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Abstract

A prominent and distinct advantage of Monte Carlo methods as applied to the study of
stochastic transport processes is that they do not require the knowledge of the deterministic equations
for the evolution of the desired physical observables. In particular, Monte Carlo simulation can
be conceived directly from the abstracted physical process without ever even considering a transport
equation. Average particle behaviour in the Monte Carlo process certainly is described by the transport
equation, just as a ball’s motion is described by Newton’s equation. But as a philosophical matter,
saying that Monte Carlo is ‘solving’ the transport equation seems a bit like saying that a ball is
‘solving’ Newton’s equation El Nonetheless, knowledge of the Boltzmann transport equation has
largely inspired the Monte Carlo methods used for computing the particle densities in phase space,
and turns out to be highly fruitful during both their conception and their subsequent analysis.

While phase space densities in most cases provide a satisfactory description of the average
behaviour of the random paths of the transported particles, a number of interesting questions can
not be simply answered in terms of these sole quantities: examples are widespread and concern for
instance the occupation statistics of the particles within a volume, the distribution of the number of
descendant particles at a given time, and the survival probabilities. In all such cases, the description
of the transport process must be achieved in a framework that is necessarily broader than that of
the Boltzmann equation, which by its very nature only concerns the average behaviour.

Monte Carlo simulation, on the other hand, is ideally suited to extract the full distribution
of any observable, even those that are usually not accessible by means of experimental measurements.
In this respect, Monte Carlo goes much further than just solving the Boltzmann equation. By analogy
with the case of average particle densities, where Monte Carlo methods and the Boltzmann equation
are mutually profitable, in the case of arbitrary observables it would therefore be highly desirable
to also guide the Monte Carlo simulation by means of the corresponding evolution equations.

This document provides a synthesis of my research work on stochastic transport processes
and Monte Carlo methods, in preparation of the Habilitation degree at the Université Paris XI
Orsay. We will first formally derive a family of evolution equations for a very broad class of physical
observables by resorting to the Feynman-Kac formalism. Subsequently, we will apply such Feynman-
Kac evolution equations to the analysis of some relevant problems emerging in the field of radiation
transport in nuclear reactor physics, and compare the obtained results to Monte Carlo simulations.

IT. E. Booth, Common misconceptions in Monte Carlo particle transport, Appl. Radiat. Isot. 70, 1042 (2012).
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Chapter 1

A survey of transport phenomena

Je présente ici, sans le secours de I’Analyse, les principes et les résultats généraux de
cette théorie, en les appliquant aux questions les plus importantes de la vie, qui ne
sont en effet, pour la plupart, que des problémes de probabilités. On peut méme dire,
a parler en rigueur, que presque toutes nos connaissances ne sont que probables.

Pierre-Simon, marquis de Laplace, FEssai philosophique sur les probabilités (1814).

1.1 Introduction

A number of systems emerging in physics, life and social sciences, and engineering can be
modelled in terms of ‘particles’ travelling in a host medium and changing at random their state
(position, direction, energy, and so on) upon encountering other particles (of the same or other
kind) or the medium itself. The nature of these random travels depends on the system under
consideration, and may strongly vary from one system to another. In particular, the randomness of
these paths may result either from the intrinsic stochastic nature of the underlying process, or from
uncertainty [1H12]. Following [3H5], we shall accept that some transport phenomena, while possibly
originating from deterministic and reversible events, can in practice be described only by resorting
to the laws of probability. Examples are numberless and the literature on the subject is consequently
overwhelmingly rich. Here we simply illustrate some of these mechanisms, so as to provide a general
picture.

The recognition that the motion of a gas (the molecular chaos) can be addressed in terms
of the underlying stochastic process is due to the pioneering work by Boltzmann in 1872 [13}(14].
These results were further explored by Einstein (1905) and Smoluchowski (1906) in order to explain
the thermal agitation of water molecules by means of the random motion of suspended pollen (the
so-called Brownian motion) [15H19]. This probabilistic approach based on random walks was key
to the interpretation of the Nobel-winning experimental determination of the Avogadro number by
Perrin [20]. The physical theory of Brownian motion was then developed on solid mathematical
grounds by Langevin (1908), whose general technique could be extended to the study of other
systems involving the response to an external random disturbance [18/19,/21].

These ideas have been progressively refined and applied to other fields by many researchers.
Neutron diffusion and multiplication in fissile media is one of such subjects, thanks to the outstanding
contributions of Kolmogorov, P4l and Bell in the investigation of random displacements coupled
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with birth and death events, leading to the so-called theory of branching processes [3,[22H33] and
neutron noise [4,25,[26L|34+36]. The same phenomena appear also in nuclear cascades induced
by cosmic rays |1,[3L[29,[32,37]. The study of neutron ramification is intimately related to (and
borrows most of the terminology and related mathematical techniques from) the modelling of life
sciences [3,/6,[281/29,|32], encompassing the analysis of population growth [38H42], transmission of
genes over generations via mutation and selection [24}|43H48], bacterial colonies [49H53], animals
looking for food (chemotaxis) [54H60] and the spread of epidemics [39,[61H65]. In all such cases, a
purely deterministic approach based on the knowledge of the average (expected) behaviour alone
may be misleading, and a stochastic approach is essential in capturing the possibly large fluctuations
of the population around the average.

In the early developments of transport theory, radiative transfer has been thoroughly ex-
plored in connection with astronomy and astrophysics [66]. More recently, the same formalism
has been applied to photon propagation through the atmosphere [10,/11,/67-69] and more gener-
ally through engineered optical materials [70H72], turbid and holey media |73H76], biological tis-
sues [77}78], or atomic vapours [79]. Charge transport in semiconductors has been also dealt with
within this framework, by means of models based on randomly hopping particles [80-8§].

Stochastic transport emerges in the field of tracer migration [12], such as in chemical re-
action kinetics [894/90], molecular dynamics [91,/92], diffusion through membranes as in the case
of DNA translocation [93H96], propagation of active molecules in living bodies [97H99], multi-scale
modelling of complex fluids [100], or fluid propagation through porous media and scale-free struc-
tures [18][19,/101}{102].

Models based on random walks are widely used in social sciences [103], so as to assess insur-
ance risks [1], analyse the variation of prices in the stock market and the collective dynamics of sellers
and buyers (the so-called herding and crowding mechanisms) 9], explain search strategies [104H109],
queues |1] and traffic flow [110,/111].

While a rigorous classification can not be established, transport phenomena roughly belong
to two basic categories [5]: 7) in some of them, the walker streams freely between random interactions
with the host medium and moves independently of the other tracer particles; i) in some others
the trajectory of a single walker actually depends on the complex correlations resulting from the
interactions of the walker with the other walkers (and possibly also with the medium). In the former
case, the random motion undergoes a self-diffusion and is basically linear, whereas in the latter
the random motion obeys non-linear collective phenomena. The study of such phenomena and the
development of the mathematical tools aimed at capturing their common features and providing a
unified description goes under the name of transport theory |3L|5L112H115].

1.2 Particle densities in phase space

What all the examples of the previous Section have in common is that the quantity of
interest is a walker that moves at random in a medium (more generally, in the phase space), which
immediately calls for a probabilistic approach at the particle level. Indeed, we expect the motion
of such a particle to be described by a probability field, whose evolution equation we would like
to eventually determine [5]. In other words, due to the random nature of these walkers, the exact
number of particles at a given phase space position fluctuates and can not be deterministically
predicted. In most cases, it is not possible to directly observe the motion of a single tracer, so
that the properties of the system are characterized by analysing some physical observable, typically
averaged over multiple realizations of the walker trajectories in the phase space. This means that
one is generally interested in knowing the probability density of finding the walker in a given region
of the phase space, or rather the first moments of such density: for instance, the average particle
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position or the average particle number, and their fluctuations.

To simplify the matter, we will assume that the phase space is entirely defined in terms of
two variables, namely the vector position r and the vector velocity v of the walker at a given time
t. In other words, a classical approach is proposed here, and quantum variables (such as spin, for
instance) will be neglected. This is done for two reasons: first, this approach provides a fairly general
framework for dealing with the vast majority of the random walk processes described above. Second,
should other phase space variables be indispensable to fully characterize the system evolution, it
would not be complicated to accommodate for them by following the same strategy |35,(112}/116,117].

One of the most useful physical quantities associated to the underlying random walk is
possibly the phase-space density function N¢(r,r), which is such that

Ni(r,v)drdv (1.1)

represents the average number of particles in the infinitesimal phase space volume drdv located
around r,v at time ¢ [3[5]. The phase space density N;(r,v) is actually a one-particle density, and
contains information only on the average behaviour of the walkers. In other words, particle-particle
correlations are neglected, and information about the fluctuations of the particle number (or about
higher moments) can not be extracted based on this quantity [3.[5]. In principle, this would require
knowledge of the doublet distribution N;(r1,v1,rs,ve), giving the average number of particle pairs
found simultaneously at dridvidradve around ry, vy, ra, vo at time t [3,/5], and more generally s-
body partition functions (see the discussion in Sec. . In some cases, one is interested in knowing
the average number N¢(A) of walkers being present in a given portion A of the phase space at time
t: in this case, it suffices to integrate

Nt(A):/Adrvat(r,v) (1.2)

over the position-velocity sub-space A. This quantity plays a fundamental role in almost every
single application described above: just to provide some examples, in nuclear reactor physics and
more generally radiative transport Ny(A) is the average neutron or photon number, and is thus
proportional to the deposited energy; in the study of epidemics, N;(A) may represent the average
number of infected individuals in a given region; in genetics, N;(A) would be the average number of
genes between given types; and so on. Another useful physical quantity is the phase space current
density J;(r,v) = vN;(r, v), which is such that

Ji(r,v) - dSdv (1.3)

represents the average number of particles that cross the infinitesimal surface dS per unit time
having velocity dv around v at time ¢ [5].

1.2.1 General form of the transport equation

A formal equation for the evolution of the phase space density function N¢(r,v) can be
derived from a simple argument, following a balance principle [3\[5/14]. Consider an arbitrary volume
V. if we ignore the effects of macroscopic forces, the rate at which the particle number in V' may
evolve can only depend on leakages through the surface S = 9V of V', on collisions (in which case
the particles change their speeds and directions), or on external sources Q;(r,v). In mathematical
terms, we have then

ﬁ/ Nt(nv)drdv:_/dS.Jt(nv)dv_F/ (6Nt) drdv—l—/ Q:(r,v)drdv, (1.4)
ot Vv S 14 0 coll |4
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where we have denoted by (aé\t" )CO” the rate of change of N; due to collisions of the walker with the

host medium and/or with the other particles. Now, the volume V being arbitrary and not depending
on time, the partial derivative with respect to time in the first term of Eq. (1.4) can be brought
inside the integral. Then, Gauss theorem may be used to manipulate the leakage terms as follows:

/SdS-Jt(r,v):/VVT-Jt(r,v)dr:/Vv-VrNt(r,v)dr, (1.5)

where we have used V, - vN; = v - V. Ny, since r and v are independent variables [3l|5]. Now, from
the arbitrariness of the volume V', Eq. (1.4) can be satisfied only if the integrand is identically zero,
which therefore leads to

0 ([ ON;
&Nt(r,v) + v -VeNi(r,v) = (at>w” + Qi(r,v), (1.6)

which is the general form of the transport equation for the phase space density Ny(r,v), in the
absence of external forces [3,[5,/14].

A simpler derivation of the same balance equation can be achieved by equating the rate of
change of N, along a trajectory (i.e., the total derivative) to the collision rate [5], which yields

d ON;
%Nt(r,v) = (att>co” + Qi(r, V). (1.7)
This equation has the advantage of easily including the effects of an external force field F (divided
by the mass of the particle). Indeed, the total derivative can be developed as

d 0 0
a—a“rV'Vrﬁ-F'afv. (1.8)

This immediately leads to

ON

gNt(r,v) +v-VeNe(r,v)+F- iNt(r,v) — (at

5 v )CO” + Qi(r,v). (1.9)

In most cases, we will neglect the effects of external forces, so that Eq. (L1.9) reduces to Eq. (L.6).
Equation (|1.9) is exact, but formal: to proceed further, the collision rate must now be specified.

1.2.2 Collision phenomena

The specific form of the collision term (85\75”‘)60” clearly depends on the physical process

under investigation and on the type of particle being transported. We will assume that the random
walker can be described as a distinct point particle without wave properties [5]. As mentioned above,
the typical transport processes can be regrouped into self-diffusions through the host medium, and
collective phenomena.

In the former case, the walker streams freely through the traversed medium and interacts
at random with the background [5,/113]. Examples are widespread and include the propagation of
neutrons and photons in matter (because of their weak density as compared to that of the nuclei of
the host medium) [3,,30,31], the flight of light in atmosphere [10,1167H69], and the motion of a tagged
particle (a tracer) in a medium composed of identical particles [12}[18/19]. For self-diffusions, it is
sufficient to follow the tracer particle, and the medium is only considered as the source of randomness
for the motion of the walker: the effects of the walker on the medium can be typically neglected. In all
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these cases, the collision term is linear, in that the probability that the walker collides at a given point
in phase space does not depend on the probability of finding one or more other walkers at the same
point [5/113]. This linearity might nonetheless break down whenever the walker concentration in the
host medium is so high that the medium properties change because of the presence of the walkers.
These phenomena, which go under the name of depletion, play an important role in neutron transport
in nuclear fuel at high burn-up level (after a long permanence in the reactor, the compositions of
the fuel elements have changed because of the continued neutron reactions) [3/30,31]. Similar effects
emerge in the transport of high density tracers in porous media [118[|119], or in the erosion of the
susceptible population in the propagation of virulent epidemics [38}/61,/62]. In the latter case, the
motion of the walker is correlated to those of the other walkers in the traversed medium, so that the
resulting displacements are due to collective phenomena, and the collision term becomes non-linear,
ie., (aN t )coll explicitly depends on the phase space density N;(r,v). Examples emerge for instance

ot
in gas and plasma dynamics [14,/120] or in traffic flows [3}[5{14}/110,111].

1.3 The linear Boltzmann equation

In the following, we will restrict our attention to self-diffusion phenomena in a background
medium. We will furthermore make a simplifying hypothesis: interactions with the host medium
occur instantaneously at a given point in space, which means that the particle streams until it
undergoes a collision event, whereupon its state changes at random [3}|5,[14L/113]. The particle can
be then absorbed, change its velocity and direction, or give rise to a random number of descendants of
the same or other kinds. The assumption of instantaneous collisions is justified when the interaction
forces act at short range, and when particle re-emission after the collision takes a time interval
much shorter than the typical flight time between successive collisions: this is the case when the
transported particle is a diluted species with respect to the host medium, so that mean free paths
are many times larger than the characteristic space scale over which a collision event occurs. For
the case of neutrons, e.g., the typical time scale of a neutron-nucleus collision is about 1074 s, with
a correlation length of about 1073 cm, which are to be compared, respectively, with the typical
lifetime of a neutron in a nuclear system (107¢ — 10=* s) and the typical inter-collision distance
(some cm). The hypotheses leading to linear transport apply more broadly to the propagation of
photons, electrons and charge carriers, phonons, and living organisms [3}/5}6}/14},/82}/113].

Within this context, it is possible to explicitly derive an expression for the collision term [5|
141/113]. The starting point is the concept of macroscopic cross section 3(r,v), which defines the
probability of interaction per unit length travelled by a particle having velocity v at point r [3l/5,113].
The cross section carries the units of the inverse of a length. Conventionally, the macroscopic cross
section can be decomposed in the product of a number density of the medium (which carries the
dependence on r) times a microscopic cross section carrying the dependence on the velocity v. The
inverse of the cross section is called the mean free path A = 1/%, and represents the average distance
travelled by the particle between any two interactions with the medium [3,[5,[113]. The previous
requirement on collision events being well localized in space implies that the mean free paths are
much larger than both the particle wavelength and the range of the interaction forces involved in
the collisions [3,5].

Following an interaction at a site r, the features of the particle after the collision can be
characterized in terms of the scattering probability density function fo(v' — v), which is such that

foe(v' = v)dv (1.10)

gives the probability that any secondary particle induced by an incident particle with velocity v’ will
be emitted with velocity dv around v. If we want to take into account the fact that the walker can
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be possibly absorbed at the interaction, or give rise to multiple particles, it is necessary to introduce
the average number v(v') of emitted particles induced by an incident particle having velocity v'.
The multiplicity term v(v’) depends on the event (it can be zero for absorption, one for scattering,
or larger for other reactions such as fission). The entire collision process can be then condensed into
a scattering kernel

I
(v = vr) = ZEi(r,V’)ui(v’)fci (v = v), (1.11)

which gives the average number of particles (per unit travelled length) created at r with velocity in
dv around v, for an incoming particle with velocity v’ |3}5]. Reactions of kind i are summed out
of a set of I possible events (with associated cross section ¥;(r,v’)), each giving rise on average to
v;(v'") particles distributed according to the density fc, (v’ — v). By definition,

S vn(v) = /E(v LV r)dv. (1.12)

We will assume that the physical properties of the medium, hence the cross sections, are stationary
with respect to time. Now, according to the previous definitions, the collision rate is vX(r, v), where
we have defined the particle speed v = |v|. Then, the global rate at which interactions (of any kind)
occur per unit volume is vX(r, v) Ny (r, v), which takes the name of collision rate density. Similarly,
the collision rate density at which particles having velocity v/ induce the production of secondary
particles having velocities v is v'X(v' — v|r) N¢(r, v').

Hence, the collision term (85\? )Coll can be expressed as

ot

Equation (|1.13)), coupled with the balance equation (1.6)), finally gives the linear transport equation
for Ni(r,v), namely,

(50) = [ =iy e

%Nt +v-V.N, = /U'E(v’ = v[r)Ny(r, v )dv' — vX(r, v)N; + Q4(r, v), (1.14)

which is a linear Boltzmann equation in the absence of external forces [5}[141|113]. Equation
is a linear integral-differential equation for the phase space density N;, where linearity stems from
assuming that cross sections are known. This hypothesis can be actually relaxed so to accommodate
for cross sections that depend on N; (the resulting Boltzmann equation would be then non-linear).
This is typically the case of gases of interacting particles and/or walkers modifying the traversed
medium [3}[5,[141[113].

The product ¢;(r,v) = vN;(r,v) appears frequently in transport theory, and carries the
name of phase space fluzx |3,|5]. This quantity is simply related to the phase space current by
Ji(r,v) = wei(r,v), where w = v /v is the particle direction. The linear Boltzmann equation
can be then rewritten in terms of the flux ¢ (r,v) as

10
bW Vag = /z(v’ v [E) (v )dY — S(r V) + Ou(r, V). (1.15)

1.3.1 Prompt and delayed particles

The case of neutrons in nuclear reactor physics deserves a distinct treatment. Upon collision
with a fissile nucleus, the neutron is absorbed, and the collided nucleus becomes unstable. After
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a negligible time lapse, the unstable nucleus splits into several fragments (typically two), and sets
free a variable number of other neutrons. These neutrons, which are labelled as prompt, behave
exactly as the original neutron, and start to diffuse into the medium. The fission fragments usually
undergo B8~ nuclear reactions, which leave them on an excited state with an excess of neutrons.
The fragments then decay to their fundamental state by emitting supplementary neutrons into the
system. Each fissile isotope leads to a number of possible fission fragments, which are customarily
grouped in so-called families [30]. The extra neutrons emitted after the decay time of the 8~ nuclear
reactions are labelled as delayed (as opposed to prompt neutrons, which are emitted instantaneously
at fission events) [30]. Between the fission event and the actual emission from the fission fragments
by B8~ decay, the delayed neutrons are named precursors. The emitted delayed neutrons hold the
same position as the associated precursors. In stochastic biological models of epidemics, similar
prompt-delayed particle systems exist. For instance, the delayed particles would represent patients
during incubation, whereas prompt particles would represent patients with apparent symptoms [4].

