bifurcate to
a non-zero value (we will provide full details for general types of interactions in sec. 7). In fig. 9 (left),
we plot the critical temperature 7T, 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 ferromagnetic case the cavity fields are homogeneous,
the interference between cytokine patterns is constructive and does not disrupt the system’s parallel
retrieval of information. For a comparison between the critical temperature T, and the single cluster
activation temperature T,, see the right panel of fig. 9, where we plot the cavity field versus the
temperature for fixed values of K =4 and L = 2.
As in the paramagnetic case, we compute the overlap distribution defined in (28) for regular factor
graphs with degree K (generalizations to non-regular topologies are straightforward) from
o3y (M 4 2kmii) 4 56 (m-th) K (%) K (%

l p=0 \p
ﬁ((2@—K>2+(2ﬁ—K>2+2k(2€—K><2ﬁ—K>2)+6¢(22+2:5—2K+1) 7

T K (K K (K T
Zézo(f) Zﬁ:O (i))e (=%
where ¢ is self-consistently obtained from eq. (47). In fig. 10 we plot the distribution (48) for different
values of the temperature and fixed degrees K = 4, L = 2. For T' > T, where ¢ = 0 (see fig. 9,
right), the overlap distribution (48) reduces to (38), which describes the behaviour of a single cluster

) 5m,257K 61%,2pr

P(m,m|K) (48)

in the paramagnetic phase and does not depend on the nature (e.g. ferromagnetic or disordered) of
the interactions. Since T is larger than the single cluster activation temperature (see fig. 9, right),
the system is found in the high-temperature regime of the paramagnetic phase and displays an overlap
distribution peaked in zero. Lowering the temperature, ¢ becomes non-zero, hence each clone receives
signals from other clones in the system. Therefore, we expect that the predictions obtained in the
paramagnetic phase become inaccurate in this regime. Numerical evaluation of (48) 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 magnetization, depending on the

18



initial conditions (see fig. 10, left). Indeed, clonal cross-talk manifests itself, in this regime, as a field
that pins the system in one peak or the other, and the system develops a non-zero global magnetization
(as for ferromagnetic interactions the field is homogeneous).

Telustk=0

o o

Tclust,k=0.5

= N W s~ OO

T

510 15 20

Figure 9. 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 k£ = 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. 5).

Marginalising over m, we can get information about the overlap distribution of the u-th B clone
given that it interacts with his complement f: in fig. 11 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
My, = 145 + fin—k%, which is plotted in fig. 12 (left panel) for different temperatures and in fig. 13 (left
panel) for different values of k.

Figure 10. Plot of P(m,"|K) (48) 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.
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Figure 11. Plot of P(m) for a regular graph with K = 4, L = 2 with ferromagnetic interactions. Left:
P(m) varying the temperature T' = 1,10, 15 with k = 0.5. Right: P(m) varying B-B interaction strength
k=0.1,0.5,0.9 for T = 10.

P(m)
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Figure 12. 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
interactions.
P(m)
1.0}
0.8t
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Figure 13. 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, = 2 and T = 5 with
ferromagnetic interactions.
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We can finally use the rotated overlap distribution P () to derive the B clones size distribution,
as shown in sec. 2. In fig. 12 and 13 (right panels) we show respectively its behaviour in temperature
and in k. At low temperature, the B clone size distribution is peaked around non-zero values, meaning
that B clones are expanding. Increasing k, increases the probability of having strong clonal expansions
even at high noise levels. B clonal sizes are often experimentally measured as concentrations and are
known to follow a Zipf’s law [6]. Using our definition of clonal sizes as (relative) log-concentrations
b = log ¢/cy we can get concentration distributions as P(c) = [ P(b)d(c —e’)db = 2 P(log(c)). In fig. 14
we show the log-log plot of P(c) for different values of T (left) and k (right). In particular, we see that
increasing k and decreasing T', increases the probability of having clones in high concentrations. More
in general, 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.

oo ‘ ‘ ‘ ‘ 0.01F — ‘ 7
1 0747 . . : .. ",‘.\ | 10_47 . . ' '.~.,....'.‘\
10—6, \ l = T_5 ] k:O.7
P(c) P(c) 4n-6l . |
0 .T=10 10 g =k=0.5
1010} | « T=15 1078} \ = k=0.1
,
10712 ‘ ‘ ‘ | ‘ ‘ ‘ ‘
10 1001000 qot 1 10 100 1000 10*
(¢} Cc

Figure 14. Log-Log plot of P(c) for a regular graph with K = 4, L = 2 with ferromagnetic interactions.
Left: P(c) varying the temperature fixing k = 0.5. Right: P(c) varying k for T = 5.