The coupled equations for the evolution of the neutron density Ny(r,v) and the precursor
concentrations c;” (r) are as follows:

o y i
aNt(r, V) + LNy (r,v) = F, Ny(r,v) + Zxd’] (r,v)\; ¢’ (r) (1.16)
4,J
and 9
aci’j(r) = /z/é’j (V)55 (x, )" Ny(r, v') dv’ — Aijed (r). (1.17)
We have here defined the net disappearance operator
Lf=v-Vf+3wf— /Es(r,v’ = v)v' f(r,v')dv’, (1.18)
and the prompt fission operator
EF, f= Xp(r,v)/Vp(v’)Ef(r,v')v/f(r,v') dv’. (1.19)

Here 3, is the total cross-section, ¥, is the differential scattering cross-section, X, is the normalized
spectrum for prompt fission neutrons, v, is the average number of prompt fission neutrons, ¥y is
the fission cross-section, Xg’j is the normalized spectrum of delayed neutrons emitted from precursor
family j of isotope i, A; ; is the decay constant of precursor family j of isotope ¢, l/;’j is the average
number of precursors of family j induced on the fissile isotope i, and the double sum is extended
over all fissile isotopes ¢ and over all precursor families j for each fissile isotope. The equations
above are completed by assigning the proper initial and boundary conditions for ¢ and c¢*/. We
have assumed here that all physical parameters (such as cross-sections, velocity spectra, and so on)
are time-independent [30]. If n fissile isotopes are present, each associated to m precursors families,
Eqgs. and form a system of 1 4+ n X m equations to be solved simultaneously.

1.3.2 Boundary conditions, stationary solutions and existence

The mathematical description of the phase space density N(r,v) must be completed by
assigning proper initial and boundary conditions [3}[5]. As for the initial condition, given the local-in-
time character of the transport Eq. (denoted by the presence of a single first order derivative
with respect to time), a single condition of the kind

No(r,v) = h(r,v) (1.20)
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must be specified, where h is some known function of the phase space coordinates. The boundary
conditions depend on the distinct problem under analysis. An exhaustive list can hardly be achieved:
here we suggest some of the most common in the applications of interest.

e Leakage conditions (free surface). The particles are considered to be lost upon crossing the
outer boundary S of the domain V', and no re-entering is allowed. In this case, the natural
condition on Ny(r,v) is to impose a vanishing concentration on the boundary, when the direc-
tion is aimed inward (there are no particles that can cross the boundary from the exterior).
This leads to N¢(r € S,v) = 0 when v-ng < 0, ng being the unit vector normal to the surface
S. In the jargon of statistical physics, these boundary conditions are also called absorbing
boundaries, as they correspond to a perfect absorber for the particles, located at S.

e Reflecting conditions. In this case, particles are reflected at S, which imposes that the incidence
and reflection angles are equal. In terms of the phase space density, this means that N;(r €
S,v) = N¢(r € S,v,.) when v -ng < 0, where the velocity vector v, is such v, -ng = v - ng
and v X v,. - ng = 0. Reflecting and leakage conditions can be combined on different portions
of the boundary S.

e Periodic conditions. If particular symmetries for the particle walks can be exploited, periodic
boundary conditions might be imposed, and the outgoing density on a given boundary is then
equated to the ingoing density on another boundary.

e Interfaces. In the absence of localized sources, continuity in the phase space densities is
required across an interface between two regions V; and V5 with different physical properties,
which implies Ny(r € S,v) = N (r € S,v), S being the frontier between the two media.

e Infinity. For unbounded media, some regular behaviour is to be imposed at infinity, for instance
in the form Ny(r,v) < 400 when r = |r| — oco. In most cases, we will however impose a
stronger condition of the kind N;(r,v) — 0 at infinity.

For reasonable initial and boundary conditions, existence, uniqueness and continuous de-
pendence on initial data for the Boltzmann equation have been extensively studied and rig-
orously demonstrated for a variety of collision kernels [3}[5/14]. Attention should be paid to a subtle
issue: when particles can be multiplied in the traversed medium (as in the case of neutrons, bac-
terial growth or epidemics), the asymptotic solution for large ¢ may well not exist. Intuitively, this
happens whenever the mass growth due to multiplication is not sufficiently compensated by leakage
from the boundaries. It can be shown that the key role in determining the existence of an asymptotic
solution for N;(r,v) rests on the average number of secondary particles per collision. For v < 1,
asymptotic solutions are bounded. When on the contrary v > 1 the phase space density might
diverge or converge, depending on the non-trivial interplay among geometry, cross sections, v, and
boundary conditions [3}[5]. We will come back to this issue later.

1.4 Green’s functions and the adjoint Boltzmann equation

Let us denote by G(r,v,t|rg,vo,tg) the particle density in r,v at time ¢ for a single
source particle started from rp, vy at time ¢y (in the absence of external sources). The function
G(r,v,t|rg, vo,to) takes the name of Green’s function associated to the Boltzmann equation .
Based on the linearity of the Boltzmann equation and on the fact that Eq. is local in time
(the time derivative is of order one), it can be shown that the Green’s function satisfies

G(r,v,t|rg,vo,tg) = /dr'/dv’g(r,v,t|r',v’,t')g(r’,v’,t’|r0,v0,t0) (1.21)
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for any to < t' < t [121]. When the physical parameters of the system are constant in time,
G(r,v,t|rg,vo,to) depends only on the difference ¢t — ¢y, and without loss of generality we can
assume tg = 0. We will thus write

gt(I‘7V|I‘07V0) = g(I‘,V,t|r0,Vo,t0 = O) (122)
The Green’s function satisfies also the initial condition
Go(r, v|ro, vo) = d(r —ro)d(v — vo). (1.23)

Now, by taking ¢’ = t—dt in Eq. (1.21)), expanding in small powers of dt and then letting dt — 0 [121],
the Green’s function can be shown to satisfy the forward Boltzmann equation

%gt +v- V.G = /U/E(V/ — v|r)Gi(r, v'|rg, vo)dv' — vE(r, v)G;. (1.24)

Similarly, by taking t' = to+dt in Eq. (1.21]), expanding in small powers of d¢ and then letting again
dt — 0 |121], the Green’s function can be shown to satisfy the backward Boltzmann equation

0
ggt —vo Ve, Gt = /UOE(VO — v |r0)Gi(r, virg, vj)dv) — voX(ro, vo)Gr, (1.25)

which is the adjoint equation with respect to Eq. , the operators acting on the initial coor-
dinates rg, vg. While the forward and backward equations for the Green’s function share the same
initial condition (Eq. ), care must be taken concerning the boundary conditions: those of
the backward equation are adjoint to those of the forward equation [4,[30,/121]. The forward and
backward equations represent a dual alternative for the calculation of the same quantity (a rigorous
proof of the complete equivalence of the two forms can be given based on a theorem of Lanczos on
linear operator theory [41|121]).

In the forward interpretation of the Green’s function, the variables are r,v and rg, vg
are considered as given parameters: in this case, G(r,v|rg, vo) represents the average number of
particles at r,v (for a source particle at rg,vg). Conversely, in the backward interpretation the
variables are rg, vy and r, v take the role of given parameters: in this case, G(r, v|rg, vo) represents
the importance of a neutron injected into the system at rg, vy (with respect to a point-like detector
located at r,v) [41[30L[121].

Observe that the density Ny(r, v) for a given distributed source Q is related to the Green’s
function by

¢
Ny(r,v) :/ dt’/dro/dvogt,t/(r,v|r0,v0)Qt/(ro,V0) (1.26)
0

By analogy, we can define the importance of a particle with respect to a distributed detector region
V in the phase space by introducing the adjoint particle density NT

N/ (ro,vo) = /dr/dvgt(r,v|r0,v0)QT(r,v), (1.27)

where the adjoint source Qf(r,v) satisfies QT = 1 if r,v € V and Q' = 0 elsewhere. From these
definitions stems the reciprocity relation between the forward and adjoint densities, namely,

¢
/dr/vat(r,v)Q‘L(r,v) :/ dt’/dro/dvoNtT_t,(ro,vo)Qt/(rO,vo). (1.28)
0



12 1.5 The spectrum of the Boltzmann operator

1.5 The spectrum of the Boltzmann operator

Equation (|1.14)) can be recast in the compact formula

%Nt(r,mt) = LN¢(r,v,1), (1.29)

where we have introduced the Boltzmann operator £ acting on the particle density IV, namely,
L=-v-V,—0E(r,v)+ /U/E(V/ — v]r). (1.30)

Determining the spectrum o[L£] of the Boltzmann operator £ is an essential prerequisite for the
analysis of time-dependent transport problems. Moreover, knowing the whole spectrum o[£] (i.e.,
the set of eigenvalues « and associated eigenfunctions N, ) amounts to characterizing the operator
L itself, and this in turn allows for eigenfunction expansions of the full time-dependent solution,
starting from an assigned initial distribution No(r,v) [5]. These issues are crucial in many tech-
nological problems associated, e.g., with neutron transport [122], such as start-up of commercial
reactors [123|, analysis of accelerator-driven systems [124], material control and accountability in
critical assemblies [125], and pulsed neutron reactivity measurements [126], just to name a few.

Unfortunately, the operator £ is in general not self-adjoint, not compact, and possibly
unbounded, which makes its analysis highly non trivial [5,[127]. Only a few general properties of
the spectrum of £ are known so far, since the pioneering works on one-speed isotropic transport in
slab geometries [128H130]. Some surprising features have emerged, such as for instance the possible
presence of a continuous spectrum in addition to a point (discrete) spectrum, which do not always
have a counterpart in diffusion theory [131[132]. In most applications, one is naturally led to
consider bodies of finite size, convex, and with vacuum boundary conditions (particles cannot re-
enter once they have left the system): even with this restriction, the properties of the spectrum
depend on the specific details of the operator. For instance, in the case of isotropic scattering the
spectrum is purely discrete when the minimum neutron velocity, say vg, is bounded away from zero,
whereas a continuous spectrum can arise in the region R{a} < —min[vX(r, v)] when vy is allowed
to vanish [133}[134]. For an overview of the properties of o[£] as a function of geometry, collision
kernels, and boundary conditions, see for instance [5,/127}/135,/136] and references therein.

In general, one is interested in using the knowledge on ¢[£] in order to derive the eigenfunc-
tion expansion of the initial value problem in Eq. In view of the functional form of Eq. it
is natural to postulate for N; a time dependence of exponential kind, namely N;(r,v) = N, (r, v)e*,
which leads to

—v - VyNy — 03(r,v) N, + /U’E(v' — V|r)Ny(r, v/ )dv' = aN,. (1.31)

Due to the possible presence of a continuous spectrum, the general form of the eigenvalue expansion
will be

Ny(r,v) = Z ;i N, e + /g(a)Naeatda, (1.32)
i

where the former term on the right hand side is the eigenfunction expansion pertaining to the
discrete component of o[L£], with (generally complex) discrete eigenvalues «; and weight coefficients
a; depending on the initial conditions, and the latter is the contribution due to the continuous portion
of the spectrum, with density g(«) [5,[134L[137]. A more rigorous proof can be given by taking the
Laplace transform of Eq. Then, seeking the formal inverse transform (the Bromwich integral)
and applying Cauchy’s residual theorem precisely yields Eq. [5].
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Very broad conditions for the well-posedness of the eigenvalue equation for reasonable
collision kernels and bounded domains have been thoroughly discussed [5/138,(139]. In particular,
it has been shown that under mild assumptions a dominant discrete eigenvalue o exists, which
is simple, real, larger than the real parts of all the other «, and whose associated eigenfunction
N, (r,v) is non-negative [138]/139]. This ensures that, after a transient, the particle population
will grow in time as N; o e®! when ag > 0, the system is super-critical and the population
diverges exponentially fast; when ag < 0, the system is sub-critical and the population dies out
exponentially fast; finally, when oy = 0 the system is exactly critical and the population is constant
in time. However, it has been argued that the discrete spectrum may not exist, for instance when
the size of the system is below some critical threshold: in this case, the time behaviour would
be imposed by the continuous portion of ¢[L], and the asymptotic decay of N; would be non-
exponential [5/131}/1321|138}/139].

When delayed particles are also present, spectral analysis is slightly more complicated.
To characterize the asymptotic evolution of neutrons in the presence of precursors, an exponential
relaxation of the kind

Ni(r,v) = Z N, (r,v)e™ (1.33)

and N

i’ (r) = e (r)e! (1.34)

«@

is simultaneously postulated for both the neutron density and the precursors concentrations, where
the values « represent the relaxation frequencies of the system [5,[30]. Equations and
stem again from imposing the separation of variables in Egs. and . Yet, proving the feasi-
bility of such an expansion is highly non-trivial in general, and precise (although not very restrictive)
conditions are required on the geometry of the domain and on the material cross-sections [5}[30}138].
Here, for the sake of simplicity, we will assume that such conditions are met (which is typically
the case for almost all systems of practical interest) and that there exists a set of values « such
that separation of variables is allowed. Then, substituting Egs. and into Egs.
and , respectively, yields

aNg(r,v) + L Ny(r,v) = F, No(r,v) + Z le’j(r, V)N jckd (r) (1.35)
%,J
and
acki(r) = /Vé’j(v’)Z}(r, V)W Ny (r,v') dv’ — N jci? (r), (1.36)

which formally represent a system of coupled eigenvalue equations for the neutron density N, and
the precursors ¢%?, the eigenvalues being . In principle, Egs. (1.35)) and (1.36)) have 1+ n x m sets
of eigenvalues associated to the prompt and delayed components [30,(140%/141].



Chapter 2

From macroscopic to microscopic

Can any of your readers refer me to a work wherein I should find a solution of the
following problem, or failing the knowledge of any existing solution provide me with
an original one? I should be extremely grateful for aid in the matter.

A man starts from a point O and walks | yards in a straight line; he then turns
through any angle whatever and walks another | yards in a second straight line. He
repeats this process n times.

I require the probability that after these n stretches he is at a distance between r and
r —+dr from his starting point, O.

K. Pearson, Nature 27, 294 (1905).

2.1 Introduction

A natural question arises about the probabilistic laws describing the evolution of the mi-
croscopic trajectories whose average properties obey Eq. . We already know from the previous
description that the picture leading to the Boltzmann equation rests upon particles freely streaming
between collisions occurring at random, whereupon the particle velocity is instantaneously redis-
tributed according to the scattering kernel. Therefore, we must now address the statistical distribu-
tion of flight lengths between collisions. Let us assume that the medium properties are stationary,
which we have implicitly done in the previous derivation. We begin by observing that

d 0
——N;_s(r—sv,v) = —=Nt_5(r —sv,v) + v -V Ny_s(r — sv,V) (2.1)
ds ot
for any s > 0. Then, from Eq. (1.14]) it follows

d
—d—Nt_s(r’,v) = /v’E(v’ = V|t )N (v, Vv)dv' — X, v) N2, v) + Qi (1), v),  (2.2)
s

where we have set r' = r — sv. We multiply now both sides of Eq. (2.2)) by the factor
,(r,v) = e~ Jo B(r=s'v,v)vds" (2.3)

By using

—HSiNt_s(r',v) + o3 (r’, v)N; (v, v) = —dd [N —s(x', V)], (2.4)

ds ds

14
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we obtain

f% [Ny _s(x',v)] =TI, {/ VBV = VIr )N (v, VAV + Qi _s(r,v)] . (2.5)

Integrating Eq. (2.5) over s between s = 0 and s — oo yields an integral form of the Boltzmann
equation, namely,

N(r,v) = /000 I (r, v)xt—s(r — sv,V)ds, (2.6)

with
Xs(r,v) = /?/E(V/ — v|r)Ns(r,v")dv' + Q(r, v). (2.7)

The physical meaning of Eq. is the following: the quantity ys represents the average number of
particles appearing at coordinates r, v in the phase space at time s (i.e., those having had a collision
at some previous time and having being scattered to the chosen velocity, plus those coming directly
from the source Qy), whereas II; represents the (Poissonian) probability that the particles do not
undergo any collision up to time s [3,/5].

Given the peculiar nature of the probability Il in Eq. , it follows that the displace-
ments of the trajectories underlying the Boltzmann equation obey a non-homogeneous Poisson
process with parameter X(r,v) [2,[3L/5,[113/142-146]. In other words, a particle travelling along a
direction w with speed v performs a Markovian random walk having exponentially distributed flight
times with average 1/(vX) B Observe that time and space increments are directly correlated via the
speed of the flight. Because of the exponential distribution of the time and space increments, such
random walks are often called exponential flights E

While much attention has been given to random walks on regular Euclidean lattices, and to
the corresponding scaling limits [2,/7,/8], less has been comparatively devoted to the case where the
direction of propagation can change continuously at each collision [142}/143},147H150]. Exponential
flights are intimately connected to the Boltzmann equation and describe, among others,
neutron or photon propagation through matter [14,|30,31L/67,|77,(142}/143|/145], or electron motion
in semiconductors [80-82], when the host medium is homogeneous at the scale of a mean free
path [3L[5,/73H75]. The Markovian property of exponential flights is such that the random walk
describing the evolution of position and velocity r, v in the phase space is memoryless: knowledge of
both r and v at any time ¢ is sufficient to characterize the future evolution of the walk [2}/5}/14},/113].

2.2 From exponential flights to random flights

So far, we have attempted a description of the underlying stochastic process by determining
the evolution of the phase space coordinates as a function of time. Alternatively, it is possible to
examine the behaviour of exponential flights at the collision points alone, which correspond to the
renewal points of the Markovian process. Loosely speaking, we will denote each successive collision
undergone by a particle by the term generation. Let us introduce the quantity

Py(r, V), (2.8)

IThis is coherent with our previous assumption about the role of the cross sections ¥ in the characterization of the
travelling particles. A Poisson distribution implies in particular that the probability of interaction must be constant
per unit of elementary length ds aligned along a specified direction, and proportional to ds via the cross section X:
Prob[interaction] < Xds |3}/5].

2Exponential flights are preferentially called free flights in the semiconductors community [80-82].
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representing the average density of particles entering a collision at r, having velocity v, at the g-th
generation. We will call ¢4(r,v) the incident particle density in phase space [30,31,113]. At each
generation, particles undergo a collision at r’ with velocity v/, with an average number v being
scattered to a velocity v by a collision kernel C(v' — v|r'). The collision kernel can be represented
as

C(v' = vlr) = Zpi(r,v’)yi(v’)fci (v = v). (2.9)

where p;(r,v’) is the probability of undergoing event i at collision, out of a set of I possible events.
This probability can be expressed as

Yi(r,v')

SRR (2.10)

pi(r,v') =
i.e., the ratio between the i event cross section X; and the total cross section 3. The quantity v;(v')
is the multiplicity of secondary particles leaving reaction i, and fe, (v — v) is the corresponding
normalized distribution in the velocity space of the secondary particles. The sum of p; and the
integral of the distribution function over the whole energy space are normalized to one. Then,
the secondary particles emitted at collision are transported to the next collision by a displacement
kernel T'(r" — r|v). Thus, the following recursive Chapman-Kolmogorov equation [30,131,(113] can
be established for 14, namely,

hgt1(r,v) = /dr’/dv’T(r’ = r|v)C(v = v[r )y, (', v'). (2.11)

The initial condition v (r, v) represents the average particle density entering a collision at the first
generation, coming directly from the source (the so-called uncollided density |30L[113]):

Py (r,v) = /dr'T(r' —r|v)Q(r',v), (2.12)

Q being the particle source.

Equation is a Boltzmann-like integral balance equation for the incident particle
density 14(r,v) [30,[113]. As such, it has a close relationship with respect to the integral-differential
Boltzmann equation describing the evolution of exponential flights with respect to time 30}
113]. On the basis of the previous considerations concerning the nature of the Boltzmann equation,
it is apparent that the displacement kernel T'(r’ — r|v) should have an exponential behaviour, which
would impose

T —rlv) =X(r,v)e” ST R s vy ds, (2.13)

In this case, Eq. represents the integral form of the time-dependent Bolzmann equation ,
when the particle displacements are measured only at discrete generations [30,31L[113].

However, observe that in the derivation of Eq. we did not explicitly use the functional
form of the kernel T. Actually, Eq. holds true for any reasonable collision kernel C' and
displacement kernel T'. In this respect, equation describes the dynamical evolution of the
particle density of a discrete random walk composed of random displacements (‘flights’ along straight
lines) obeying the kernel T and random velocity redistributions (‘collisions’ with the surrounding
medium) obeying the collision kernel C' [2}[7,/8,/147,[147,/148]. The simplest formulation of these
processes, which take the name of random flights, was originally proposed by Pearson (1905) for
jumps of constant length [151] and later extended by Kluyver (1906) [152] and Rayleigh (1919) |153].
Random flights play a prominent role in the description of many physical or biological systems,
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including neutron or photon propagation through disordered matter or turbid media (when the scale
of heterogeneity is comparable to that of a mean free path) [70H76L/79], or chemical and biological
species migration [50}54-58]. Random flights are Markovian at collision events, i.e., they are semi-
Markovian, and formally define a renewal process: knowledge of the coordinates r,v at a given
generation (i.e., entering a collision point) is sufficient to characterize the subsequent evolution of
the process; in general, nonetheless, random flights are not Markovian at arbitrary times in between
collisions [2}/7,/8].

The class of exponential flights is included in that of random flights: when T obeys
Eq. 7 we recover exponential flights, and Markovianity is thus preserved all along the tra-
jectory, because of the memoryless nature of the exponential distribution. In this case, Eq.
describes the evolution of exponential flights with respect to discrete generations, whereas the Boltz-
mann equation describes the evolution of the same process with respect to time [2].

2.3 The Boltzmann equation and the kinetic equations

The approach pursued here in order to set up the linear Boltzmann equation has
been purely heuristic, via the definition of cross sections and the subsequent derivation of an explicit
form of the collision term. The Boltzmann equation has been originally established in the context of
the kinetic theory of gas in 1860 [3l/5[13l[14]. A rigorous approach to the derivation of Eq. from
first principles has been the subject of intense research activities since 1940, and several strategies
have been so far proposed in literature, which go under the name of non-equilibrium statistical
mechanics [3|5,[115]. The underlying idea is to build upon the exact microscopic equations of motion
(Hamiltonian mechanics in phase space for classical systems such as gases, or quantum mechanical
equations if needed) for the ensemble of particles composing the system under consideration. This
system is typically huge, and can be meaningfully described only in a probabilistic way. Then,
the precise aim of non-equilibrium statistical mechanics is to show under which approximations
equations of the Boltzmann type (linear or nonlinear) can be derived for some observables of the
system.

Tllustrating the precise details of this derivation is far beyond the scope of the present
work; however, for the sake of completeness, we sketch here an argument of plausibility. As a
case study, we will consider a gas of identical classical particles in a box. A detailed study of the
quantum-mechanical analogue, which would be more appropriate for neutrons, has been derived
in |112}/116,/117]. A macroscopic volume of such a gas will contain an enormous amount of particles,
of the order of, say, M ~ 10'° per cubic centimeter. In principle, the evolution of such a system can
be exactly computed starting from the M-body kinetic equations

{i =: ‘I‘:i(l’i), (2.14)

for the position r;(¢) and the velocity v;(t), wherei =1,--- M and F(r;) = >_, ,; F; j(r;, r;) are the
internal forces exerted by every particle j on particle ¢ divided by the mass of the particle |3L[5,115].
We will assume for the sake of simplicity that there are no external forces acting on the particles,
and that F; ; is conservative and derivable from velocity-independent scalar functions. In order to
describe the dynamical evolution of the system, it is convenient to condense Egs. in the form

dz

%z _g 2.15

o (2.15)
where z = {ry,vy,--- ,rp, Vvar} is & point in the 6 M-dimensional phase space, and Z = {vi,F,

-+, v, Far}ois the (known) forcing term, with the initial condition z;—¢ = zo.



18 2.8 The Boltzmann equation and the kinetic equations

The system is composed of 6 M equations (3 position coordinates plus 3 velocity
coordinates per particle) and can in principle be solved once the 6 M initial conditions are provided.
Given that M is huge, however, simple practical considerations clearly show that this approach
is hopeless: the equations can not be formally written down in a reasonable amount of time, nor
can they be handled by a computer because of the computational cost and the memory occupation
that would be required. Moreover, even though a remedy were to be found to theses problems, the
system would still strongly depend on the least precision or truncation error on the initial condition,
so that after an infinitesimal time the integration will become useless. Thus, one is naturally led to
approach this problem from the probabilistic point of view [3,[5,[115].

2.3.1 The Gibbs ensembles

The idea first proposed by Gibbs in 1902 is to condense our ignorance on the initial data
7o by assigning a probability density po(z) = p(z,t = 0) [3,/115,/154]. In other words, the initial
state is allowed to assume different values with a given distribution: the collection of the allowed
states is called the ensemble. The goal is then to derive an equation for the evolution of the density
p(z,t) at subsequent times ¢ > 0. The quantity p(z,t) is called the ensemble density function and
physically represents (up to a normalization factor) the probability density that an unspecified state
is occupied in a phase space volume [3|115]/154]. We may write

p(z7t)o<fM(r1avla"' 7I'M7V]W7t)a (216)

where fj is the M-body joint probability density of finding the first particle at r; with velocity v,
the second particle at ro with velocity vo, ---, and the M-th particle at ry; with velocity vas. The
quantity fas is often called the master function |3[115,/154]. By observing that Eq. defines
the dynamics of a point with velocity Z, and that giving an initial distribution of zy means that the
single point z is replaced with a sort of fluid having density p, applying mass conservation yields

%p(z,t) + V.- p(z,t)Z =0, (2.17)

which takes the name of Liouville equation, with initial condition p(z,0) = po(z) [3,/14}[115]. Now,
since r and v are independent variables in the phase space, then V - Z = 0 (this requires that
the forces F do not depend on velocity, which is the case for the system considered here). Then,

Eq. (2.17) can be rewritten as

%p(z,t) +7Z-V,p(z,t) =0, (2.18)
which, by making the variables explicit, yields
) - ) )
i@+ 2 (v Vet F )t = ot 0L =0 (9

where H is the Hamiltonian of the system and {-,-} are the Poisson brackets [3}/14,/115]. By using
the total derivative notation, Eq. (2.19)) can be equivalently formulated as

d

which takes the name of Liouville theorem [3,14l115]. This shows that the probability density p(z, t)
is constant (and equal to the initial condition) along the trajectories in the 6 M-dimensional phase
space. This consideration has an important consequence, namely that the flow of p(z,¢) in the phase
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space is volume-preserving. Actually, each point z = z(zg,t) can be seen as a mapping of the initial
conditions onto the positions occupied at a later time t. Then, by the uniqueness of the solution of
Eq. in the phase space, it follows that the probability of finding the point z at time ¢ in a
given region A must equal the probability that the point zg lies within the region Ay of the points
whose image at time ¢ is A. In other words,

/Ap(z,t)dz = /AO po(z0)dzo, (2.21)

which shows that the volume in the phase space is preserved [3/115]. When the initial condition
is known exactly, we have pg(z) = §(z — 2p): in this case the solution of the Liouville equation
will be a delta function for all subsequent times, which implies that the system trajectory will
deterministically evolve in the phase space without any uncertainty.

To proceed further on, we assume that the gas particles have a diameter € and that particles
can interact with the walls of the box via elastic collisions, or with each other via hard-sphere
collisions. The hard-sphere collision means that particles do not interact until their mutual distance
is smaller than e, whereupon an infinite repulsive central force is applied: this is an adequate model
for a gas of classical neutral particles interacting only at short distance (billiard balls). It can be
shown that the Liouville theorem for the conservation of the phase space volume remains
valid also when the forces F are instantaneous such those of the hard-sphere gas [3}|14,/115]. What
is the effect of the particle interactions with the walls and with each other on the initial uncertainty
p0(2z0)? Let us assume for the sake of simplicity that the initial condition for a given particle is a
uniform distribution of size ArAv centered on some rg, vg. It can be shown then the rectangular
area ArAv of the accessible positions and velocities in the phase space is progressively stretched
and subdivided in thin foils (the volume being preserved by the Liouville theorem) whose thickness
is roughly proportional to (¢/A)?, where A is the mean free path of a particle and ¢ is the number
of collisions undergone by the particle. For a typical diluted gas, A\/e > 10, which means that after
a thousand collisions the thickness of this foliated structure in the phase space is of the order of
1071000 This means that even infinitesimal external perturbations will affect the structure of the
phase space characterizing the particle evolution. In other words, not only the initial conditions
are uncertain, but even the collision mechanism that ultimately determines the fate of the particles
must be practically dealt with in probabilistic terms |14].

2.3.2 The s-particle distributions

Usually, we are not interested in determining precisely the position and velocity of each
particle of the gas. Rather, one typically wants to assess the macroscopic properties of the system
(a physical observable such as pressure or temperature), which can be expressed as averages of some
functional O over the particle distribution f; in phase space, namely,

(0) = /O(Z)fMdz, (2.22)

which takes the name of ensemble average over all possible configurations of the system compat-
ible with the underlying dynamics. The central postulate of statistical mechanics is the so-called
hypothesis of ergodicity |3,[115], which yields

N
/O(z)fMdz = lim %Zoj, (2.23)
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where O; is the observed value of the functional O at the j-th experimental measurement under
identical circumstances.

It is reasonable to assume that the average observable (O) will remain unchanged under
an arbitrary permutation of any two gas particles chosen at will. From the symmetry argument,
the average observable will most often depend on symmetrical sums of terms, each based on the
coordinates of a few particles (typically, one or two) [3}141/115]: in other words, instead of computing
the M-body probability density function fj; (whose evolution is governed by the Liouville equation)
one is frequently called to handle s-particle distributions of the kind

M! l
fS<I'1,V17... ,I’S7V87t) = m/‘f}\/[ i}}—l dridvi, (224)

s < M, obtained by integrating the M-body probability density function fj; over the position and
velocity coordinates of the other M — s particles [3}/14}{115]. As defined, the s-tuple distributions are
independent of the order with which the particles occupy a given state. In particular, the one-particle
distribution reads

M M
f1 (1‘1, Vi, t) = (Ajw'l)' /fM H dI’idVi =M / fM H dI’idVi. (2.25)
=2 i=2

The quantity f1/M represents the reduced one-particle probability density that particle number one
is at r; with velocity r;. Similarly, the two-particle distribution reads

M1 M M
fa(r1,vi, 12, va,t) = =2 /fMi_Hgdride- =M(M — 1)/fMi1:£dridvi. (2.26)

The quantity fo/M (M — 1) represents the reduced joint probability density that particle number
one is at r; with velocity r; and particle number two is at ro with velocity rs.
As said, fjs satisfies the Liouville equation, namely,

M
%fM + ; [Vi Ve +Fi- vvifMi| =0, (2.27)

The equations for the s-tuple distributions can be obtained multiplying Eq. (2.27) by M!/(M — s)!
and integrating over phase space variables as in Eq. ([2.24]) [3,/14}/115]. By various manipulations, we
obtain

a S S S
afs + ZV'L‘ . Vrifs + Z ZFi’j . Vvifs + Z Vvi . /F5+1,ifs+1drs+1dvs+1 =0, (228)
i=1 =1

i=1 j#i

Equations form the so-called BBGKY hierarchy (from Bogoliubov, Born, Green, Kirkwood
and Yvon) relating the s-th order distribution to that of the (s + 1)-th order [3}/14,/115]. Some
closure is therefore needed in order to obtain explicit solutions. Let us consider the special case
s = 1, corresponding to the one-particle distribution. From Eq. 7 f1 satisfies

0
&fl + vy Vrl fs = _Vvl . F271f2d1‘2dV2. (2.29)

The only practical means to progress is to introduce some assumptions that allow relating fo to
f1 [3]. Four postulates are then adopted:
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i. in the region of the phase space where the internal forces Fy; differ appreciably from zero, no
other bodies affect the dynamics of the particle pair. This will be true provided that the gas is
not too dense, which is coherent with the physical picture provided above: particle freely stream
through space at constant velocity, and occasionally collide with another particle. Three-body
collisions are assumed to be very rare.

ii. when particles enter a collision,
f2 (I‘l7 Vi1,r2,Vao, t) ~ f1 (I‘l, Vi, t)fl (I‘g, Vo, t) (230)

This is the so-called chaos hypothesis introduced by Boltzmann, which implies that correlations
between colliding particles can be neglected [3,/13}/141/115]. This is likely to be true for a diluted
gas, when particles arrive at the collision point from some distance: the probability that the
particles have originated from a common previous collision is reasonably small EL

iii. during the collision event, the rates of change of f; and f; can be neglected. This corresponds
to assuming that the time scale of a collision is much shorter than the time between collisions.

iv. over the distance of particle-particle interactions, fo depends only on the relative distance
R =r; —ry, and the gradient of f; can be neglected.

By building upon these arguments (see Appendix for the details), it is possible to derive a
closure for the function f;, namely,

%fl‘i’vl'vrlfl:(fl;fl) (2.31)

coll’
where the bar sign denotes the average over a time that is long compared to the duration of a
collision, and short compared to the duration of a free flight [3], and ( f1, fl)w” represents the
contributions to the phase space balance due to the scattering collisions (the explicit expression is

provided in Appendix [A.1)).

Equation has formally the same structure as the non-linear Boltzmann equation
derived on phenomenological basis by Boltzmann for a gas of interacting particles [3|14]. However,
in the original derivation, the Boltzmann equation represented a mass balance in the phase space
for the quantity V¢, defined such that N;drdv is the average number of particles in the phase space
element. In view of the fact that N;(r,v) (the average number of particles) and fi(r,v,t) (the
time-averaged one-particle distribution) both satisfy the same equation, it may be concluded that
they are different physical concepts associated to the same mathematical quantity, provided that the
approximations introduced here hold true [3,/14,/115].

2.3.3 Mixtures of gases and the linear Boltzmann equation

So far, we have considered a gas of identical particles. The Boltzmann equation can be
easily extended to the case of a mixture of different gases of kind 4 [3}/14,[115], in which case we
obtain a system of coupled equations of the kind

8 (e R r(2) 7O
a 1()+V1 : Vr1f1 ) = Z( 1()7 1(j)>60” (232)
J

3This assumption fails for a gas of neutrons in the presence of fission, which introduces correlations over temporal
and spatial scales comparable to those of a typical free flight [3H5]. We will come back to this relevant issue in the
following Chapters.
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for the one-particle distribution fl(l) of species i, the sum being extended to all species in the system.
As a particular case, it is useful to consider the configuration of two species where the former is a
foreign population (i = A) and the latter represents a host medium (i = B) (usually assumed at
thermal equilibrium) [3}[14,[115]. This would be for instance the case of neutrons or photons colliding
with the nuclei of a given moderator. Equation gives then

) 2A) _ (HA) FA) #(A) #B)
af} TV Vi 7(1 T >coll+( Lo )coll (2.33)
9 B #(B) _ (#B) #B) HA) F#(B)
SHD v Ve 17 = (AP A7)+ (A A7) (2.34)

Now, the density of the foreign population is typically much lower than that of the host medium
(for the case of neutrons in a nuclear reactor, e.g., the former is of the order of 0.1 neutrons per
cubic centimeter per Watt, whence about 108 per cubic centimeter for a commercial reactor at full
power, whereas the latter is of the order of 10?2 nuclei per cubic centimeter) [30,31]. This means

that | fl(A)| < | fl(B)|. Under this assumption, we arrive at

9 =4 HA) _ (fA) 7B
3tf1 +V1'Vr1f1 —(1 ,f1 )CO” (2~35)

0 B (B (B) #B
SAD v VR 1D = (PR (2:36)

When the species (B) is at equilibrium, the distribution function fl(B) is known (typically, a
Maxwellian distribution), and we are left with a linear Boltzmann equation for the species (A):

9 a) HA) _ (#A) FB)
SR v v 1Y = (A0 AD) (2:37)

By virtue of the analysis of the linear scattering term introduced above and the definition of the
scattering cross section, we finally recover the linear Boltzmann equation in the form given in
Eq. , provided that we identify fl(A) (r,v,t) = Ne(r,v) [3L[14,/115).

Observe that in this sketch of derivation of the non-linear and linear Boltzmann equation
we have focused on scattering collisions, where the number of particles is preserved. A rigorous
treatment of other kinds of particle-medium interactions such as absorptions or fissions, where the
number of particles is not preserved, would demand a quantum-mechanical approach: this strategy
has been pursued by [112,|116}|117] for the one- and two-particle distributions.

2.4 The diffusion equation and Brownian motion

Sometimes, detailed knowledge of the phase space density N;(r,v) is not needed, and one
tries to derive an equation for the simpler direction-averaged spatial density ni(r) = [ dwN;(r,v) by
resorting to some approximations [5,/14]. The hypotheses introduced to derive such an equation for
ny(r) are called the continuum or diffusion limit. Our starting point will be the linear Boltzmann
equation for Ny¢(r,v). For the sake of simplicity, we will assume that the speed v is constant
(dv = vdw), that cross-sections do not depend on particle direction (i.e., ¥ = 3(r)), and that
particles can only be scattered at collisions (v = 1), which leads to

10
pTL +w- Vi = /Z(r)fc(w’ — w)pi(r,w')dw’ — X(r)p;, (2.38)
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where ¢;(r,w) = vN¢(r,w) depends only on position r and direction w. Observe that integrating
over v the collision term (|1.13)) gives

/ (a;\f)m” dv = //U'Z(nv’)fc(v’ — V)N (r, v')dv'dv — /vE(r,V)Ntdv =0, (2.39)

from the normalization of fo [5,/14]. More generally, it could be shown that for arbitrary suitable

collision terms (6N‘ )CO” we have
ON,
/X(v) <t> dv =0 (2.40)
ot coll

ot
for any x(v) being a collisional invariant, i.e., a physical quantity that is conserved upon collision |5,
14]. Typical invariants in particle transport are energy, momentum and mass. For the simple diffusive
random walk in a host medium considered here, the only invariant is x(v) = 1 because the number
of particles is conserved at scattering collisions.
Assume that there are no external sources at time ¢t > tg, and that the initial condition is
an isotropic point source at time ¢y = 0. By integrating Eq. over the direction w and using

Eq. (2.39) we therefore get

%%qﬁt(r) + Vr . jt(r) = 07 (241)
where we have set
di(r) = vny(r) = /apt(nw)dw, (2.42)

and

Ji(r) = /wcpt(r,w)dw. (2.43)

Equation (2.41)) is basically a continuity (conservation) equation for the field n:(r), the direction-
averaged density, which can not however be solved directly, since it depends on the higher order
term j¢(r). To proceed further, we multiply Eq. (2.38]) by w and integrate again over dw. This yields

10, . .
;aJt(r) + V- /ww%(ra w)dw + Xji(r) = poXje(r), (2.44)

where pg is the average scattering angle

po = (W' w) = Qi /dw/dw’w'-wfc(w’ - w), (2.45)
d
where y
2’/Td 2
g=T (2.46)
r(s)

is the surface of the unit sphere in dimension d, and we have used

/dww/dw'Z(r)fc(w' = w)pi(r,w') = poXji(r). (2.47)

We could proceed this way, but this would give rise to a hierarchy of equations, each containing a
new unknown [5,/14]. It is then necessary to introduce some approximations to allow for an explicit
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equation for n:(r). We begin by assuming that the flux ¢;(r,w) is only weakly dependent on the
direction w, which gives an expansion of the kind

Pule,0) = - 0() + 5w Jue) (2.48)

where terms of higher order in w have been neglected. The zero-th and first order coefficients of the
expansion in Eq. (2.48)) have been identified with ¢¢(r) and j¢(r), respectively, on the basis of the
definitions given above. It follows then that up to the linear order we have

Ve /wwapt(r,w)dw = %Vr@(r) +y (2.49)

which therefore from Eq. (2.44)) yields

L)+ SVedn(r) + ) =0, (250)

We have denoted by X:-(r) = (1 — p)X the so-called transport cross section, which takes into
account anisotropic scattering effects via the average scattering angle pg [5,[14]. In principle, the
approximate Eq. for j;(r), coupled with the exact conservation Eq. , can be now explicitly
solved to give the direction-averaged density n:(r). However, it is customary to introduce a further
approximation, namely

10,

S gpt(r) =0, (2.51)
which implies

1 9,

and physically means that the time variation of the current density j;(r) is much slower than the
collision frequency vX [55/14]. Under this assumption, we can then rewrite

évr(bt(r) + 34jie(r) =0, (2.53)
whence 1
jt(f) = _Evr¢t<r)’ (2~54)

which yields the current density j:(r) in terms of the flux ¢;(r), in the form of a Fick’s law [5}(14)
30,31,/113]. Introduce now a diffusion coefficient

- v
Ay

D(r) (2.55)

carrying the customary units of a squared length over a time [5]. Then, Eq. (2.54) can be written as
i) = —D() Vo), (2.56)

which basically says that the current is proportional to the opposite of the gradient of the particle
concentration (the conserved quantity).