7. Disordered interactions

In order to discuss more general cases of interactions it is useful to parametrise P,;(0;), the message
from factor p and fi to node i, by an effective field 1,;,—; and P ,;(0;), the message from node j to
factors p, fi, by the effective field ¢;_,,; as
Pi(0;) o Poivun—s (49)
P, (0;) oc e0i%imve (50)
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P,y(oi)o;
Using the relation (o;) = % = tanh(f,;—;) we can derive an expression for v,,,,;. From

(27) and the definition of fw({okea“} {oveop}) in (24), we have
P A(O_]) _ 1 / dyld?/Q _%chflye\/B(yl Zke@uéllzak'HD Zfeaﬂ ffo’g)

s 27 /1 — k2

mh {O'keau} {oeecont

< | 11 Pualon)| (51)

keoup\j

where Z,; is the normalization. Manipulating (51) by using the parametrisation (50), yields

P}Lﬂ(o-]) — 1—_k)2 /@e%ch—lye\/ﬁylgfo.j H e(\/By1£Z+B¢k~>uﬂ)a—k
M (o o0t T Y
% [H e(\/By2£g+B¢Z~>uﬂ)UZ] ) (52>
tedp

Note that due to the sparsity of the links, we assume that each spin is connected to either p or its
complementary /i factor. Summing over {0y}, {0/}, we obtain

\/1 — k> [ dyidy, o
puﬂ(aj) _ / Y14Y2 ch ly fy1£ j H 92 cosh \/_ylé’k +B¢k—>uu)

keop\j

x [H 2 cosh (v/Bya£l + qug_wﬂ)] : (53)

Ledp

Hence the cavity fields in (49) are found as

(sinh v/B(y:&}) [Ticop; cosh (VBy1& + Bdrup) I1seqp cosh (VBy=&l' + 5¢€—mﬂ>)>y)
<COSh \/B(ylgf) era,u\j cosh (\/Bylgll; + ﬁ¢k%uﬂ) ngaﬂ cosh (\/By2§21 + B¢@Huﬂ)>y .

Yuu—; = atanh (

(54)
Finally, using the recursive equation (27) and the parametrisation (49), (50) it follows also that
Gjmsvr = O _ Vs - (55)
M

The cavity fields equations (55),(54) can be iterated until convergence [36]. We can show analytically
and check numerically that ,;—; = 0,Vu, 1, j is a fixed point of (54) 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.

7.1. Distributions of cavity fields

In the large N limit the solution of the cavity equations (55), (54) can be characterised via the
distribution of messages or fields, Wy (¢) and Wy(¢). The field distributions can be computed as
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follows, denoting by W({&'}, {€/'}, {@rpn}s {dr—pn}) the rhus. of (54),

ZQ 56 = W61, b A€ E g g (56)

and taking the average over i.i.d. values of the (non-zero) {£¢} and over i.i.d. fields ¢, ..., ¢._1 drawn
from W,(¢). In the above expression, Q)(e)e/(e) is the probability of picking an edge connected to a
cluster of degree e. Since the cluster is composed by the union of the nodes signalling to factor p and
f, its degree distribution Q(e) follows from the degree distribution of the disjoint factors p, fi as

ZP de—q—1q), (57)

and

ZQ e—ZZeP oe—q~4q) ZP D(a+4) =2 - (58)

Similarly we have
Wa(6) =3 dfg@ << ( Zwu) >>£w (59)

where the average is over i.i.d. values of the (non-zero) {£¢} and i.i.d. fields 1)y, ...,14_1 drawn from

Wy (). 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 [37], details of which are provided in
Appendix D.

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 bifurcate away from zero first [25]. In Appendix E, we obtain analytically the
critical lines of moments bifurcation for general graph topologies. The bifurcation conditions for the
first and second moment read respectively

=y DA ) s~ PaladPale 2 a)e g ygn(el g + (e — ) QU(E - 6D

d () eq 2(q)
(60
Py(d)d(d — 1) Py(q)Pye — q)e afel V)2 1 ey)2
1= 3 P D R - 0 e e DM
(1)

(e e7) = (sinh(v/By:€") sinh(v/Byi£?) [1/Z5 cosh (vBy: &™) TT5_, cosh(v/Bya’) )y
s ([T1Z; cosh(v/Byi &) [T, cosh(V/BysE"))y ’
(sinh(v/Byi€") sinh(v/Bya€?) [T7_y cosh (VByi &) [Ty, 41 cosh(v/Byag’))y

(IT/2) cosh(VBy ) TTiz, cosh(v/Bya€h))y

23

Qb(§17 ttt 756) =




In the next subsection, we will study the bifurcations specialising the calculation to different choices of
the disorder. In particular, we will focus on the regular graph topology with vertex degree L and factor
degree K, choosing Py(d) = 4, and P,(q) = 4k, and symmetric or biased patterns distributions.

7.1.1. 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 distribution is
always symmetric and, indeed, the r.h.s of (60) averages to zero. The bifurcation is, therefore, detectable
from the instability of growing variances, while the mean remains zero. Specialising (61) to the regular
graph case with Py(d) = 64 and P,(q) = 6, x we get

o o (({sinh®(v/Byy) cosh™ ™2 (v/Bys) cosh™ (v/By))y
=L 1){“( ”( (cosh (v/Byn) cosh™ (v/Fya))y )

i (18P S ) ok (/B cosh“(ﬁm»y)z]
<COShK(\/Byl) COShK(\/BQQ»y '

We can easily compute the large 7T-limit (8 — 0) in (62): the R.H.S clearly tends to zero, hence no
solutions with non-zero fields exists at high temperature. For § — oo averages are dominated by large
values of y1, v, yielding sinh?(/By;) ~ cosh?(v/By;) and 1 = (L — 1)(2K — 1). Hence, for a regular
graph there is no bifurcation as long as L < 2125 7. For the general 3-dependence, we compute the

Gaussian averages over y explicitly, obtaining

2

(62)

B (K—2r—2p)2 (K —25)242k(K —2r—2p) (K —25)) \ >
g (SRS TSI (e f’
L—-1 Zéf 0( )(1;)62(1 k2) ((K—20)24+(K—2f)2+2k(K—20)(K-2f))

Znh 0 Zyv 0( )n+h (n) (Kj_l) (K—l) }1L)em((K72j72h)2+(K72n72v)2+2k(K72j72h)(K72n72v)) 2

+K — B ((K—20)2+(K—2f)242k(K—20)(K—2f))
i () (e

£,f=0 \¢
(63)

The latter condition gives the critical line for the variances bifurcation in 7' = 1/ as a function of
L. We plot this line in fig. 15, in the presence and in the absence of idiotypic interactions. We
also compare the theoretical bifurcation line in (63) with the data obtained from population dynamics
simulations (markers). For & = 0 the line is in agreement with results obtained in [25]. 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 consists in separating the region of clonal cross-talk from the region with no interference. However
with disordered interactions the interference manifests itself as 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 7' < T,(K, L) the system is in the
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Figure 15. 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 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 interference increases
entering the cross-talk or spin glass (SG) region [37]. Markers (PD) represent numerical results obtained

via population dynamics simulations (population size M = 10%, see Appendix D for details). Dashed

lines represent the single cluster (SC) activation temperatures, derived in sec. 5.1.

clonal cross-talk region or so-called spin glass phase (SG) [25] where random fields act on each clique,
reducing the parallel processing capabilities and making the signalling process to B clones less effective.
The dashed lines highlight the temperature at which single clusters become active (see sec. 5.1) for
different k. Lowering the temperature 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 transition happens increases, meaning
that the system increases its tolerance to high noise levels.

7.1.2.  Non-Symmetric pattern distributions In this subsection we add a degree of asymmetry a €
[—1,+1] to study the bifurcations in the first moment. Hence, we consider the {’s entries to be
distributed according to P(§) = 126 1 + 520 _1. Computing the -averages in (61) and specialising
the equations for the regular graph case with Py(d) = 4, and P,(q) = d, x we get

(sinh2(\/3y1) cosh® 2 (v By1) COShK(\/ByZ»y

(cosh™ (v/By1) cosh™ (v/Bys))y
(sinh(v/Byy) sinh(v/Byz) cosh™ " (v/Byr) cosh™ ' (v/Bya))y (64)
<COShK(\/By1) COShK(\/BZD»y '

a?=(L—-1)|(K—-1)

+ K
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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 § — 0 eq. (64) does not admit any solution, hence
the first moment is zero. At zero temperature, i.e. § — 0o, we have a transition to non-zero mean for
a™? = (L —1)(2K — 1). For a regular graph with vertex degree L and factor degree K, the general
[-dependence can be obtained from

2 K\ =2 (K—2r—2p)2+(K —25)2+2k(K —2r—2p) (K —2s))
a72 _ (K . 1) Zp 0 Z Zs 0( (p) ( ) ( )e2<1ik2>
(L—-1) fo 0( )(?)e?ﬂ 7y (K =202+ (K —2f)2+2k(K —20) (K ~2/))

E he Z ( )n-l-h( )( )( )( )82(1 k2) (K- 2j—2h)2+(K—2n—21})2+2k(K—2j—2h)(K—2n—2v))
n,h=0 7,0=0 n v
B

Ze Ozf 0( )( )62(1 wy (K —20)24(K —2f)2+2k(K —20)(K -2f))

+ K

(65)

Note that, even in presence of a non-symmetric patterns distribution, there may be a bifurcation in the
field variances at zero means, whose critical line will still be given by eq. (63). In this situation, the
physical bifurcation is the first one taking place when lowering the temperature.