By finally plugging Eq. (2.54) into Eq. (2.41) we obtain the diffusion equation

9
ot

n(r) = Vi - D(r)Veng(r), (2.57)
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together with the isotropic source as an initial condition [5}/14}30},31,/113]. The derivation of
Eq. , which is the diffusion (continuum) limit of the transport equation , has involved
a continuity equation for a conserved quantity (here, the particle mass), plus an approximate clo-
sure relation for the higher moments (the so-called transport law) and a further approximation
on the time variation of such higher order moments: this scheme always appears when deriving
hydrodynamical limits from exact transport equations [5].

Now, by virtue of the Einstein-Smoluchowski interpretation [3}7,/8,/16-18], the diffusion
equation is formally identical to the evolution equation for the average density n:(r) of a
Brownian motion born at tg = 0 from a given source and observed at time t. It is therefore
reasonable to assume that, under the hypotheses above, the underlying exponential flight process
converges towards a Brownian motion with diffusion coefficient D. In other words, in the regime
where the previous hypotheses above hold true, the diffusion equation is the scaling limit of the
Boltzmann equation for the average particle number (the macroscopic observable), and the Brownian
motion is correspondingly the scaling limit of the exponential flights (the microscopic process) [5,{14].

Boundary conditions for Eq. are rather tricky to derive, because of the introduced
approximations. For instance, while we require the continuity of the phase space density N; across
an interface, the diffusion approximation implies conservation only of the two first moments n; and
jt- The free surface boundary is even more difficult to handle. Indeed, the exact condition implies
that the inward current at the outer surface must vanish. For the diffusion limit, this condition
can only be approximated, and commonly one assumes that the concentration n;(r) (or equivalently
the flux ¢¢(r)) vanishes at some extrapolated distance r. from the outer boundary [14}/113}/155}/156].
The calculation of this extrapolated length is dimension- and geometry-dependent and in most cases
is highly non-trivial [14}[155|156]. Practically, the extrapolated distance r. is adjusted so that the
computed particle concentration n.(r) inside the medium is a proper representation of the actual
values.

2.5 The role of Monte Carlo simulation

As said above, the key goal of (non-equilibrium) statistical mechanics is to assess the
statistical properties of some observable associated to a physical system whose evolution is governed
by the stochastic motion of a collection of particles. Each observable can be seen as a question
that the experimenter asks about the system under analysis. In this respect, statistical mechanics
provides a bridge between the microscopic behaviour of the underlying stochastic processes and the
macroscopic deterministic behaviour of the physical observables.

Given a collection of particles undergoing a stochastic process X (t), we define the observable
w as a functional w = f[X(¢)] associated to the process. By construction, such observable will be
a random object, whose moments E;[w™] (or equivalently full distribution P;(w)) we would like
to precisely quantify. The Boltzmann equation provides an example of a deterministic evolution
equation for the average (first moment) of the observable w = m(r,v,t), where m(r,v,t) is the
random number of particles in phase space at a given time.

The general picture of stochastic particle transport given in the previous Sections provides
the ideal framework for the application the Monte Carlo methods. The basic idea behind Monte
Carlo as applied to transport problems is to simulate a (very large but necessarily finite) ensemble of
realizations of trajectories in the phase space and to take ensemble averages over these realizations
in order to determine the moments (or the whole distribution) of some physical observable [5,(14]
115L157H160].
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2.5.1 Monte Carlo methods and the linear Boltzmann equation

We will exemplify the application of Monte Carlo methods to the analysis of physical
observables emerging in transport processes by considering the stationary Boltzmann equation for
exponential flights. Let us recall the transport equation for the incident collision density 14, namely,

hgp1(r,v) = /dr'/dv’T(r’ = rlv)C(v = vt )y, (', v'), (2.58)

with the uncollided density (or first-collision source)

P(r,v) = /dr’/dv’T(r’ —rv)o(r',v), (2.59)

Q being the particle source. Define now the stationary particle density i (r,v)
Y(r,v) =Y thy(r,v). (2.60)
g=1

By direct substitution, 1 (r, v) satisfies the linear stationary Boltzmann equation

P(r,v) = /dr'/dv’K(r’ = r,v = v, V) + i (r,v), (2.61)

where K(r' = r,v/ — v) = T(r' — r|v)C(v' — v|r’). For exponential flights the jump kernel is
defined by
Tt — rv) = N(r,v)e S Bl rsw.v)ds (2.62)

and represents the Poisson probability density of performing a displacement between r’ and r when
the starting velocity is v.

Now, recall that the Boltzmann equation precisely describes the average flow of particles
undergoing exponential flights. The Monte Carlo method for solving Eq. consists in gener-
ating a large number of random walks of the associated particles in the phase space, such that the
ensemble average of a given observable defined on the random walk converges to the corresponding
physical quantity weighted by ¢ [157H159]. Each random walk can be seen as the physical stochastic
trajectory of the transported particle, which travels along straight lines according to the transfer
kernel T', separated by collisions, described by the collision kernel C. The random walks start from
the source Q, have k collisions in the viable space and are eventually lost from boundaries or ab-
sorbed. Such random walks are defined by the set of coordinates in the phase space reached by the
particles. For the sake of simplicity, from now on the coordinates in the phase space will be denoted
by the point z = (r,v).

The construction of the random walk is the basic step to be performed in order to simulate
the Monte Carlo simulation of the particles. Once the particle is created from the source Q, it travels
through the phase space via the K(z’, z) kernel. Assuming that the kernels are exactly known at
each point of the viable phase space, the random walks can be then generated by

i. sampling the travelled distance from the continuous density function of the transfer kernel T
ii. sampling the collision event from the discrete probability function p;;

ili. sampling the state of the secondary particle(s) v; after the collision from the continuous distri-
bution function fc, associated to the sampled event.
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Once an ensemble of random walks has been sampled, the purpose of a Monte Carlo simulation is
in general to define the appropriate random variable w(a) associated to the random walk «, whose
expected value provides an estimate for the quantity

Blu(o)] = (w)]o(:)) = [ v()g:)az, (263)

which represents the inner product of the collision density ¢(z) times a general test function
g(z) [157H159]. The function g(z) is precisely the score that is desired, and (i|g) represents the
collision density-averaged score over the volume of interest. The quantity w(«), which must be
properly chosen so to ensure the convergence to E[w] = (¢|g), takes the name of Monte Carlo
estimator [157H159|]. The expected value of an ensemble of M random walks can be computed as

Yty wla)
E === 2.64
[w(a)] T (2.64)
where «; is the i-th random walk and w(c;) is the associated random variable. It can be shown that
convergence of the estimator as a function of the number of simulated random walks goes with the
square root of M [157,[158].
A frequently used estimator is the so-called collision estimator, defined as

weonr(@) = > g(zm), (2.65)

where the index m is extended to all the collisions performed by the walker during its history. If
we are interested in evaluating a score in a portion V of the phase space, the test function must
be zero everywhere but in V; in other words, the test function must be multiplied by the marker
function xv(z), i.e., xv(z) =1 for z € V and xv(z) = 0 for z ¢ V |157,|158]. By progressively
reducing the size of such volume V', we can obtain the value of the score evaluated at a single point
of the phase space. On the other hand, the smaller the volume, the smaller is the probability to
obtain a sample of the event in that position. Special techniques exist to obtain an estimate of the
point-wise distribution of a physical quantity in the phase space (the so-called point-flux estimation:
here we will not address this issue) [157]. The collision estimator for the particle flux ¢ = /% can
be similarly obtained from

_ g(zm)

Wcoll(a) = ; Z(?)m), (266)

where X(v,,,) is the total cross section of the particle at the m-th collision, when the incident velocity

is vp,. In this case, E[weon] = (¢lg). Finally, the estimator for the particle density-averaged scores
is defined as (2m)
g(Zm

co = N 2.67

o) = 2 50 o (267

from the definition N = ¢/(Xv) for the stationary particle density in phase space. In this case,

Elweon] = (N|g). As an alternative to the collision estimator, the so-called track length estimator is
defined as [157}|{158]

wt'rack(a) = Zg(zm)twm (268)

where t,, is the time spent by the m-th particle in the volume V of the phase space. This estimator
is such that E[wracr] = (IV]g). For the flux-averaged scores, we can then define

Wtrack (a) = Zg(fm)dma (269)
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where d,, is the track of the m-th particle in the volume V', whence Elwtrqck] = (]g)-

It can be shown that for exponential flights we have Elwirqck(@)] = Elweou ()] for any
given g (by virtue of the Markovian nature of the underlying stochastic process), which implies
that the two estimators converge to each other when M — oo [157,[158]. The variance associated
to the estimators depends on the problem we want to solve. In general, the collision estimators
have a smaller variance in large volumes, whereas the track estimators are better suited for small
volumes [157}[158].

2.5.2 Other physical observables

The theory of Monte Carlo methods as applied to the transport of exponential (and more
generally random) flights has known a huge development since 1940 [157H160], following the pio-
neering works of Metropolis, Fermi, Von Neumann and Ulam [161H164]. A prominent and distinct
advantage of Monte Carlo methods as applied to the study of stochastic processes is that they do
not require the knowledge of the deterministic evolution equation for the desired observables. To
quote T. E. Booth: Monte Carlo simulation can be conceived directly from the abstracted physical
process without ever even considering a transport equation. Average particle behavior in the Monte
Carlo process certainly is described by the transport equation, just as a ball’s motion is described by
Newton’s equation. But as a philosophical matter, saying that Monte Carlo is ‘solving’ the transport
equation seems a bit like saying that a ball is ‘solving’ Newton’s equation [165].

On the other hand, knowledge of the Boltzmann equation has largely inspired since the
beginning of the method (and still keeps inspiring) the Monte Carlo algorithms used for computing
the particle densities Ny(r,v) and 1,4(r, v), and turns out to be highly useful during both their con-
ception and their subsequent analysis. Moreover, almost all of the existing schemes for accelerating
the convergence of the Monte Carlo algorithms for Ny(r,v) and 14(r, v) are based on the associated
Boltzmann equation and/or its adjoint form [5,/157-159]. Within this framework, the analysis of the
phase space densities by Monte Carlo simulation may benefit from both efficient algorithms and a
solid theoretical background.

While the particle densities Ny(r,v) and 1, (r,v) in most cases provide a satisfactory de-
scription of the average behaviour of the random walkers, a number of interesting questions concern-
ing the examined system can not be simply answered in terms of these sole quantities. In particular,
we have remarked that no information concerning higher moments of the phase space distribution of
the particles can be extracted from either Ny(r,v) or ¥,(r, v), because the transport equation for the
phase space densities ignores the correlations between particles [3[5/112}[115}[165]. Examples of such
non-average observables emerge in several applications: one might for instance want to know how
far in space a neutron will travel within a medium, once emitted from a source; how many gamma
rays will arrive at a detector via coincidence events; how many collisions a nucleon will suffer during
a cascade; how long it will take for a random search strategy to attain the desired target; whether
and when an epidemic outbreak will eventually die out; how long it will take for a DNA filament
to traverse a nano-pore during a translocation process; how long a fluctuating price will stay above
a given threshold; and so on. Other physical observables are then needed, which might be roughly
regrouped as

1. the occupation statistics of the particles within a volume of the phase space; depending on the
specific boundary conditions, this quantity may represent the first passage time of the particles
to a given barrier, or the residence time in a given region;

2. the distribution of the number of descendant particles that are within a region of the phase
space at any given time, given a single initial walker emitted at the initial time;
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3. the survival probability, i.e., the probability that at a given time the walker (or more generally
at least a descendant of the original walker) is still alive. A closely related observable is the
escape probability, i.e., the probability that at a given time the walker has left a domain.

In all such cases, the average densities alone are not sufficient to provide an answer, and the de-
scription of the transport process must be achieved in a framework that is necessarily broader than
that of the Boltzmann equation. In Booth’s words: the conflation of ‘solving a problem’ and ‘solving
an equation’ is so prevalent that Monte Carlo is often misleadingly described simply as a way to
solve the Boltzmann equation, rather than the broader set of transport problems that the stochastic
simulation can solve [165]. Monte Carlo simulation, by virtue of its very nature, is ideally suited to
assess the full distribution of a given collection of individuals undergoing a stochastic process: by
adapting the estimators to the specific physical question, it is in principle possible to extract the full
distribution of any observable (even those that are usually not accessible by means of experimental
measurements). In this respect, Monte Carlo goes much further than just ‘solving the Boltzmann
equation’ [165].

2.6 Structure of this work

When going beyond the realm of the Boltzmann equation and taking into consideration
other physical observables such as those mentioned above, it would be therefore highly desirable to
have the possibility of guiding the Monte Carlo simulation by means of the corresponding evolution
equations for the observables. In particular, determining the equations governing a given arbitrary
observable has a twofold aim: on one hand, it allows verifying the results of Monte Carlo simulation;
on the other hand, it allows improving and accelerating the Monte Carlo methods by providing a
better understanding of the underlying random walk behaviour.

Specific transport equations, of course, can be written so as to include the effects of corre-
lations between particles: if a Monte Carlo practitioner wishes to use transport equations to analyze
and/or improve his Monte Carlo calculation, it is important to understand which transport equations
are relevant to the calculation [165].

In the remainder of this manuscript (Parts IIT and IV), we shall show that it is actually
possible to explicitly derive a family of such evolution equations for a broad class of physical ob-
servables by resorting to the so-called Feynman-Kac backward formalism. This work is organized
in two parts, the former related to the formal development of the backward approach for stochastic
particle transport, and the latter focusing on the applications in nuclear reactor physics.

Concerning Part I1I, in Chapter [3] we will first consider the case of purely diffusive transport
processes, and derive the corresponding Feynman-Kac equations for both the continuous-time and
discrete-time evolution of a single particle. In Chapter [d] we will generalize these results to the case
of branching processes, where particles can undergo reproduction and death. In particular, we will
show that in the presence of branching the equations for the higher moments of the observables
have additional source terms, which are the signature of increased fluctuations around the average.
Finally, in Chapter [5] we will further extend the backward formalism to the analysis of the collective
evolution of a stochastic population of particles.

Then, in Part IV we will apply the Feynman-Kac evolution equations to the analysis of some
problems emerging in the field of radiation transport. In Chapter [6] we will determine the opacity
of a body with respect to a flow of incoming neutrons or photons by relating this problem to the
occupation statistics. We will show that it is possible to establish some universal properties for the
opacity, the so-called generalized Cauchy formulas, that do not depend on the specific features of the
underlying branching random walks. In Chapter [7]we will characterize the random spatial extension
of a burst of diffusing and branching particles injected into a system, and explicitly determine the
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perimeter and the area of the burst at and close to the critical regime. Finally, in Chapter [§ we will
consider the spatial correlations affecting the neutron population in a prototype model of a nuclear
reactor, and show that correlations actually induce a spontaneous spatial segregation of neutrons,
the so-called clustering: this phenomenon stems from the subtle asymmetry between birth events by
fission and death events by absorption. The effects of such correlations will be assessed by exactly
computing the pair correlation function by the backward approach. In this context, we shall also
evaluate the impact of equilibrium between the neutrons and the precursors on the global and local
fluctuations of fission chains close to criticality.

The contents of Part III and IV mostly stem from gathering, reorganizing and sharpen-
ing part of the material published in international peer-reviewed journals and presented at several
conferences and seminars in France and abroad, in preparation of the Habilitation degree at the
Université Paris XI Orsay. The detailed list of the published works can be found in the bibliography
included at the end of Part I of the present manuscript (see ?7?). In particular, the material of
Chapter [3] comes from

1. A. Zoia, E. Dumonteil, A. Mazzolo, Phys. Rev. E 83, 041137 (2011)
2. A. Zoia, E. Dumonteil, A. Mazzolo, Phys. Rev. Lett. 106, 220602 (2011)
3. A. Zoia, E. Dumonteil, A. Mazzolo, Phys. Rev. E 84, 021139 (2011)
4. A. Zoia, E. Dumonteil, A. Mazzolo, Phys. Rev. E 84, 061130 (2011)
5. A. Zoia, E. Dumonteil, A. Mazzolo, Phys. Rev. E 85, 011132 (2012).
The material of Chapters [d] and [5] comes from
1. A. Zoia, E. Dumonteil, A. Mazzolo, EuroPhys. Lett. 98, 40012 (2012)
2. A. Zoia, E. Dumonteil, A. Mazzolo S. Mohamed, J. Phys. A: Math. Theor. 45, 425002 (2012)
3. A. Zoia, E. Brun, F. Malvagi, Ann. Nucl. Energy 63, 276-284 (2014)
4. A. Zoia, E. Dumonteil, A. Mazzolo, C. de Mulatier, A. Rosso, Phys. Rev. E 90, 042118 (2014)
5. A. Zoia, E. Brun, F. Damian, F. Malvagi, Annals of Nuclear Energy 75, 627 (2015).
The material of Chapter [6] comes from
1. A. Zoia, E. Dumonteil, A. Mazzolo, EuroPhys. Lett. 100, 40002 (2012)
2. A. Mazzolo, C. de Mulatier, A. Zoia, J. Math. Phys. 55, 083308 (2014)
3. C. de Mulatier, A. Mazzolo, A. Zoia, EPL 107, 30001 (2014). Editor’s choice.
The material of Chapter [7] comes from
1. E. Dumonteil, S. Majumdar, A. Rosso, A. Zoia, PNAS 110, 4239-4244 (2013).
Finally, the material of Chapter [§] comes from

1. E. Dumonteil, F. Malvagi, A. Zoia, A. Mazzolo, D. Artusio, C. Dieudonné, C. De Mulatier,
Ann. Nucl. Energy 63, 612-618 (2014)

2. C. de Mulatier, E. Dumonteil, A. Rosso, A. Zoia, J. Stat. Mech. P08021 (2015)
3. B. Houchmandzadeh, E. Dumonteil, A. Mazzolo, A. Zoia, Phys. Rev. E 92, 052114 (2015).
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Chapter 3

The backward equations: a primer

The formulation is mathematically equivalent to the more usual
formulations. There are, therefore, no fundamentally new
results. However, there is a pleasure in recognizing old things
from a mew point of view.

R. P. Feynman, Rev. Mod. Phys. 20, 367 (1948).

3.1 Introduction

In the previous Chapter we have established the physical picture of systems composed of
particles randomly flowing through a medium. In this context, a fundamental question concerns the
occupation statistics of the transported particles within the crossed body: i) the distribution of the
total travelled length ¢, which is directly proportional to the radiation flux, and i) the distribution
of the number n of performed collisions, which is related to the power density deposited in the
traversed region [5[113]. Precisely quantifying the flow of radiation such as neutrons or photons
through a structural material or a living body represents a long-standing problem in statistical
physics [5,/66,/113] and is key to mastering relevant technological issues encompassing the design
of nuclear reactors [30], light distribution in tissues for medical diagnosis [77], and radiative heat
transfer [67], only to name a few. In this respect, occupation statistics is intimately connected
to the well known and long studied problem of the sojourn time of a random walker in a given
domain [7}|97},98,|102}/107-109,|145,/166-177], and is naturally formulated in the framework of the
stochastic process underlying the evolution of the random particle flow.

Linear transport (where particles are fairly diluted, i.e., interact with the surrounding
medium but not with each other) is modeled in terms of Pearson random flights: particles move at
constant speed along straight paths of random length, interrupted by collisions with the medium,
whereupon directions are randomly redistributed [5/113,/148]. Generally speaking, stochastic trans-
port may be coupled to a birth-death mechanism (think for example of neutron multiplication in
fissile materials, photon cascades, the reproduction of bacteria and epidemics): a random number
of particles may emerge from a collision, which leads to branching particle trajectories |281/29}/32}(33]
39,61).

A powerful and far-reaching approach that allows quantifying the occupation statistics of
random flights can be established by resorting to the Feynman-Kac formalism [178H180], which

33
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has been originally proposed by Feynman [181] and made rigorous on mathematical grounds by
Kac |182H187]. The approach was first introduced for computing the residence times of a one-
dimensional regular Brownian motion by slightly adapting the Feynman path integrals from quan-
tum mechanics, and was then extended to general continuous-time Markov processes in a series of
seminal papers. In these works, a profound connection between the underlying stochastic dynamics
and the deterministic equations governing the evolution of some functionals defined over the particle
trajectories was established. More recently, the Feynman-Kac formalism has been generalized to
non-Markovian continuous-time processes, such as in the case of particles undergoing anomalous
diffusion [1884190]. In the following, we first recall the basics of the Feynman-Kac formalism for
a standard Brownian particle, which allows illustrating this technique, and then derive the corre-
sponding formulas for exponential and random flights.

3.2 Functionals of Brownian motion

In [183}[184], a method for computing the distribution of the stochastic integral

I = /0 F(Xp)at (3.1)

was first proposed, where f is an arbitrary (positive) function, and X; is a regular one-dimensional
Brownian motion starting at some xy at time ¢t = 0, i.e., Xog = x¢. Later, it was shown that the
method used for characterizing Z; actually applied to more general Markov processes [182}[185-187].
For our scopes, we will assume that the underlying process is a regular d-dimensional Brownian
motion X; with diffusion coefficient D, starting at xo at time ¢ = 0, and evolving in a domain
B [2]. This is a reasonable hypothesis for living organisms (as far as the support is sufficiently
homogeneous) [618,39], and holds also for neutrons in the so-called diffusion regime (in the absence
of localized sources or sinks, and when scattering dominates over absorption) [3}4}30}/32].

3.2.1 Residence time in a volume V

Assume that the function f is the marker function f = 1y of a domain V' C B: thus, the
stochastic integral in Eq. represents the residence time ty of the Brownian particle within the
region V' when observed up to the time t, i.e, the portion of the time that the particle spends in V'
while moving around in the domain B [179}[180L[182]. The residence time

ty(t) = /O 1y (X )dt’ (3.2)

is clearly a stochastic variable, which depends on the random realization of the underlying trajectory,
as well as on the starting point xo and on the observation time ¢ [182}/185-187]. In principle, one
would be interested in determining the full probability density function P;(ty|x¢) that the residence
time lies between ty and ty + dty, when the particle starts at xo, and the trajectory is observed
up to time t. In practice, it turns out much more convenient to write down an equation for the
generating function associated to P;(ty|xg), and this is precisely what the Feynman-Kac approach
allows obtaining [179}180}/182].
Define the moment generating function

Q:(s]x0) = E[e™*" ] (x0), (3.3)
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where E[-] denotes the ensemble average over possible realizations [2]. The quantity Q:(s|x) can be
seen as the Laplace transform of the probability density P;(ty|xo), the transformed variable being
s. By definition, the moment generating function is such that

— kik - k
(=1) as,€C»2t(5|><0)|s:o E[ty](%0), (3.4)

i.e., by taking the k-th derivative of Q:(s|x¢) and evaluating the resulting function at s = 0 one
obtains the k-th moment of the variable ¢y [2]. Now, since knowledge of the moments of a distri-
bution at any order k is equivalent to knowing the distribution itself, it follows that determining an
evolution equation for the generating function Q:(s|xo) allows the distribution P;(ty|xo) to be fully
characterized. The backward evolution equation for the generating function Q:(s|x¢) is derived in

Appendix and reads

£ @ulsxo) = DV, @i(sxo) — s (x0) Qu(slxo), (35

Equation (3.5) takes the name of Feynman-Kac equation. Boundary conditions on Q¢(s|xq) depend
on the problem at hand, for instance leakage or reflecting conditions at the boundary 0B of B. As
for the initial condition, we have ¢ty = 0 for t = 0, which implies also

Qo(s]x0) = E[e™*vO](xq) = 1. (3.6)

Remark that we have Q:(0|xg) = 1 from normalization.
The moments of the residence time ty (¢) can be finally obtained by taking the derivatives
with respect to s as in Eq. (3.4]), which by recursion yields the following formula

0
EEt[t’é](xO) = DV Ei[tV](x0) + KE [ty ] (%0), (3.7)
for £ > 1, with the conditions
Eo[t1/)(x0) = 0, (3.8)
and
E:[tY](x0) = 1 (3.9)

from normalization [180}/182].

This argument is easily extended in Appendix to a Brownian motion with absorption.
Assume that the Brownian particle diffusing within the domain B undergoes absorption at a rate
~: in this case, we get the Feynman-Kac equation

2 Qulsho) = £, Qu(slx0) — 51y (x0)Qu(sh) 7, (3.10)

where
2
Ll =DV —~. (3.11)

is the backward operator for diffusion with absorption, and the boundary and initial conditions are
the same as in Eq. (3.5). By taking the k-th derivative of Eq. (3.10]), we obtain the moments of the
residence time ty for a medium with absorption, namely

%Et[t'ﬂ(Xo) = LL,E[tV)(x0) + KLy (x0) Ee[ty"](x0), (3.12)

for k > 1, which has the same structure as Eq. (3.7)).
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3.2.2 Green’s function and the general solution

Equations (3.12]) have the general form

Hft(x0) = L1, f1(x0) + ar(x0), (3.13)

where a;(xg) is some known source term with ag(xo) = 0, and initial condition fy(xo) = b(xg) for
t = 0. Equations of this kind admit the solution

¢
fi(x0) = /dx'b(x’)gt(x’;xo) +/ dt’/dx’at_t/(x’)gt/(x’;xo), (3.14)
0
where G;(x;X¢) is the Green’s function [2L[191] satisfying the backward equation

£l x0) = £1,Gulxi%0), (315)

with Go(x;%0) = §(x — X¢) and the boundary conditions of the problem at hand. By identifying
ar(x) = kly (x)E[t5 (%) (3.16)

and
b(x) = Eo[ty](x0) = 0, (3.17)

we then formally express the solution E,[t¥](x0) in terms of the Green’s function as

B[tV ](x0) = k:/o dt’/dx']lv(x')Et_t/[tl‘f/_l](x’)gy(x’;xo). (3.18)

In particular, for the average residence time (k = 1) we have

Et[t%/](xo):/o dt’/vdx'gt/(xl;xo), (3.19)

and for the second moment of the residence time (k = 2) we have

E:[t7](x0) = 2/0 dt’/VdX’Et—t' [t ](x")Ge (x5 %0)

t t—t'
:2/ dt'/ dx’/ dt"/ dx" Gy (x";x") Gy (x5 x0). (3.20)
0 % 0 %

3.2.3 Number of individuals in a volume V

Consider again a d-dimensional Brownian motion with diffusion coefficient D and absorp-
tion rate . A single walker starts from position xg at time to = 0. Let my = my (Xo,t) be the
number of particles that are found in a volume V' C B of the viable space when the process is
observed at a time ¢t > t;. We are interested in determining the detection probability P;(my |x¢) of
finding my particles in volume V' C B at time ¢, for a single particle starting at xo at time ¢q. It is
convenient to introduce the associated probability generating function

Wi (ulxo) = E[u™v o)), (3.21)
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The k-th (factorial) moments of my can be then obtained by derivation with respect to w, namely,

ak
B [(mv)k(x0)] = WWt(ub(O)lu:l, (3.22)
where
Ei[(m)k] = Eefm(m —1) - (m — k 4+ 1)] (3.23)

is the falling factorial moment of order k [192/[193]. In particular, the average particle number reads

0
Et[mv|X0] = %Wt(ubco)lu:l- (324)

For the second factorial moment we have

2
Eul(my )alxo] = Belm o] — Bulmy o] =~ Wiulbxo)lucr. (3.25)

By following the same argument as for the residence time, it can be shown E|that Wi (u|xo)
satisfies the backward equation

%Wt = LI Wi +7, (3.26)

where the backward operator Ejm has been defined in Eq. (3.11). By taking the k-th derivative of
Eq. (3.26]) we get the moment equation

2 Bullmy )il = LBy )elxo) (3.27)

for k > 1, which must be solved together with the initial condition Eq[(my )x|x0] = 1v(xg) when
k=1 and Eg[(mv)k|x0] = 0 when &k > 1.

Then, the average particle number can be again expressed in terms of the Green’s function
and reads

E[my|xo] = / dx'Gy(x';x0). (3.28)
v
For the second factorial moment we obtain
]Et[(mv)g‘)(o] = O, (329)

which implies E;[m?,|xo] = E¢[my |xo]. By recurrence, it is not difficult to show that more generally
Ei[m¥|x0] = Eifmy|xo], for kK > 1. Thus, from the moments of any order being all equal to
E¢[my|xo], the occupation probability P:(my|x¢) can be explicitly identified as being a Bernoulli
distribution of parameter E;[my |xo] < 1, namely,

Pi(my = 1]xg) = E¢[my|xo] = / dx'Gi(x';x0) (3.30)
1%
and

Pi(my = 0[xg) = 1 — Ey[my [x0]. (3.31)

Since the two events are mutually exclusive, by centering the volume V at a site x; and taking
|[V| — 0, the probability density P of finding a particle born at xq at position x; after a time ¢ is
given by Pi(x|x¢) = Gi(Xi;X0)-

ISee, for instance, the derivation in [26}32] or the sketch of proof in [210].
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3.3 Functionals of exponential flights

Let us now turn our attention to the case of d-dimensional exponential flights. Consider a
single walker initially emitted from a point source at time ¢ty = 0 at position rg, with velocity vg.
Once emitted, the walker undergoes a sequence of displacements (at constant speed), separated by
collisions with the surrounding medium. As discussed in the previous Chapters, when the scattering
centers encountered by the travelling particle are spatially uniform, the inter-collision lengths are
exponentially distributed [7}8], so that the displacements from r’ to r in direction w = v/|v| between
any two collisions obey the probability density

T(x' —rlv) =3(r,v)e” Jie B fsw,0)ds, (3.32)

with v = |v| [157}{158]. The total cross section X(r,v) represents the interaction rate per unit length:
Y (r,v) typically depends on the particle position and speed [157]. In the following, we introduce a
few simplifying hypotheses, whose main advantage is to keep notation to a minimum, yet retaining
the key physical mechanisms. Thus, we assume that displacements are performed at a constant
speed v = vyg, i.e., that only the walker directions w do change after collisions. Furthermore, we
assume that at each collision the walker can either be absorbed with probability p,(r) = X, (r)/X(r),
or be isotropically scattered with probability ps(r) = 1 —p,(r) = Xs(r)/2(r). Here ¥,(r) and X4(r)
denote the absorption and scattering cross sections, respectively. With these assumptions, we have

T —rlv) =T — r|w) (3.33)

fe(v = v)=folw - w)= (3.34)

Qg
Exponential flights, as defined above, are a Markovian stochastic process that can be observed
both as a function of time ¢ and discrete generations g (this latter case corresponds to recording
the particle position and direction at collision events only). Markovianity is granted by the fact
that displacements between collisions are exponentially distributed [32,/157,|158], and implies that
knowledge of the phase space variables r,w at time t or generation g is sufficient to determine the
future evolution of the walker ﬂ We would like characterize the occupation statistics of such process
within a given region V: this is naturally formulated in terms of the number of visits ny and of the
travelled lengths ¢y in V. To begin with, we address first the average physical observables.

3.3.1 The average total travelled length E[/(y/]

Let N¢(r,w) be the average number of particles that at time ¢ are found in the phase space
element drdw around r,w, starting from a source Ny(r,w) = Q at time ty = 0. Under the previous
assumptions, the Boltzmann equation for the average particle density in phase space reads

d /
%Nt +ow - VeN, = —oX(r)N, + / Qiozs(r)Nt(r, W), (3.35)
d

Boundary conditions on N¢(r,w) depend on the specific problem under analysis. The stationary
behaviour of the particle density is provided by integrating over time, and for the stationary flux
pr = vy

o(r,w) = /OOO dtpi(r,w) (3.36)

2Conversely, knowledge of the position r alone does not ensure Markovianity, as is instead the case for Brownian
motion [2].
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we get in particular

d !
w-Vep+3(r)p = / QiEs(r)ap(r, W)+ Q. (3.37)
d
Eq. (3.37) can be recast in the more compact formula
Lo(r,w) =-Q, (3.38)
where
dw’
L=-w-V,—X(r)+ Q—Es(r) (3.39)
d

takes the name of (forward) transport operator [30,113}[157]. The quantity ¢(r,w) physically repre-
sents the stationary density of the total length travelled by the particles in the phase space element
drdw around r,w for a given source Q [5[14L|113[|157,|158]: hence, the average travelled length in a
given volume V will be given by

E[tv])(Q) = /Vdr/dwap(r,w), (3.40)

where the integral over directions is extended over the unit d-dimensional spherical surface €24.

3.3.2 The average total number of visits E[ny|

If generations are considered instead of time, the density 14(r, w) of particles that at the g-
th generation enter a collision at r, having direction w, satisfies the recursive Chapman-Kolmogorov
equation

/ d ! / / / /
Yg41 = /dr / g‘;; T(r" = rlw)ps(r')y(r', W), (3.41)

with the uncollided density
1 (r,w) = /dr'T(r’ = rlw)9(r,w). (3.42)

The stationary behavior of 94(r,w) is obtained by summing over all generations: as customary, we
define the stationary collision density as being [30]

b(r,w) =D 1hy(r,w), (3.43)
g=1

and we thus get the stationary integral equation

P = /dr’/ a;;:l/T(r/ — r|w)ps(r)Y(r', W) + 1. (3.44)

The quantity v (r,w) physically represents the stationary density of particles entering a collision at
r,w for a given source Q [5,/14,[113}/157,(158|: then, the average number of visits to a given volume
V will be given by

Efny](Q) = /V dr / dews(r, ). (3.45)

From E[ny](Q) and E[¢y](Q) being two average observables of the same stochastic process, the
quantities 1) and ¢ must be intimately connected to each other as well. Actually, by comparing

Egs. (3.37) and (3.44), it can be shown that [30,/157
b(r,w) = S(r)p(rw). (3.46)
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This provides the relation between the stationary densities 1) and ¢. As a consequence, we have also

E[lny](Q) = /Vdr/dwE(r)ap(r,w). (3.47)

The approach proposed in this Section so to assess the behavior of the average quantities
E[¢v] and E[ny] can not be straightforwardly extended to higher moments (which are often necessary
to quantify the statistical fluctuations around the average), nor to other observables. In the following,
we will show that this difficulty can be overcome by resorting to the Feynman-Kac formalism,
similarly as done above for Brownian motion.

3.3.3 Total travelled length in V'

Consider a single particle emitted at rg in direction wg at time ty = 0. We formally define
the total length ¢y, (t) travelled by an exponential flight in a given volume V| when observed up to
a time t, as

Oy () = /0 1y (' )od?, (3.48)

where the integral is intended over the path of a distinct realization up to time ¢, and 1y (r) denotes
the marker function of the volume V, ie., 1y(r) = 1 when r € V, and 1y (r) = 0 elsewhere. The
quantity ¢y (t) is clearly a stochastic variable, which depends on the realizations of the underlying
process, as well as on the initial conditions. Instead of studying the probability density function
P(¢y|rg,wp), it is more convenient to introduce the associated moment generating function

Q(s[ro, wo) = E[e > V] (ro, wp), (3.49)

where s is the transformed variable with respect to ¢y,. The derivation of a backward equation for
Q+(s|rp, wo) closely follows the path integral approach for Brownian motion [183] and is sketched in
Appendix This yields the Feynman-Kac equation

10
——Qy = L1Qy — sLy(r0)Q: + Za(ro), (3.50)
Vo ot
where
i dw)
L =wq- Vrn - E(I‘Q) + ES(I‘Q) Q0 (351)
d
is the (backward) transport operator adjoint to £ [30]. Equation (3.50|) is completed by the initial
condition Qo(s|rg,wp) = 1 and by the appropriate boundary conditions, which depend on the

problem at hand.