In fig. 16 we plot the critical line with £ = 0.5 and & = 0 for a = 1, which retrieves the case
of ferromagnetic interactions &' = +1 V 4, analysed in sec. 6. Here the critical line is given by
bifurcation of the means. The cross-talk region is enlarged by the presence of B-B interactions. Here
however, interference is constructive, due to the ferromagnetic nature of interactions.

8. Conclusions and outlooks

In this work, we modelled 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 techniques and extending a previous model studied in the sub-extensive regime [24].
We derived cavity equations for the factor graph associated with the system and we discussed preliminary
simple cases, which can be solved analytically. In particular, we considered the paramagnetic phase and
ferromagnetic interactions and monitored the behaviour of the overlap distributions. The latter is useful
to calculate the B clonal 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 activation 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 what are the most important parameters affecting the B clonal distribution is
particularly welcome as this observable has recently become experimentally accessible and is important
to understand the immune system’s state [8].

We then generalised our analysis to the case of disordered interactions. Here we calculated the
critical line marking the onset of clonal cross-talk, both analytically via bifurcation analysis and
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Figure 16. Critical line for the bifurcation of means for a regular graph with ferromagnetic interactions,
i.,e. @ = 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 Appendix D for details). Dashed lines represent the single
cluster (SC) activation temperatures, derived in sec. 5.1.

numerically via population dynamics simulations, and compare the critical line with the activation
line. B-B interactions have again the effect of enhancing B clonal activation at high noise levels,
while making their interference more pronounced at low noise level. This may result in a destructive
interference compromising the retrieval of cytokines patterns.

This work paves the way for an investigation of the immune system which is both theoretically sound
and able to connect to experimental work. 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
[41], and the relaxation of the assumption that B clones and T clones evolve in the same thermal noise
and on the same timescales, which could shed light on the effect of cellular environment on the immune
response as shown recently in [42]. For example, B cells only undergo the somatic hypermutation process
[1] to increase the affinity with antigens, which could introduce a different noise in their dynamics.
Moreover, it would be interesting to modify the B-B interaction matrix A, still keeping the convenient
Toepliz form, to include inhibitory effects (i.e. negative interactions) between similar clones. This would
account for the important role of such interactions in the self/non-self discrimination process extensively
discussed in previous models [26, 27]. More realistic models of B-B interactions may include a direct
dependence on the distance between sequences [27] and heterogeneity in the interactions to account for
the role of super-antigens [43]. The assumption that each T clone is able to secrete both excitatory and
inhibitory cytokines may also be replaced with the more realistic scenario of two populations of T clones
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(helpers and regulators [1]), each responsible for sending one type of signal only. Finally, one could also
investigate more closely the B-clone kinetics, for the case of a single clone acting independently from
the others, and comparing it with the cooperative behaviours in chemical kinetics and cybernetics, as
discussed in [44, 45].

On the experimental side, our study suggests that oscillations of single clone populations may
be observed on typical timescales. The availability of experimental data on clonal expansions and
contraction patterns in time, in the absence of antigens, may thus feed important information into the
model. In addition, using maximum entropy models and repertoire sequencing data one could infer the
effective parameter of the system such as the regime, given by o = % . For instance, one could compute
from the entropy an effective number of T, B clones sequencing the whole B cell repertoire and T cell
repertoire (involved in T-dependent response) in healthy condition (as in this model we do not consider
the direct effects of antigens) . This would allow for direct comparisons between theoretical clone size
distribution, consistent with the experimentally inferred regime, with the experimental one.
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Appendix A. Factor representation

In this section we work out the distribution

wo) = o [] Fulo) (A1)
where
F(o) = (@B (A.2)

with (- ) denoting the average (22) over a Gaussian distribution with zero mean and unit variance.
We recall that v(o) = P7'M(o) and P is the orthogonal matrix whose columns are the eigenvectors
{n#}7_, of the matrix A defined in (3). We can write

vu(o) =Y _(PT)WM (o) =) nlM,(a)=> nl> o, (A.3)

v <t0l%
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where Jv = {i : £’ # 0} and n" is the v-component of the eigenvector n* of A, associated to the
eigenvalue \,. The matrix A has two eigenvalues, each with degeneracy P/2