3.3.4 Moment equations for /y

Equation is a partial differential equation with an integral term, for which explicit
solutions are hardly available. Moreover, one would still need to invert the solution Q; so to obtain
the probability density of £y, in the direct space. A somewhat simpler approach consists in deriving
the corresponding moment equations [107,(109}/145.(175,/177]: by the definition of @, the moments
of the travelled length can be obtained from

k
E¢[67](xo, wo) = (—1)k%Qt(8\fo,wo)|S:0- (3.52)
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By taking the k-th derivative of Eq. (3.50)), we get the following recursive formula for the moments
of the travelled length
190

. axw’a] = LTE,[6] + kLy (ro) By [6571], (3.53)
0
for k > 1. The recurrence is initiated with the conditions E;[¢{,] = 1 (from normalization), and
Eo[¢y] = 0.
Define now the Green’s function G;(r, w;rg, wy) satisfying the backward equation
— —Gi(r,w;r,wo) = LTGy(r,w; 0, w0), (3.54)
Vo ot

with Go(r,w;ro,wp) = 0(r — rg)d(w — wp) and the boundary conditions of the problem at hand.
Then, by analogy with the case of Brownian motion, the moments of the travelled length can be
formally expressed in terms of the Green’s function as

t
By [0%](ro, wo) = k/ dt’/dr’/dw’voﬂv(r’)Et,tr[El‘cfl](r',w’)gt/(rﬂw';ro,wo). (3.55)
0

3.3.5 Stationary behaviour of E[/}]

Often, the observation time t is much longer than the characteristic time scale of the
system dynamics, which means that trajectories are followed up to ¢ — oco. In this case, the time
derivative in Eq. (3.53)) vanishes. We therefore get a recursive formula for the stationary moments
E[¢%] = lim;_, o E4[£}], namely,

ETE[Eiﬂ/](ro,wo) = —Uk_1(r0,WQ) (356)

for k > 1, where
Uk_l(r(),u)o) = k]].v(ro)E[gl‘f/_l](I'o,wo) (357)

can be interpreted as a (known) source term that depends at most on the moments of order & — 1.
Now, from £ being the adjoint operator with respect to L, i.e.,

(Lf g) = (Lg,f), (3.58)
Eq. can be explicitly inverted, and gives
E[¢%)(Q) = /dr/dwUk_l(r,w)gp(r,w), (3.59)

which means that the stationary moments of the travelled length can be obtained by convoluting
the stationary flux with the source term Uy_;. In particular, for the average length travelled in V|
i.e., k = 1, we recover the formula

E[ty](Q) = /V dr / duwp(r, o), (3.60)

since Up(r,w) = Ly (r).
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3.3.6 Total number of visits to V

We address then the statistical properties of the total number of visits ny (g) performed by
an exponential flight in a given volume V', when observed up to the g-th generation. We formally

define
ny(g) = Z Ly (rs), (3.61)

where the sum is over all the points visited by the path up to entering the g-th generation (the
source not being taken into account). The quantity ny (g) is again a stochastic variable depending
on the realizations of the underlying process and on the initial conditions. Similarly as done for ¢y,
instead of studying the probability Py(ny|rg,wp), it is more convenient to introduce the associated
moment generating function

Qg (ulro, wo) = Ele ™™ 9](rg, wp), (3.62)

where u is the transformed variable with respect to ny. The backward evolution for Qg (u|rg, wo) is
derived in Appendix which yields the discrete Feynman-Kac equation in integral-differential
form

—wo + Vg Qg+1(ulro, wo) + Qg1 (ulro, wo) = eV I0) [B, + ¥,(Qy)a], (3.63)

where we have used the short-hand notation

o= [ d;:ff(wi)) (3.64)

for the average over directions. The initial condition is provided by
Q1(u|rg, wo) = /e_“]lV(rl)TT(rl — 1ro|wp)dry, (3.65)
Tt being the adjoint density associated to T' [113,/157], and the appropriate boundary conditions.

3.3.7 Moment equations for ny

Equation is an integral-differential and finite differences equation for the generating
function. Similarly as in the case of ¢y, the analysis of the distribution of ny can be simplified by
deriving the corresponding moment equations: by the definition of )4, the moments of the number
of visits can be obtained from

k
By ol )(xo, wo) = (~1)* @y (ulro, o) o (3.66)

Then, by taking the k-th derivative of Eq. (3.63), we get the following recursive formula for the
moments of the number of visits

k—1
—Wo - vroEngl[n]\c/] + EE9+1[TL’\€/] = ZS<E9 [n’\C/DQ + X Z (j) 1y (ro)(Eg [n%/bﬂa (3.67)
j=1

for k > 1. The recurrence is initiated with the conditions E,[n%] = 1 (from normalization), and

E, [nl‘i'] = /lv(rl)TT(I‘l — r0|wo)dr1. (368)
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3.3.8 Stationary behaviour of E[n}]

Consider now trajectories that are followed up to g — oco. We therefore get a recursive
formula for the stationary moments E[n%] = limy_, oo Eg[n], namely,

LIE[ny](ro, wo) = —Hy—1(ro, wo), (3.69)
where

k—1
Hp1 =%, Z (;“) 1y (ro)(E[ni ) (3.70)

is a source term. When k = 1, the quantity Hy is simply proportional to Uy, namely, Hy = XUj.
Similarly as done for the moments of travelled lengths, the relation between £ and £ allows explicitly
inverting Eq. (3.69)) in terms of the corresponding stationary flux ¢, which yields

E[nt](Q) = /dr/dek_l(r,w)go(r,w). (3.71)

This means that the stationary moments of the number of visits can be obtained by convoluting
the stationary flux with the source term Hy_;. In particular, for the average number of visits to V'
(k = 1) we recover the formula

E[lny](Q) = /Vdr/de(r)cp(r,w) = /Vdr/dwz/)(r,w), (3.72)

since Hy = X1y. The simple proportionality between the average values E[ni,](Q) and E[(,](Q)
does not apply to higher moments.

3.3.9 Number of individuals

The quantities ¢y and ny, as defined above, are cumulative, i.e., their knowledge integrates
the whole history of the walk, from the source to the time (or generation) at which the measurement is
performed. Sometimes, it is necessary to provide information about instantaneous statistics, namely
the number my (t) and my(g) of particles in the volume V when an observation is performed at
time t, or at generation g, respectively.

Let us introduce the probability generating function of the number of particles at a given
time

Wi (s|ro, wo) = E[s™ )], (3.73)

Now, from the same arguments as above, it follows that W;(s|rg,wq) satisfies

10

%aWt(SHOvWO) = LW, + 24 (ro), (3.74)

with the initial condition Wy(s|rg,wo) = s'V (o). Furthermore, again from the same argument as
above, it follows that the probability generating function

Wy (ulro, wg) = E[u™ )] (3.75)

for the number of particles at a given generation satisfies

—wo - Vg Wyt (ulrg, wo) + 3(ro) W1 (ulro, wo) = Ea(ro) + Xs(ro) (Wy)a, ‘ (3.76)

with initial condition Wi (urg, wo) = [u!vFVTT(r; — rolwg)dr;.
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3.4 Generalization to random flights

Most of what said concerning exponential flights can be carried over to the broader class
of discrete Pearson walks with arbitrarily distributed jump lengths. Such walks are not Markovian
in time but at collision points (i.e., generations), so that it will be convenient to analyze their
statistical properties by resorting to the discrete Feynman-Kac formalism. To simplify the matter,
in the following we will assume that the point source Q emits isotropically.

Our starting point is the integral equation for the moment generating function of
exponential flights, namely,

Qg+1(ulro,wo) = /drlTT(rl — rolwo)e VIV [py (1) + ps(r1){Q)e] (3.77)

with the initial condition
Q1 (ulr, wo) = / e~V DT (5 5 rolwp)drs. (3.78)
In E we have not yet used the fact that T is the adjoint of an exponential kernel, so that

Eq. (3.77) actually holds for arbitrary displacement kernels. Inspection of Eq. (A.35) by a change
of variables shows that the probability generating function

Fg(u|r0,w0) = E[u"‘/](ro,wo) (379)
satisfies
Fyi1(ulro, wo) = /drlTT(rl — ro|wo)uV TV [py(r1) + ps(r1)(Fy)al (3.80)
with the initial condition
Fi(ulrg,wp) = /ulV(rl)TT(rl — rolwo)dry. (3.81)

Now, by averaging both equations with respect to the initial isotropic direction wq, we get

Fyya(ulro) = /drlTT(Ia = ro)e” NI [y (r1) + py(r1) Fy (ulr1)] (3.82)
and
Fi(ulrg) = /e‘“lv(rl)T‘L(rl — rg)dry, (3.83)
where we have defined the direction-averaged probability generating function
Fy(ulro) :/%Fg(u|r0,wo), (3.84)
and the direction-averaged adjoint displacement kernel
Th(ry = ry) = /dQ—‘?TT(rl — rolwo). (3.85)

Once Fy(ulrg) is known, the occupation statistics of the underlying random flights can be
assessed in terms of the probability P,(ny|rg) of performing exactly ny collisions in V' up to the
g-th generation, which is obtained by taking the derivatives

1 oF

Py(nv = klro) = EWFg(U\PO)\u:O- (3.86)
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3.5 Diffusion limit

The scaling limit of the discrete Feynman-Kac equation is achieved when ny is large, and
at the same time the typical jump length dx is vanishing small. We set tyy = nydt and t = gdt,
where dt is some small time scale, related to éx by the usual diffusion scaling (6x)? = 2Ddt, the
constant D playing the role of a diffusion coefficient. By taking the limit of large ny and vanishing
dt, ty converges to the residence time in V. It is natural to set p, = vdt, the quantity v being the
absorption rate. Observe that, when dx is small, for any (symmetric) displacement kernel T' we have
the Taylor expansion

[ 1w v sy = 6) 4 5002 VEF ), (387

where the first-order derivative vanishes if the kernel is symmetric. It is expedient to introduce the
quantity Q:(s|rg) = Fi(e™*"|rg), which is the moment generating function of ty = nydt, i.e.,

k
Bl )(x0) = (~1)" 5 Qulslro)loco, (3.59)

when trajectories are observed up to t = gdt. Under the previous hypotheses, combining Eqs. (3.82)
and (3.83]) yields

Qttat(sro) — Qi(s|ro) = LI Qi(s|ro)dt — sy (ro)Q¢(s|ro)dt + vdt, (3.89)

where Eio = DV?,O — ~, and we have neglected all terms vanishing faster than dt. Taking the
limit dt — 0, we recognize then the Feynman-Kac equation for a Brownian motion with diffusion
coefficient D and absorption rate -, namely

%Qt(sm) — £}, Qu(slro) — s1y (ro) Qs (ulro) + 7. (3.90)

In other words, in the diffusion limit the statistical properties of the number of visits in V' behave
as those of the residence time of a Brownian motion, as is quite naturally expected on physical
grounds [97}98},/109,/168,/177].

3.6 The gambler’s ruin and the arcsine law

Direct calculations based on the discrete Feynman-Kac formulae, Eqgs. and ,
are in some cases amenable to exact results concerning Py(ny|rg), at least for simple geometries and
displacement kernels. As said above, knowledge of F(u|ro) allows explicitly determining Py(ny |rg).
Indeed, by construction the probability generating function F(u|rg) is a polynomial in the variable
u, the coefficient of each power u* being P,(ny = k|rp). In particular, the probability that the
particles never touch (or come back to, if the source ro € V') the domain V' is obtained by evaluating
Fy(ulrg) at u =0, i.e., Py(0|rg) = Fy(0|rp). In this Section, we shall discuss some relevant examples
related to the occupation statistics of a random walk, namely, the gambler’s ruin and the so-called
arcsine law.

3.6.1 The gambler’s ruin

Consider a gambler whose initial amount of money is 2y > 0. At each (discrete) time step g,
the gambler either wins or loses a fair bet, and his capital increases or decreases, respectively, by some
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fixed quantity h with equal probability. One might be interested in knowing the probability that the
gambler is not ruined (i.e., that his capital has not reached zero, yet) at the g-th bet, starting from the
initial capital zg. This well-known problem [2| can be easily recast in the Feynman-Kac formalism
by setting a particle in motion on a straight line, starting from xy, with scattering probability ps = 1
and a discrete displacement kernel T(a' — x) = é(x — 2’ — h)/2+ §(xz — 2’ + h)/2. Setting h =1
amounts to expressing the capital g in multiple units of the bet, and entails no loss of generality.
The counting condition is imposed by assuming a Kronecker delta 1y (x) = d, 0 in Eq. : since
the walker can not cross £ = 0 without touching it, solving the resulting equation for the quantity
Fy(0]zo) gives therefore the required probability that the gambler is not ruined at the g-th bet. We
integrate now Eq. and use Eq. : we start from the initial condition u'v(*1) = yde1.0,
Then, by observing that by symmetry 7" and T have the same functional form, and performing the
integrals Eq. over the delta functions, we obtain

udzo+1,0 + wdz0—1,0

2

Fi(ul|zo) = (3.91)

By injecting thus this expression in Eq. (3.82)) and integrating again over the delta functions, we get

u5m0—1,0u6m0—2,0 + u5zo+1,ou5m0,o 4 u5m0—1,0u5m0‘0 4 u5m0+1,0u6m0+2,0

4

Fg(u|x0) = (392)

Proceeding by recursion, and identifying the coefficient of the zero-th order term in the polynomial
yields then the first terms in the series

1236 1020 35 70
Pg(0|1){ b il }

P,(0]2) = = .
s(02) {2’4’8’16’32’64’128’256’ }

2 4 7 14 25 50 91 182
P(0|3):{ }

g

2 4 8 15 30 56 112 210
P04y =32, =2 = = 2 22— .
a(014) {2’4’8’16’32’64’128’256’ } (3.93)

for xg = 1,2,3, ..., respectively El After some rather lengthy algebra, by induction one can finally

recognize the formula

[(g+z0—1)/2] g g

P = — 279 .94
5(0l0) kZ:O K,J (k )} , (3.94)

where [-] denotes the integer part.

The quantity P,(0|zo) is displayed in Fig. [3.1 as a function of ¢ for a few values of zo. The
larger the initial capital g, the longer P,(0]xo) ~ 1 before decreasing. At large g, taking the limit
of Eq. (3.94) leads to the scaling

2 i)
P,(0]|xg) ~ 1/ ———, 3.95
0lm) =222 (3.95)
in agreement with the findings in [173]. This means that asymptotically the gambler is almost sure
not to be ruined, yet, up to g ~ 2z%/m bets. Note that Eq. (3.94) is the survival probability of

3The quantity u’=.0 evaluated at u = 0 is equal to 1 when & = 0, and vanishes otherwise.
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Figure 3.1: The probability P,(0|z¢) that the gambler is not ruined at the g-th bet, given an initial
capital xo. Bets are modeled by discrete random increments of fixed size s = +1. Blue circles:
xo = b; red triangles: xy = 10; green dots: zy = 15. Lines have been added to guide the eye.
Dashed lines correspond to the asymptotic result P,(0|xo) ~ \/2/mzog~ /2. The interval 223/ is
also shown for each xg.

the gambler: the first passage probability J,(0|z¢), i.e., the probability that the gambler is ruined
exactly at the g-th bet, can be obtained from J,(zo) = Py—1(0|zg) — Py(0]zo). As a particular case,
for 0 < z¢p < g and n + xg even, we recover the result in [2], namely

xo (g
Jy(x0) = % (gm). (3.96)
2

Finally, observe that when zy =0

123 6 10 20 35
P {1,252 = — = = .
9(0|0) { ’2747871673276471287 } (397)

for g > 1. This is easily recognized as being the series

-1

R0 = (7501 )2 (3.98)
[45=1

which is though unphysical, since the gambler should not be allowed betting when lacking an initial

amount of money.

3.6.2 The arcsine law with discrete jumps

Consider a walker on a straight line, starting from xy. We are interested in assessing
the distribution Py(ny|zo) of the number of collisions ny that the walker performs at the right
of the starting point, when observed up to the g-th collision. This amounts to choosing 1y (z) =
H(x — x0), H being the Heaviside step function, in Eq. . To fix the ideas, without loss
of generality we set xyp = 0, and we initially assume that p, = 1, i.e., the walker can not be
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0 1‘0 2‘0 36 40 50
ny

Figure 3.2: The arcsine law P, (ny|zo) with discrete jump lengths, as a function of ny. The starting
point is zg = 0. Left. Curves are diplayed for g = 10. Blue dots: p; = 1 (dots); red stars: ps = 3/4;
green circles: p; = 1/2; black triangles: p; = 1/4. Lines have been added to guide the eye. Dashed
curves are the asymptotic Eq. m ) for the correponding value of ps. Right. Curves are dlplayed
for ¢ = 50. Blue dots: ps = 1; dashed line: the asymptotic distribution 1/4/ny (g — ny)m. Red
triangles: ps = 0.95; dashed asymptotic Eq. m

absorbed along the trajectory. This is a well known and long studied problem, for both Markovian
and non-Markovian processes |2[172,/174[194H197]: for Brownian motion, the average residence
time in V is simply E[ty] = t/2, whereas ty itself is known to obey the so called Lévy’s arcsine
law Pi(ty) = 1/4/ty(t — ty)m, whose U shape basically implies that the particle will most often
spend its time being always either on the positive or negative side of the axis [2/173209]. This
counterintuitive result has been shown to asymptotically hold also for discrete-time random walks
without absorption, for which one expects

Py(ny|0) ~ M (3.99)

when g and ny are large (see for instance |173]).

The Feynman-Kac approach allows explicitly deriving P,(ny|0). Again, assume a displace-
ment kernel with discrete jumps T'(' — z) = 6(z —a’' —h)/2+0(x — 2’ + h) /2, with jump size h = 1.
Then, by integrating Eq. and subsequently using Eq. we compute the coefficients of
the polynomial, which can be organized in an infinite triangle, whose first terms read

g | ny=0 1 2 3 4 5 6 7
0 1
1 1
- T A
3 é i é 3
0 L T N R R
Sy gk,
ClRO® B %R OB ow
8 M oB ¥ ¥ OB 8 o
128 128 128 128 128 128 128 128

Actually, this result does not depend on the choice of h. To identify the elements P, (ny |0),
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Figure 3.3: The arcsine law Py(ny|zo) with exponential jump lengths, as a function of ny. The
starting point is xyp = 0. Left. Curves are displayed for ¢ = 10. Blue dots: ps; = 1; red stars:
ps = 3/4; green circles: ps = 1/2; black triangles: p; = 1/4. Lines have been added to guide the eye.
Dashed curves are the asymptotic Eq. for the correponding value of ps. Right. Curves are
displayed for g = 50. Blue dots: ps = 1; dashed line: the asymptotic distribution 1/+/ny (g — ny ).
Red triangles: p, = 0.95; dashed line: asymptotic Eq. .

we initially inspect the column ny = 1 of the triangle, and recognize the underlying series as being
given by terms of the kind (((997_2)2/202*9. Then we realize that columns with ny > 2 are related to
the first column by a shift in the index g. The column ny = 0 can be obtained from normalization.