)\1:1—]{? and )\2:1+l€ (A4)
The P/2 eigenvectors n*, = 1,..., P/2, associated to A;, have components
1
77,5 = E((SVW_F(SV#HFP/Q) s on = 1,,P/2 s (A5)
whereas the P/2 eigenvectors n#, = P/2+1,..., P, associated to Ay, have components
1
nﬁ:ﬁ<5%ﬂ_5'jvﬂ+lg/2> s M:P/2—|—1,,P . (AG)

Hence there are only two contributions to the sum over v in (A.3)

1
v(o) = 7 nk Z Loy + nZ+P/2 Z E/HrP/? ' (A.7)

keou Led(p+P/2)

nH

Fu(o) = <exp \/Bz%lj Z Lok + \/szZJrP/Q Z 5”+P/2 > - (A.8)

keou Led(u+P/2)

Defining the scaled eigenvector x* = we obtain

z

Next, we split the product over p in (A.1), to separate the contribution from p < P/2 and p > P/2

P/2 P

1 v z U z
plo) = 7 H (evr( @)=/ B/ Ay H (e (@) B/Avy
u=1 v=P/2+1
P/2
Pj2
— H <exp \/Bz o Z Loy + x5+P/2 Z £u+ / >
p=1 keou Led(p+P/2)
P
v v v v+P/2
< 11 < Y EDIC TR AED SN > |
v=P/2+1 keov Led(v+P/2)
Setting v = (¢ + P/2)moap we have
| P2
P
p(o) :7H<exp VB2 xﬁZﬁgak—l—mZ+P/2 Z gtrig, >
p=1 kedp L€9(u+P/2)

P/2

P/2 P/2
xH<eXP Y BT SRR I D >
pn=1

ke L€d(pu+P/2)
(A.9)
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and combining the averages yields

P/2
1 N N .
plo) = 7 H <exp [\/B (z12t; + zphy) Z lop+ /B (zlxg + zgzcg) Z fé‘ag] > :
p=1 ke tedp oo
(A.10)
where i = p+ P/2 and (- ), . denotes the average over the distribution f(21)f(22) where f is a
Gaussian distribution with zero mean and unit variance. For all p=1,..., P/2 we have
N 1 1
212t 4 zozh = z1 — Z A1l
Pt A k) L 201k (A1)
y 1 1
2@l + zoxh = 21 + Z . A2
TR k) Ve k) A1

Next we apply to variables z1, 2o the transformation y = Xz with

xo [ Vam v |, y) - ( ) A13)
V201—k)  \/2(1+k) Y2 %2

and rewrite (A.9) in terms of the variables (yi,y2).

(21, 22) = (y1,42)

Using the Jacobian of the transformation

1 1
J— V2(1-k) \V/2(1+k)
= 1 1
V20-k)  \/2(1+k)

, (A.14)

we have
1 P/2
plo)=— 11 <exp [\/Byl PIRICERVETS Sé‘ae] > : (A.15)
n=1 kedu Ledpn y
where
d d 1, T—1
(), = VI ke/%(...)e—zy Cly (A.16)
T
and
Cl— (X)X = ( Lk > | (A.17)
-k 1
We can finally write P(o) as a product of P/2 factors
P/2
1 N
p(a) = ? Hf,uﬂ<{ak> ke aﬂ}> {Uf?g € a:u}> ) (A18)
p=1

each involving a pair of (complementary) clones p, fi

fuﬂ<{‘7k> ke a:u}v {0576 S ala}) = <exp [\/B (yl Z 515% + Y2 Z 6210@)] > . (A-19)

keop Ledf y
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Appendix B. Derivation of the cavity equations on a factor tree

We consider the tree schematically represented in fig. B1. We start by removing the factor p and its
complementary factor £ and we calculate the partition function of the tree T;(r) rooted in ¢ with depth
r, in the absence of the pair u, it

0
Zz'(u/)l = Z H fuﬂ({gkéal/}7 {O-KE&Q}) ) (Bl)
{oner;(m} vETI(M)\1,2t

where the 0-index highlights that the root is the 0-th layer of the tree. We can rewrite the above more

~

[Lf1

Figure B1. Schematic representation of the factor tree T;(r).

economically as

Zi(;(j/)l = Z H fool{oreos}) , (B.2)
{oner; ()} vET(r)\ 1,2
where we introduced the notation dv = v U0y and oy, denotes any spin interacting with either v or .
Next, we compute the same quantity as above but fixing the spin ¢;. This gives the constrained partition
function Z Z(SZL
t, fo. Its normalised version gives the cavity distribution R ,;(0;), also defined as the “message” that
site ¢ sends to factors u, i

(0;) which represents the un-normalised marginal distribution of ; in the absence of factors

zZ0)= > II |feloitowconit) [T I Folloseomi})| -

{oner;(r\i} VEI\p, 2 kedvd\i peTy (r—1)
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where we separated the contributions of the factors directly attached to ¢ from those in the rest of the
tree, which are independent of ¢;. Rearranging the sums in the expression above we obtain

Zipo)= 1 | X fwloidncwnd) [I 2 [I  fwliowcond| - (B3

vedi\upt | {orcavinit keovi\i{oner, (r—1)\k} PETR(r—1)\v,0

The last sum in the expression, is nothing but the partition function 7 ,i,lj)y(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

Z00) =T | X fulow{owcond) ] Zihon)| . (B.4)

veI\ul | {orecavonit keovi\i

and more in general, one can write a recursion for the (un-normalised) cavity distribution at layer r in
terms of those at layer r 4 1

Zz(;,?l(()—l) = H Z fuﬁ(0i> {Ukeauzz\z H Zlg;il

vedi\ufi | {orecoviit keovi\i
(B.5)
The stationary solutions of the recursion equations then satisfy
Zmﬂ(Ui) = H Z fuo(Uz'a {Uk€8uﬁ\i}) H ka;(Uk)
vedi\pi | {oreovinit keovi\i
(B.6)

Recalling the meaning of Z;,;(0;) as the un-normalised marginal distribution of o; where factors p, /i
have been removed, one finally gets

P\uu U'L - H Pm/ U’L , (B7)
1/681\,uy
PV&(O-Z) Z fl/l/ 03, {Ukeauu\z H P\w)(o-k:> . <B8)
{UkEBVV\z} kedvi\i

where Z,; ensures the normalisation of P,;(0;).

Appendix C. Single cluster activation line

In this appendix, we derive the line for the activation of a single cluster using simple bounds on the
free-energy. In order to derive the activation line, we consider the distribution of the magnetizations
me{—K,...,K} and € {—K,..., K} in the cluster of size K + K

ks 1 & _ m mm-+m K K
P(m, m|K, K) 2262(1’9)( 2k 2)( )( > , (C.1)

K+m K+m
2 2
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where the normalising constant

—L (m? mim+m? K K
Z = 262(1&2)( +2kmimt )(M> (m> (02)

m,m 2 2

gives the partition function. From it one can derive the free energy ' = —% 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

L) < (K < onsh)
< < K C.3
K+1° =\, )= 0 (C3)
where S(p) = —plogp — (1 — p)log(1 — p). The second inequality, after the change of variables m = %

and m = %, gives us the upper bound

7 < Zeﬁ(K2m2+2Kf(kmfnf(2+fn2>+KS<H'Tm)-&-f(S(#) < (2K+1)<2K+1)esupm,m€[_l’1]¢1(m,m)’ (C.4)

where we have defined the function

N B 2 2 e 2og L+m\ .. [(1+m
from which the lower bound on the free energy follows
1 ~
F>= [ — sup  éu(m, ) —log ((2K+1)(2K+1))} . (C.6)
ﬁ m,me[—1,1]

Let us now consider the function ¢1(m, ). The stationary points of this function satisfy the “mean-
field” equations

m = tanh (% (Km + Kkm)) , (C.7)
)) -

— (C.8)

We note that the “paramagnetic” point (m,m) = (0,0) is always a solution to the above equations.

M = tanh ( (Km + Kkm )

However, the point (0,0) becomes unstable when the largest eigenvalue of the Jacobian J of the system

(C.7) evaluated in (0, 0)
B K Kk
J—l—k2<Kk K) (€9)

becomes greater than one. This happens for
_ 72
5> 2(1 — k%)
K+ K +\/K? 4 2KK (2 — 1) + K?

, (C.10)

which for K = K reduces to § > % In this regime, the point (0,0) ceases to be a maximum and
becomes a saddle-point of the function ¢;(m,m). Interestingly, the line 7" = K/(1 — k) coincides
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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 [24], where the typical size of a cluster
is K ~ NI

This connection is understood by looking at the first inequality in (C.3), which gives an upper
bound on F. Let us define a such that K = aK and set 8 = ﬁ then

7> 1 ] Ze% 2y (K2m? 4 2k K Kmint K22 )+ KS (M5 ) +KS(H5™)
(K 1(E+1)

mm

LSk
(K+1)(K+1)

eK Supml,mge[—l,l] ¢2 (ml 7m2)