Proceding by induction, the elements in the triangle can be finally recast in the compact formula

Folnv[0) = (gr;g_lwl) ()" (3.100)

2

Note that our result is slightly different from [2], where collisions are counted in pairs. When both

g and ny are large, we obtain the limit curve Py(ny|0) ~ 1/y/nv (g — ny)m.
When the scattering probability can vary in 0 < py < 1, the triangle can be generated as

above, and the first few terms read

g| ny=0 1 2 3 4
0 1

1 1
1 2 2
2 2—ps 2—ps 2ps

4 4 5 4 5
3 4—2p, 4—2p.—p; 2ps(2—ps) 3p;

3 8 2 8 2 2 8 3

4 | 8=4ps—p.  8—dp.—2p, 2ps(4—2ps—p;)  3pi(2—ps)  6p%

16 16 16 16 16

Now, the identification of the polynomial coefficients P,(ny|0) becomes more involved,
because each coefficient is itself a polynomial with respect to ps;. The strategy in the identification
is the same as above. By induction, the column for ny = 1 can be identified as being

P,(1]0) = (3.101)

1—ps+ 1—p2+(ps>4+29 <2+2y) oF1 (1,3 + 4,3 +y,p?)
2

4 2 14y 2(2 +y)

for g > 2, with y = [(g—3)/2], and ps(1|0) = 1/2. Once P,(1|0) is known, by inspection one realizes
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that the other columns Py(ny|0) are related by

Pyt i) = (5)" 7 () ) (3.10)

for ny > 2. The probability P,(0|0) is finally obtained from normalization, and reads

P,(0]0) = ps — 14 +/1 — p? N <&)2+2z (22) oF1 (3 +2,1,2+ z,pz)’ (3.103)

2ps 2 z ps(1+ 2)
with z = [g/2]. These results generalize Eq. , and are illustrated in Fig. (left), where
we compare Py(ny|0) as a function of ny for g = 10 and different values of p;. When p, = 1 the
distribution approaches a U shape, as expected. As soon as ps < 1, the shape changes considerably,
and in particular P, (ny|0) becomes strongly peaked at ny = 0 as the effects of absorption overcome
scattering. The presence of a second peak at ny = g is visible when p, ~ 1 and progressively
disappear as p, decreases: when p, is small, P;(ny|0) has an exponential tail. When g is large,
P,(nv|0) approaches the asymptotic curve

P (nv]0) = (%)nv_l (@’1)1_% +4 L-p (3.104)

for ny > 1, and

_1 12
P (0]0) = 22 “;pv Ps. (3.105)

Remark that when ps, = 1 this means that the U shape for large g collapses on the two extremes at
ny = 0 and ny = g. Equation is an excellent approximation of Pny|0) when the scattering
probability is not too close to ps ~ 1: as expected, the discrepancy between the exact and aymptotic
probability is most evident when ny ~ g, as shown in Fig. (left). Fig. (3.2) (right) displays
P,(ny]0) as a function of ny for g = 50, in order to emphasize the effects of p: when ps = 1 the
probability P,(ny|0) is almost superposed to the asymptotic curve Py(ny|0) ~ 1/y/ny (g — nv)m,
whereas a deviation in the scattering probability as small as p, = 0.95 is sufficient to radically change
the shape of the collision number distribution. Finally, observe that when ny is also large, which

implies p, < 1, Eq. (3.104)) behaves as

1- s —(1—
Poo(ny]0) = #e (1=pa)nv (3.106)

3.6.3 The arcsine law with continuous jumps

When the displacement kernel T'(z’ — ) is continuous and symmetric, ps = 1, and o = 0,
the distribution of the number of collisions ny falling in z > x( is universal, in that it does not
depend on the specific functional form of T'(z’ — ) (see [173] and references therein). This strong
and surprising result stems from a Sparre Andersen theorem [198], whose proof is highly non trivial
(and does not apply to discrete jumps) |[173]. This leaves the choice on the form of kernel T'(z" — x),
as far as it satisfies the hypotheses of the theorem. For the sake of simplicity, we have assumed an ex-
ponential distribution of jump lengths, i.e., T(a’ — x) = exp(—|z — 2’|) /2. Starting from Eq.
and Eq. we can generate the infinite triangle
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It is easy to verify that the triangle indeed does not depend on the jump kernel, and that
other functional forms of T'(z’ — z) would lead to the same coefficients for the polynomials P (ny|0).
This holds true also for Lévy flights, where T'(2’ — x) is a Lévy stable law and jump lengths are
unbounded [173]. We start from the column ny = 1, observe the relation with the subsequent
columns ny > 2, and finally derive the case ny = 0 from normalization. Proceding therefore by
induction we recognize that the elements of the triangle obey

P,y (ny|0) = (29 N Q”V) <2"V>2—29. (3.107)

g—nv ny

We recover here the celebrated results of the collision number distribution for discrete-time walks
with symmetric continuous jumps, in absence of absorption [2/173]. When both g and ny are large,
it is possible to show that Eq. converges to the U shape 1/v/ny (g — ny)7.

When the scattering probability is allowed to vary in 0 < ps, < 1, it turns out that the
polynomial coefficients Py(ny|0) are the same for several different continuous symmetric kernels
T (2 — x) (Lévy flights included), and we are therefore led to conjecture that the universality result
for the case ps; = 1 carries over to to random walks with absorption. This allows generalizing the
Sparre Andersen theorem for the collision number distribution on the half-line to a broader class of
Markovian discrete-time processes. The first few terms in the triangle (which for practical purposes
we have generated by resorting to T'(z' — x) = exp(—|z — 2'|)/2) read

g ny =0 1 2 3 4
0 1
1 1
) 4—ps 4—2ps 3ps
8—28—2 8—48—2 3 28 5p2
3 Ds — D3 Ps—Ps Ds (2—ps) Dy
64—16 1—68 2 _5p® 64—32 1—68 2 _4p® 6 8—146 —p? 20 2126— 35p°
4 ps—8ps —5p; s —8ps —4p; ps (8—4ps—p3) Ps(2—ps) Dy
128 128 128 128 128

As above, identification of the terms P, (ny|0) becomes more involved, because each coeffi-
cient is itself a polynomial with respect to ps. By induction, the column for ny = 1 can be identified

as being
VI=ps (pi)g (29 - 2) 2Fi (3 +9,1,1+9,p) (3.108)
2 g—1 g '

P,(110) = .

for g > 1. Once P,(1|0) is known, the subsequent columns Pny |0) are observed to obey

Ryl = (%)™ (2" ") Byt (3.109)
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for ny > 2. The probability P,(0]0) is finally obtained from normalization, and reads

ps — 1+ /1 —ps N (&)9 (29) 21 (5+9,1,249,ps)
Ps

Py(0]0) = 1 p 20+ g)

(3.110)

These results are illustrated in Fig. [3.3| (left), where we compare P;(ny|0) as a function of ny for
g = 10 and different values of ps. The findings for continuous jumps closely resemble those for
discrete displacements. When ps = 1 the distribution approaches a U shape, as expected. As soon
as ps < 1, the shape again changes abruptly, and in particular P, (ny|0) becomes strongly peaked at
ny = 0 when absorption dominates scattering. When p, is small, Py(ny|0) decreases exponentially
at large ny. When n is large, P;(ny|0) approaches the asymptotic curve

Py (ny|0) = (%)w—l <2nxv_ 1) 7“12_175 (3.111)

for ny > 1, and

ps — 1+ 1 —ps
Ds '

Again, Eq. is an excellent approximation of P,(ny|0) when the scattering probability is not

too close to ps ~ 1, as shown in Fig. |3.3| (left). Fig.|3.3| (right) displays P,(ny|0) as a function of
ny for g = 50, in order to emphasize the effects of p,: when p, = 1 the probability P,(ny|0) is
almost superposed to the asymptotic curve Py(ny|0) ~ 1/y/nyv (g — ny)m, whereas a deviation in
the scattering probability as small as p;, = 0.95 is sufficient to radically change the shape of the
collision number distribution. Finally, observe that when ny is also large, which implies p, < 1,
Eq. yields the same scaling as Eq. . All analytical calculations discussed here have

been verified by comparison with Monte Carlo simulations with 10® particles.

P (0]0) = (3.112)




Chapter 4

Branching processes

The fundamental point in fabricating a chain reacting
machine is of course to see to it that each fission
produces a certain number of neutrons and some of
these meutrons will again produce fission.

E. Fermi, Phys. Today 8, 12 (1955).

4.1 Introduction

So far, we have assumed that the only source of randomness for the transported particles
was in their stochastic displacements. Often, the spatial displacements of systems occurring in
physics and in biology are coupled to some random reproduction-disappearance mechanism [4,628,
29,0321/33}/38,139,|61]. The evolution of the neutron population in a nuclear reactor in the presence
of multiplication due to fission events provides a central example [41[25]26}/32,112]. In the context
of life sciences, models of diffusion with birth-death events of the Galton-Watson type [199H201]
(the so-called ‘Brownian bugs’) have been successfully applied to, among others, the dynamics of
bacterial colonies [6}39,49.[51H53|, the spread of epidemics [38,/61L62/65], the mutation-propagation
of genes [43]44,46-48], and the spatial patterns of ecological communities [40H42]. Because of the
interplay between displacements and reproduction-disappearance events, generally speaking these
systems display an increased randomness with respect to purely diffusive processes.

In the presence of reproduction and disappearance, the paths performed by the individuals
result in a ramified structure, as shown in Fig. [I.1} for this reason, such random walks are usually
called branching processes. The theory of branching processes has been thoroughly explored, and
the related bibliography is extremely rich [28}/29,132,|33]. Nonetheless, deriving precise asymptotic
estimates for branching processes often demands a great amount of ingenuity [202-209], and this
subject is still an area of very active investigation. As shown in the following, because of the
very nature of the underlying process most physical quantities obey non-linear evolution equations,
which prevent in most cases exact solutions to be obtained. This is true even for the very simplest
systems [202H208].

A systematic approach to the physical observables associated to branching processes can
be derived by suitably generalizing the Feynman-Kac formalism introduced in the previous Chapter.
Similarly as done before, in the following we first recall the basics of the Feynman-Kac approach for
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Figure 4.1: An illustration of branching exponential flights starting from a point source Q and
traversing a volume V' in phase space.

branching Brownian motion, and then derive the corresponding formulas for branching exponential
and random flights.

4.2 Branching Brownian motion

Consider a particle initially located at x¢ at time ¢ty = 0. The walker obeys a regular d-
dimensional Brownian motion with diffusion coefficient D. At rate -, the individual is absorbed and
disappears. At rate 3, the individual undergoes a Galton-Watson reproduction event : the
particle disappears and is replaced by a random number 4 of identical and independent descendants,
whose number obeys the probability p;. We assume that each descendant, once created, behaves
as the parent particle and evolves indepedently of the other individuals. Such kind of stochastic
process defines a branching Brownian motion . We would like to compute the distribution
of stochastic integrals of the form

Iy = # /0 F (Xt (4.1)

where f is an arbitrary (positive) function and X; is a d-dimensional branching Brownian motion
starting at xg at time ¢ = 0, and evolving in a domain B. The symbol # is used to recall that the
integral is over all branching paths.

4.2.1 Residence time in a volume V

We initially address the distribution of the residence time ty of the branching Brownian
particle within the region V' when observed up to the time ¢, which corresponds to the function f
being the marker function f = 1y of a domain V' C B. The residence time

to(t) = # /0 L (X )t (4.2)

is again a stochastic variable, which depends on the random realization of the underlying trajectory,
as well as on the starting point xg and on the observation time t.
Let us recall the definition of the moment generating function

Q:(s]x0) = E[e™*" ] (x0), (4.3)
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where E[-] denotes the ensemble average over possible realizations. The backward Feynman-Kac evo-
lution equation for Q;(s|xg) in the case of a branching Brownian motion is derived in Appendix
and reads

%Qt(ﬂXo) = DV, Qi(slx0) — (7 + B)Qu(slx0) — sy (x0)Qu(s[x0) + 7+ BG[Qu(s]x0)], | (4.4)

where we have introduced the probability generating function

Gl =po+pz+p2’+-- = p' (4.5)
i
associated to the number of descendant particles per reproduction event.

4.2.2 Moments of residence time: Green’s function and general solution

Equation can hardly admit explicit solutions, because of the non-linear term due to
the function G. A somewhat simpler approach to the analysis of the residence time is provided by
the moment equations. By taking the k-th order derivative of Eq. with respect to the conjugate
variable s we get the moments

k
B[t ](x0) = (~1)* 5 Qulshxo)l o (1.6

We apply then Eq. (4.6) to Eq. (4.4]), and use Faa di Bruno’s formula for multiple derivatives of
composite functions [192], namely,

k k
e Flo@] = Y S Pl By [o/(@). o @), g @)] @)
=1
where
By jlzil = Bk, j [21, 22, + 5 2k—j+1] (4.8)

are the so-called Bell’s polynomials [192,|193]. The first few polynomials read [192]:

Boo=1; (4.9)
Bi1[z1] = #1; (4.10)
Ba1[z1,22] = 22, Baalz1,22] = 22 (4.11)
Bs 21,22, 23) = 23, Baalz1,20,23) = 32120, Bz a[z1, 20, 23] = 25. (4.12)

Such polynomials commonly appear in connection with the combinatorics of branched structures [192].
We thus obtain the following recursive formula for the moments, namely,

0

k
P V] = LLEt] + Ly (ro)Ee[t5 ] + B v B s [Balti]], (4.13)

j=2
where we have introduced the backward operator

Ll, =DV, + B —1) =7, (4.14)
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and 5
v = aG[ZHZ:l = lel (415)

is the average number of secondary particles per reproduction event. The quantities

j
vj = %G[z]\zzl =(@{GE—-1)...(i—j+1)) (4.16)
z
are the falling factorial moments of the number of descendants per reproduction event [192,193],
with 19 = 1. Equations are linear, because the non-linear contributions coming from the Bell’s
polynomials are at most of order £ — 1 and can be then considered as a known source term in the
equation of order k.
Similarly as done in the previous Chapter, it is expedient to introduce the Green’s function
Gi(x;x0) satisfying the backward equation

0
agt(x; Xp) = E}:Ogt(x; Xp), (4.17)
with Go(x;x0) = 0(x—xp) and the boundary conditions of the problem at hand. Then, the moments
of the residence time can be formally expressed in terms of the Green’s function as

By [th](x0) = k:/o dt'/dx’]lv(x’)Et_t/ [t 1)(x) G (x5 %0)
k t
+83w [at [ BB NG (K x0) (4.18)

For k > 2, branching events provide an additional source (depending on moments up to order k — 1)
that contributes to moments of order k. In particular, the fluctuations of the residence time (k = 2)
are thus higher than in the case of a purely diffusive Brownian motion.

4.2.3 Number of individuals in a volume V

Consider a d-dimensional branching Brownian motion starting from position xy at time
to = 0. Let my = my(xg,t) be the number of particles that are found in a volume V' C B of the
viable space when the process is observed at a time t > t;. We are interested in determining the
detection probability P:(my|xg) of finding my particles in volume V' C B at time ¢, for a single
particle starting at xo at time ¢g. It is convenient to introduce the associated probability generating
function

Wi(ulxo) = E[u™v 1], (4.19)

from which the k-th falling factorial moments of my can be obtained by derivation with respect to
u. In particular, the average particle number reads

0
E¢[my|xo] = a—Wt(u|x0)|u:1. (4.20)
u
For the second factorial moment we take the derivative twice, namely,

E¢[(mv)a|x0] = E¢[mi[xo] — Eq[my|xo] = %Wt(MXO)\u:l- (4.21)
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By following the same strategy as above, it can be shown that W;(u|xq) satisfies the backward
equation

0
i DV Wi = (B +7)Ws + 7 + BG[W4, (4.22)
By taking the derivative of Eq. (4.22)) once we get the equation for the average particle number
0
a]Et [my|xo] = £L0Et [my|xo]. (4.23)

Equation (4.23) must be solved together with the initial condition Eq[my |x¢] = 1y (X¢). Then, for
the average particle number we get

E¢[my|xo] :/delgt(x’;xo). (4.24)

4.2.4 Multi-type branching processes

In some physical systems, a (random) fraction of the particles emerging from a reproduc-
tion event is emitted with a random time delay. Examples emerge for instance in neutron transport
and in epidemics [4]. Conceptually, delayed emission can be represented by assuming that at each
reproduction event a parent particle of type A creates a random number of independent and iden-
tically distributed (prompt) descendants of type A, plus a random number of so-called precursors,
which we will denote by type B. Immediately thereafter, the descendants of type A will start to
diffuse and replicate as the parent particle. As for the precursors B, they will stay in place during
an exponential waiting time with rate A, and will subsequently decay to particles of type A. Upon
decay, each precursor will generate exactly one regular particle. This mechanism can be described
in terms of multi-type branching processes |4,[32]. The backward formalism described above can be
extended to multi-type branching by introducing the following notation: we will define

WA (ulxo) = EA[u™ X0:t)] (4.25)

the probability generating function of detecting ny particles of type A at V for a single particle of
type A starting from xq at time tg = 0; similarly, we will define

WE (ulxq) = EB[unv (ot (4.26)

the probability generating function of detecting ny particles of type A at V for a single particle of
type B starting from x( at time ¢y = 0. By following the same strategy as before, it can be shown
that WA (ulxo) and WP (u|xg) satisfy the system of coupled equations

0

5 Wit = DV, W = (v + AW + 7+ BGAWAGE WY

0

aWtB = AWP + WA, (4.27)

where G4[z] is the generating function of the number of descendants of type A per reproduction
event and GP|z] is the generating function of the number of precursors B per reproduction event.
We have used here the hypothesis of independence for the probability of generating a given number
of descendants and of precursors, whence the product of the generating functions in the former
evolution equation. These equations can accommodate any kind of distributions for the number of
descendants and precursors, as well as arbitrary boundary conditions. The moments of the physical
observables can be finally obtained by taking the derivatives of the generating functions.
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4.3 Occupation statistics of branching exponential flights

Let us now turn our attention to the case of d-dimensional branching exponential flights.
Consider a single walker initially emitted from a point source at time ¢ty = 0 at position ry, with
direction wq. Similarly as done in the previous Chapter, in order to keep notation to a minimum
we assume that the particle speed v = vy is constant, i.e., that only the walker directions w do
change after collisions, and that scattering is isotropic. At each collision, the incident particle
can alternatively be captured with probability p,(r) = X,(r)/X(r), be scattered with probability
ps(r) = Xs(r)/3(r), or give rise to fission with probability ps(r) = X (r)/Z(r). In the case of fission,
the incident particle disappears and i new particles (the descendants) are isotropically emitted with
probability p;(r). Each descendant will then behave as the mother particle, and undergo a new
sequence of displacements and collisions.

Branching exponential flights, as defined above, are a Markovian stochastic process (because
of the exponential distribution of the jumps) that can be observed both as a function of time ¢ and
discrete generations g. We would like to characterize the occupation statistics of such process within
a given region V', namely the number of visits ny and of the travelled lengths ¢y in V. To begin
with, we address first the average physical observables of exponential flights.

4.3.1 The average total travelled length E[(}/]

The time-dependent Boltzmann equation for the the average particle density in phase space
N¢(r,w) for a source Q at time ¢y = 0 can be obtained with a slight modification of Eq. (3.35)). The
mass balance along a line oriented as w in a small time dt yields

0 dw’ dw’ ,
—N; +vw - Ve Ny = —0EN; + [ —0Zs(r)Ne(r) + v (r) s (r) Ne(r, '), (4.28)
ot Q4 Qq

where the quantity vi(r) = >, ip;(r) is the average number of secondary particles emitted per

fission event. Boundary conditions on N¢(r,w) depend on the specific problem under analysis. For
the stationary flux ¢(r,w) = [;° dips(r,w) we get in particular

dw' , dw’ ,
w - Vrp + 3(r)p = Qdes(r)so(rv w') + Qfdw(r)zf(r)w(r? w') + Q, (4.29)
which can be again rewritten as
Lo(r,w) =-Q, (4.30)
where now the forward transport operator for isotropic branching exponential flights reads
dw’ dw’
L= —W-Vr—Z(r)—l-/iEs(r)“‘/ d v1(r)Xs(r). (4.31)
Qq Qq

The average travelled length in a given volume V' of phase space follows then from
E[ty](Q) = / dr/dwgp(r,w). (4.32)
v

4.3.2 The average total number of visits E[ny|

For the collision density 14(r,w) at the g-th generation we get

Vgt (r,w) = /dr// i;:/T(r’ = rfw)[ps(r) + v1(r)ps (r)]ehg (', 1), (4.33)
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with the uncollided density

Y1(r,w) = /dr’T(r/ - r|lw)Q(r,w). (4.34)
The stationary collision density ¢(r,w) = 3 72 ¥,(r, w) satisfies
d !
= /dr'/ S;; T(r" — r|w)[ps(r) + v1(r)ps(r)|Y(r, ') + 1. (4.35)

The average number of visits to a given volume V of phase space follows again from
E[nv](Q) = / dr/dww(r, w). (4.36)
1%

Remark that Eq. (4.35)) can still be equivalently recast into Eq. (4.29)) by setting ¢» = Y. As a
consequence, we have also

E[nyv](Q) :/Vdr/dwE(r)cp(r,w). (4.37)

It follows that the average observables associated to branching exponential flights are ruled by the
same equations as in the previous Chapter. In order to assess the higher moments of the travelled
length and the number of visits we have to resort to the Feynman-Kac formalism.

4.3.3 Total travelled length in V'

We formally define the total length £y (¢) travelled by a branching exponential flight in a
given volume V' of the phase space, when observed up to a time ¢, as

fv(t) = #/0 ]lv(r')vdt', (438)

where the integral is now intended over all the branching paths of a single realization up to time ¢.
Let us introduce the associated moment generating function

Q:(s|ro, wo) = E[e™*V M) (rg, wp) (4.39)

for a single walker initially at rg,wo at observation time ¢t = 0. The derivation of the backward
evolution equation for Q;(s|rp,wq) is sketched in Appendix and yields

10

F@a@t =wo- Vi Qr — EQ; — sly(ro)Qr + Xa + Xs(Q1)a + XrG[(Q4)0)s (4.40)

with G[z] = Y, p;iz*. Equation (4.40) is completed by the initial condition Qq(s|ro,wo) =1 and by
the appropriate boundary conditions, which depend on the problem at hand.