= ( )( = ) efK(SquLsz[*l’l] ¢2(m1’m2)7¢2(m’m)), (C.ll)
K+1)K+1 —
where we have defined the function
oy B 9 . 9 . 14+m 14+m
Go(m,m) = 2T =) (m? 4 2kamin + o*m?) + S —5 +aS 5 . (C.12)

From the above lower bound on Z we get the upper bound

1 .
F S — K Sup ¢ Tn/7 m — log eiK(Supml,TnQE[—l,l] ¢2(m17m2)7¢2(m7m)>
3K, o8 (2
—i—log((K—l—l)(aK—i—l))] . (C.13)
The stationary points of the function ¢o(m,m) satisfy the equations
m = tanh b (m + akm) (C.14)
1 — k2
. B,
m = tanh 12 (o +km) | | (C.15)
which, if we reverse the transformations K = aK and 3 = é , gives us again the mean-field equations

(C.7). We note that ¢y (m,m) = K¢y(m,m) when K = aK and p= % hence in the limit of large K
and assuming « < 0o, the upper bound (C.13) and the lower bound (C.6) give for the free energy density
£ —% SUD,, me(—1,1) P2(m, M) as K — oo. This suggests that the result (C.7) can be interpreted as
the infinite size approximation of the finite size system (C.1), which gives the connection with results
derived in [24]. This system becomes “critical”, i.e. develops bi-stability, when the equality in (C.10)
is satisfied.
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Appendix D. Population dynamics algorithm

In this section we provide fomulae to compute the cavity fields in our population dynamics algorithm.
Starting form the parametrisation of R ,;(0;) introduced in Sec. 7

P uu(o;) o< PP (D.1)
we can express the cavity field ¢;_,,; in terms of the cavity marginals
1 P\ *(—l-l)
OGisup = — log {L . D.2
755 | B )

which satisfies the recursion
Pua(o) = ] > fos(oi {oeanit {oweas}) [ Puslow) - (D.3)
vedi\pit {oreau\i}1oecon} kedvi\i

obtained by combining (B.7) and (B.8). Inserting the explicit expression for the factors

fuoloi {on, k € v}, {oy, L € O0}) = <eXp VB | w&oitm Y oty ) o > , (D4)

keow\i =y
Yy

we obtain

Raloi) = H Z /Dyexp \/B yi&ioi + Z §Z0k+y225505

veOi\pit {orca\i}1oeen} kcov\i LedD

x [ Puslon) . (D.5)

kedvi\i

with Dy = v1 — kQ%e_%chfly. Expressing everything in terms of the fields ¢y_,,» and introducing
the variables X, =) 5., §lok and X, =34, oy, yields

voedi\pi X, X, {or} kedv\i

ﬁ¢ —vp 0. ~ N
X Z H ¢ ’ l(quyzeeaﬁ 5;0'[ ' (D6)

{O’g} Leov

Finally, we can integrate over y

/Dy(- ) =v1- k2/dy21_7(392(. ..)e—% cly (D.7)

L (1 -k
(L) s

The integral in (D.6) can be written in the form
m/ dyldy2 —syTCly+3Ty , (D.9)
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with JT = (/B(&o; + X,), VBX, ) and y© = (y1,v2). Solving it by Gaussian integration gives
VI— k2 / Wi oy omtya™y _ haten (D.10)

1k
1-k2 1-k2

Hence, we get

with

e = exp (—2(1 £ (60 207 + 20X+ X,) + X7 ) - (D-12)

We insert this result in (D.6), obtaining

Puao)= [ D exp( 20 ((ffgi‘i‘XV)z+2qu(§iVUi+Xu)+X3>)X

vo€di\ui X, X,

Bd) —v 0 B¢ —SuvpO R
X T st 5 Tt (D19

{or} kedv\i {o¢} £cOv

Lastly, we plug the expression in (D.2) in order to get the expression for the update of the cavity field
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400 WT-24
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300
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Figure D1. Plot of W (¢) fields distribution for a regular random graph with L =2 = K, k = 0.5 and
bias @ = 0 for 8 = 0.05,1. In the absence of B-B interactions, i.e. k£ = 0, the topology reduces to a
random regular graph with connectivity 2 and the field distribution is a d-peak centered in zero for all
temperatures [25].
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1 [3 v 2 % v 2
¢iﬁﬂﬂ:% AZ AlOg{|: Z exXp <m <(£Z +X,,) +2kXV(€Z —|'X +X )X
voEDI\pfs X, X,
DI | DT o) | R gm] /
{ok} kedv\i {0} LoD
> exp _F ((—5;.’ + X,)242kX, (- + X,) + X2 X
A 21— 12
X, Xy
% Z H eﬂtbk—wpffk(sxwzkeay\i oy Z H 5¢z—>uu025 05 s € a£:| } D 14
{or} kedv\i {0} LD

This expression for the fields update will be used in the population dynamics algorithm.

Algorithm

We
(i)

summarise here the main steps of the algorithm:
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.

Generate the links € = (£1,...,£¢°) with e i.i.d. random variables with probability distribution
P(&) = £%6¢1 + 15%0¢ _1, dependent on the parameter a.

Extract a population composed of M fields ¢;, i = 1, ... M uniformly in the interval [— fraz, finaz]:
their histogram defines the zero-step approximation of the field distribution ij (V).

Start the iteration: choose e, d and generate £’s.
Choose e — 1 fields randomly: compute the updated field ¢penusing (D.14).
Choose randomly one field ¢; and replace it with the field just computed.

1000

800 - §

600 - b

200 - N

Figure D2. Ferromagnetic case £ =1 (a = 1) on a regular graph L = 2, K = 2 with k = 0.5 for § =1
(blue), 0.05 (green). When 8 = 1 the distribution is peaked around ¢ = 2.66 as predicted analytically
from (47).
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In figure D1 we plot the field distribution W (¢) in different regions of the phase diagram fixing £ = 0.5
and varying the temperature for disordered patterns drawn from a symmetric distribution i.e. a = 0.
Starting from the high temperature regime, where the distribution is delta-peaked in ¢ = 0, the variance
increases as the temperature is decreased, when crossing the critical line. For ordered interactions, i.e.
a = 1, the distribution, plotted in figure D2, 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.

Appendix E. Small fields expansion and bifurcation lines

In this section, we derive the fields bifurcation lines for general topologies. To this end, we Taylor
expand for small fields the rhs of equation (54), which reads

(sinh v/B(y:1€}) [Ticop; cosh (VBy&L + Bbrspi) 1oy cosh (VB8 + ﬁﬁﬁf—mﬂ)))y)

<COSh \/B(ylgél) erau\j cosh (\/Bylgll: + Bﬂsk—mﬂ) Hzeaﬂ cosh (\/B?hfg + ﬁ¢€—>uﬂ)>y
E.1)

Yuu—; = atanh (

to the first order and set ¢ = 0. This gives

W ALY ALY Adroa}s { b)) =
N Z .y <sinh(\/By1§§‘) sinh(v/By1&),) Hrea,u\{k,j} cosh(v/By1&l) Héeaﬂ COSh(VB?/fo”y n
a kedu\j o <Hk€3u COSh(\/Bylglg) Héeaﬂ COSh(\/BylgéL»y

iy (sinh(v/Byi ) sinh(v/By28)') T eopn; cosh(vVByrl) Teome cosh(v/Buaéh))y _
P C—pt <erau cosh(v/By1&},) Heeaﬂ COSh(\/B?/lﬁ?))y

= Y oo (L ALTALD + D b€ AT ALY (E2)

keop\j Ledf

where

sinh 1EY) sinh 1E2 q:; cosh &) T, cosh 2&%))y
e e ) s T cosh (VB Ty cosh VBl

(IT=1 cosh(v/Byr &) [T, cosh(v/Byath))y
Qb(gl £) = <Sinh(\/By1fl) Sinh(\/ﬁy252) HZ::} COSh(\/Bwfr) szq-l,-l COSh(\/BQQSE»y (E.4)
Y (TT2Z) cosh(v/Byi€n) TT;_, cosh(v/By2£0))y ' '

Moments can be obtained using the fields distribution (56),(59) and averaging the small field expansion

(E.2) over ¢, 1, ¢ . For the mean bifurcation we get

o = (002 FOBE 0 (oo, g+ - ai@eEg] B
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Combining them we obtain

(W) = ), 3 PAOMZ D BOBL 0 [ _yygnier, g+ (e - (€ €]

d.e,q

with solutions (1), = 0 or

. ; Pd(d)g;i -1 Zq Py(q) Pyle — q)e [(q = I{QU(EL . E))g + (e — ) (Q(E ,£€)>g] :

For the variances we obtain

()0 = (@) 32 PUREZ 08 - 1yl €0 + (e~ (O €00 | (B9

(o= (W2, T % - (E.10)

Combining equations (E.9) and (E.10) we have

(1) = (), 3 AT B0

0= DU E €D+ (e - DO 0| (E11)

with solutions (%), = 0 or

. Zd: Pd(d)igl -1 Xq: Fy(@)Pye —q)e {(q = D((QU(E - €))Pg + (e — (@ 756))%1 -

(E.12)
Both eq. (E.7) and (E.11) 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.
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