4.3.4 Moment equations for ¢y

Equation (4.40) is a partial differential equation with a nonlinear integral term, for which
explicit solutions are hardly available. The corresponding (linear) moment equations can be obtained

from
k

E4[03](xo, wo) = (—1)k%Qt(8\fo,wo)|S:0- (4.41)
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By taking the k-th derivative of Eq. (4.40) and resorting to the Faa di Bruno’s formula for multiple
derivatives of composite functions [192], we get the following recursive expression for the moments
of the trace length

19 b

%anzt (5] = LTE,[65] + kLy (ro)Ee (0571 + X ; VB [(Edlli])a] , (4.42)
for k > 1, where
t dwi dw),
£ :wO.VrO—E—i—ZS —|—ny1 (443)
Qd Qd

is the (backward) transport operator adjoint to £ [5,30,113|, and By, ; are again the Bell’s polynomials.
The recurrence is initiated with the conditions E;[¢},] = 1 (from normalization), and Eo[¢%,] = 0.
Define now the Green’s function G;(r, w;rg, w) satisfying the backward equation

19
Vo ot
with Go(r,w;rg,wo) = 6(r — r9)d(w — wp) and the boundary conditions of the problem at hand.

Then, by analogy with the case of Brownian motion, the moments of the travelled length can be
formally expressed in terms of the Green’s function as

gt(rvw;r07w0) - 'CTgt(r;wthva)? (444)

¢
E[0%](ro, wo) = k:/ dt’/dr'/dw’vo]lv(r')IEt,t/[6’{;1](1",w’)gt/(r’,w’;ro,wo)
0

k t
+2fUOZl/j/ dt'/dr’/dw’BkJ [(Ei—v [l ])o(’)] Gu (v, w'sro,wp).  (4.45)
=2 70

4.3.5 Stationary behaviour

When the observation time ¢ is much longer than the characteristic time scale of the system
dynamics (t — 00), the time derivative in Eq. (£.42)) vanishes, provided that the moment E,[¢¥,] does
not diverge. We therefore get a recursive formula for the stationary moments E[¢%,] = lim;_, o E[(%],
namely,

LYE[6y](ro,w0) = —Uk—1(ro, wo), (4.46)
where
k
kal(l‘o,wO) = klv(l‘o)E[@@il} + Ef Z VjBk,j [<E[£§/]>Q] (447)
Jj=2

is a source term that depends at most on the moments of order k — 1.
Now, from L' being the adjoint operator with respect to L, i.e.,

(Lf.9) = (LTq, f), (4.48)
Eq. (4.46) can be explicitly inverted, and gives
E[¢%)(Q) = /dr/dwUk_l(r,w)gp(r,w), (4.49)

which means that the stationary moments of the travelled length can be obtained by convoluting
the stationary flux with the source term Ug_;. Finally, for the average length travelled in V, i.e.,
k = 1, we recover the formula

E[ty](Q) = /V dr / dwp(r,w), (4.50)
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since Up(r,w) = Ly (r).

4.3.6 Total number of visits to V

We address then the statistical properties of the total number of visits ny (g) performed by
a branching exponential flight in a given volume V', when observed up to the g-th generation. We
formally define

nv(g) = #>_Tv(r:), (4.51)

where the sum is intended over all the points visited by the branching path up to entering the g-th
generation. We adopt the convention that the source is not taken into account. We introduce the
associated moment generating function

Qg(ulro, wo) = Ele™" @] (xg, wp), (4.52)

where u is the transformed variable with respect to ny, for a single walker initially at rg,wg. The
derivation of the evolution equation for Q,(u|rg,wy) is provided in Appendix and yields

w0+ Vi, Q1 (ulro, wo) + SQy i1 (ulro, wo) = €™V ) 5, + By (Qgha + G [(Qp)al || (453)

with the initial condition
Q1 (ulro, wo) = / drie”" v DT (r) o rolw), (4.54)

and the appropriate boundary conditions.

4.3.7 Moment equations for ny

Equation (4.53)) is a nonlinear integro-differential and finite differences equation. The
corresponding moment equations can be obtained from

e

Ey ok )(ro, wo) = (~1)* 9 @y (ulrg, o) o (4.55)

Then, by taking the k-th derivative of Eq. (4.53), we get the following recursive formula for the
moments of number of visits

k—1
~ 0 VrByalnb] + TEyulnb) = S, (Bylnb ) + 5, Y (’;) 1y (x0) (B[ o

k . k k k—1
+55 ibs [EaliDo] + 20 3 () btro) X vithcs (Bt Dl (4.50)
J=1 i=1 j=0

for k > 1. Equation (4.56) relates the moments Ey[n¥ ] of the number of visits to the moments
v; of the descendant number. The recurrence is initiated with the conditions Ey[n),] = 1 (from
normalization), and Eq[nf,] = [dri1y (r1)TT(r1 — rolwo).
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4.3.8 Stationary behaviour

When trajectories are followed up to g — oo (provided that the moment E,[n¥ ] does not
diverge) we get a recursive formula for the stationary moments E[n,] = limy_, o E,[n{/], namely,

LTE[’I’Lé](I‘mwO) = —Hk_l(r(),(.x)o), (457)

where

k—1 k ) k ‘
Het=5,Y ( j> Ly (o) (Bl Do + 55 S wiBis [(Elrd o]
j=1

K ki
2y Z (f) Ly (ro) Z viBi—i; [(E[ny])al (4.58)

is a source term, and we have singled out the terms of order k. When k = 1, we have Hy = XUj.
As done for the moments of travelled lengths, Eq. (4.57) can be explicitly inverted in terms
of the corresponding stationary flux ¢, and gives

E[n¥](Q) = /dr/dek_l(r,w)ga(r,w), (4.59)

which means that the stationary moments of the number of visits can be obtained by convoluting
the stationary flux with the source term Hy_;. In particular, for the average number of visits to V/
(k = 1) we recover the formula

E[ny](Q) = /dr/dw]lv(ro)Ego(r,w), (4.60)

since Hy(r,w) = X(r)1y(r). The simple proportionality between E[n{,] and E[¢},] does not carry
over to higher moments.

4.4 Other physical observables
The Feynman-Kac approach proposed above can be extended to the analysis of other phys-

ical observables. We work out the probability of never visiting a region, the number of individuals
and the survival probability.

4.4.1 Probability of never visiting a region V'

One might be interested in determining the probability R4(r¢,wo) that an exponential
flight coming from a point source at rg,wq never collides in a given domain V', up to generation g.
This is intimately related to the well-known gambler’s ruin problem [2,|7,[8]. By definition,

Ry(ro,wo) = E[u™ 9](r, wo)|uzo- (4.61)

By comparing E[u™v (9)](rq, wp) to Q,(ulre, wp), it is apparent that R, (ro,w) satisfies

—wo - Ve Ryy1(ro,wo) + ERy11(ro, wo) = Ly (ro) [Ea +Xs(Rg)a + ErG [(Ry)al |, (4.62)
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where 1y (rg) = 1 — 1y (rg). As for the initial conditions, we have

Rl(l‘o,wO) = /drll_lv(rl)TT(rl — r0|w0). (463)
When g — 0o, we get the stationary probability equation
w0+ Ve, R(ro, wo) + SR(ro,wo) = Iy (10)[Za + Zs(R)e + 5,G [(R)a] |, (4.64)

where we have set R(rg,wp) = limg_, o Ry(ro, wo).

4.4.2 Number of individuals

From the same argument as above, the probability generating function W; = E[sm‘/(t)] for
the number of individuals my (t) in V' at a given time ¢ satisfies

10
U—aWt(sho,wo) — wo - Vi, Wi(s|ro, wo) + EWi(s|ro,wo) = Xa + X (Wi)a + L G[(Wr)al, (4.65)
0
with initial condition Wp(s|rp,wg) = sV o). Equation (&.65) is known in reactor physics as the
Pdl-Bell equation [25126,32].
Furthermore, again from the same argument as above, the probability generating function
W, = E[u™ 9] for the number of individuals my (g) at a given generation g satisfies

—wo - Ve Wyt (ulro,wo) + EWyp1(ulro, wo) = X + Es(Wy)a + ErG(Wy)al, (4.66)

with initial condition Wi (urg, wo) = [ driuvEFITT(ry — rolwy).

4.4.3 Survival probability

Assume now that the viable space B is bounded, that the volume V coincides with B and
that particles are lost upon leaving the boundary 0V. We would like to assess the survival probability
at time ¢ or generation g, due to the interplay between diffusion, absorption and branching. As
particles can not re-enter V' after crossing the boundaries, if my (t) = 0, then also my (') = 0 for
t' >t (i.e., the process goes to extinction), and the same holds true for my (g). Hence, by definition,
the probability of having zero particles in the volume V at a time ¢ is given by W;(s = O|rg,wq),
which equivalently yields the probability that extinction is reached for times smaller than ¢, since V/
is bounded [2,/4,/32]. We define then the survival probability of an exponential flight as

Si(ro,wo) =1 — Wi(s = O[rg, wo), (4.67)
which by direct substitution in Eq. (4.65)) satisfies
10

Uf()a&}(l‘(),&)()) — wp VFOSt(ro,wo) + ESt(I'()7WO) = ES<St>Q + EfF[<8t>Q]7 (468)
where we have set [20]
= v
Flz] = Z(—l)k“ﬁzk- (4.69)
k=1 ’

At the boundaries, S; must vanish when wq is directed towards the exterior of V.
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The survival probability as a function of generations is defined as

Sg(ro,wo) =1- Wg(u = O|I‘07L¢JQ), (470)
which by direct substitution in Eq. (4.66|) satisfies
—wo * Vg Sgr1(ro, wo) + X8g11(ro, wo) = Xs(Sg)a + X F [{Sg)al (4.71)

where S§; must again vanish at the boundaries when wq is directed towards the exterior of V.
Finally, by either taking the limit S = limy;_,oc S¢(ro,wo) or S = limg_, o Sg(ro, wo), respectively,
the probability of ultimate survival S(rg,wq) satisfies

—Wwy 'erS+ZS:ZS<S>Q+E]¢‘F[<S>Q]. (472)

Observe that in principle S = 0 is always a solution to Eq. , which would imply a
vanishing probability that infinitely long branching chains exist in V. However, it may happen that
the population growth is not sufficiently compensated by the particle loss due to finite geometry and
absorption: in this case, the solution S = 0 would become unstable, and S; (or S;) would converge
towards a non-trivial ultimate survival probability S = So > 0 [41[28]29]/32]. The stability analysis
of the solution & = 0 can be carried out by introducing a small perturbation [210], for instance in
the form

S ~0+6X(1)Y (ro,wo), (4.73)
the amplitude & > 0 being a small positive constant, with X (¢) > 0 and Y (rp,wo) > 0. Now, if
we inject S into Eq. (£.68), and take the limit § — 0, we obtain an equation for the perturbation

amplitude
1 1 6X(t) . wo'VrDY—ZY+ES<Y>Q+ZfV1<Y>Q

v X(t) ot Y ’
where at the numerator of the right hand side we recognize the adjoint operator £f. From the

separation of the variables, Eq. (4.74) shows that the evolution of the perturbation amplitude with
respect to time is determined by the ratio a = LY /Y, hence by the eigenvalue equation

wo - Ve, Y = BV + 5, (Vg + Spq (Y)g = a. (4.75)

(4.74)

The spectrum of the eigenvalues of £ depends on the geometry of V and on the boundary conditions.
If all eigenvalues « are negative, the amplitude of the small perturbation will shrink in time, so that
eventually & — 0; if on the contrary at least one eigenvalue is positive, then the small perturbation
will grow in time, which means that S = 0 is unstable, and eventually S — S.. For a given
branching process, the crossover between these two regimes depends on the size and shape of the
volume V', and generally speaking one would expect that S — S, for a volume size larger than
some critical value V. [29,/30,132,210], which is attained when the largest eigenvalue attains o = 0.
The stability analysis of S =~ 0+ 6X,Y (rg,wp) in Eq. leads to

X9+1 _ ES<Y>Q + nyl <Y>Q ) (476)
Xg wo VrOY(ro,UJQ) - EY(I'(),UJ())
The evolution of the perturbation amplitude is determined then by the eigenvalue equation
1
—~wo - Vi, ¥ (ro,w0) + B (ro,wo) = 7 [zsmg + 3 (V) (4.77)

where the fundamental eigenvalue k plays the role of an effective multiplication factor, expressing
the ratio between the sizes of two successive generations: when k < 1 the perturbation shrinks
and when k& > 1 the perturbation grows, the crossover occurring for a critical volume V. such that
k=1 [30,210].
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4.5 Branching random flights and the diffusion limit

Similarly as observed in the previous Chapter, most of what said concerning branching
exponential flights can be carried over to the broader class of discrete branching Pearson walks with
arbitrarily distributed jump lengths. Branching random flights emerge for instance in modelling the
propagation of epidemics: ny corresponds to the number of infections in a region V as a function
of the position of the initial infected person (as long as the number of infected people is small, so
that nonlinear effects due to the depletion of the susceptibles can be neglected, and that spatial
displacements can be described by a simple random walk [61]). The quantity ny occurs also in
population genetics, where one might be interested in quantifying the number ny of mutations of a
given kind V, starting from a single character, as a function of the number of generations (this is
closely related to the Ewens’ formula for the mutation partition, when mutations are allowed to be
recurrent [46]). Such walks are Markovian at collision points (i.e., generations), and their analysis
can be carried out by resorting to the discrete Feynman-Kac formalism |211]. In the following we
will assume that the source Q emits isotropically.

Inspection of Eq. by a change of variables shows that the probability generating
function

F,(ulrg,wo) = E[u™V](rg, wo) (4.78)
satisfies
Fy 1 (ulro, wo) = /drlTT(rl 5 rolwo)u D [p, + pulFy)o + psG [(Fy)al |, (4.79)
with the initial condition
Fi(u|rg, wp) = /ul"(rl)TT(rl — rolwo)dry. (4.80)
Now, by averaging both equations with respect to the initial isotropic direction wqy we get
Fyia(ulro) = /drlTT(rl — ro)e MV [py + p Fy(ulrr) +pyG [Fy(ulr1)] (4.81)
and
Fy(ulrg) = /e‘“lV(rl)TT(rl — rg)dry, (4.82)

where F,(ulrg) is the direction-averaged probability generating function and T7(r; — rg) the
direction-averaged adjoint displacement kernel. Once Fy(u|rg) is known, the occupation statis-
tics of the underlying branching random flights can be again assessed in terms of the probability
P,(nv|ro) of performing exactly ny collisions in V' up to the g-th generation, which is obtained by
taking the derivatives

1 ok
Py(nv = klro) = 7WF9(U\ro)\u:o~ (4.83)

4.5.1 Diffusion limit

We conclude by examining the scaling limit of the discrete Feynman-Kac equations for
branching processes for large ny, and vanishing small jump length dz. We set ty = nydt and
t = ndt, where dt is some small time scale related to dz by the usual diffusion scaling (§2)? = 2Ddt.
By taking large ny and vanishing dt, ty converges to the residence time in V. It is expedient to
introduce the quantity Q:(u|rg) = Fi(e*|rg), which is the moment generating function of ty, i.e.,

k
Eilth)(ro) = (~1)* o Qu(ulro)lumo, (4.84)
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when trajectories are observed up to time ¢. Combining Eqs. (4.81) and (4.82)), using the Taylor
expansion for small §z of the jump kernels and passing to the limit dt — 0 yields

0@ =V2,Qu~ (1 + )~ uly(r0)Q +7 + G Q1. (1.85)

4.6 The rod model

In this Section we will discuss a relevant example of branching stochastic process, namely
neutron multiplication and diffusion in a prototype model of nuclear fuel rod. During reactor start-
up analysis, one is interested in determining the time evolution of the neutron flux ¢; in a system,
starting from a given initial condition [30432}123}[124}[126]. The full description of such behaviour is
obtained by solving the time-dependent Boltzmann equation for the flux, together with the equations
for the precursors concentrations c;”’. Alternatively, one could perform a spectral analysis of the
Boltzmann operator and thus reconstruct the time behaviour of the system. As shown in Sec.
this corresponds to solving the coupled system of eigenvalue equations

Q i,j i,j
L%t V) + Loa(r,v) = Fy ga(r,v) + D X (v ek (v) (4.86)
3,7
and
acki(r) = /V;’j (v')E}(r, V) pa (v, V') dv' — \; ki (r), (4.87)

for the flux ¢, and the precursors c¢%7. Since the « eigenvalues physically represent the characteristic
frequencies of the system, they are often called the natural eigenvalues [5,30]. Notation is taken
from Sec. Often, however, the system evolution may be characterized in terms of the long-time
(asymptotic) behaviour [5,/30]. In this case, only the algebraically largest eigenvalue o must be
found (i.e., the eigenvalue whose real part is larger than those of all other eigenvalues), so that the
corresponding fundamental mode ¢, (r, v) will provide the space and velocity shape of the neutron
flux at long times [5,[30L/137,/138]. It is customary to formally solve Eq. (4.87)) for the precursor
concentration and to replace the resulting ¢!/ into Eq. . This yields the (nonlinear) eigenvalue
problem for ¢, [30L/140L|141]

« )\i" i,j
—gpa(r,v)—i—Lgpa(r,v):Fpapa(nv)—i—z/\ ] ; 77 Palr,v), (4.88)
v g i +«
where we have defined the delayed fission operator
F;’j f= Xfi’j(r,v)/V;’j(v/)zif(r,v’)f(r,v/) dv’. (4.89)

The full Eq. including delayed contributions (in which case « physically represents the inverse
of the asymptotic reactor period [30,|140}/141]) has recently attracted renewed interest in view of its
practical applications in reactor kinetics [122}212-215|.

The eigenvalue equation can be solved by Monte Carlo methods. The key tool is the
so-called a-k power iteration algorithm E|, whose specific details depend on the sign of the dominant
eigenvalue «a [217H220]. The structure of the algorithm, whose details are detailed in [215//220], is as
follows.

1 Actually, alternative algorithms have been also proposed, such as the weight correction methods for prompt [216]
and delayed |214] o eigenvalues, or the transition rates matrix [122].
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Positive dominant eigenvalue

The simplest approach consists in simulating the neutron population alone: we introduce
a fictitious factor k and rewrite the nonlinear eigenvalue Eq. (4.88) as follows

1 »
Loz Pa (I‘, V) = % Fp Pa (I‘, V) + Z wi,j(a) dej Pa (I‘, V) ) (490)
4,J

where L, = [ 4+%, is a modified transport operator, ¥, = «/v can be interpreted as an additional
sterile capture cross-section (the so-called time absorption) added to the total cross section, and we

have a factor

i
— >0 (4.91)

wij(@) = + s
2y

appearing in front of the Fé’j operator. This term actually acts as a population control tool (de-
pending on the value of a at the current generation) to be applied to each delayed fission neutron. In
other words, the average number of delayed neutrons emitted per fission is modified to w; ;(o)vy” (V')
for an incident neutron of speed ¢/. Alternatively, V;’j (v') delayed neutrons are emitted, but their
statistical weight is multiplied by a factor w; ;(a) before being assigned to the next generation.
Keeping in mind these precautions, Eq. can be solved by resorting to a-k power iteration
algorithm, i.e., by searching for « such that k = k(a) = 1. We start from a tentative distribution
@&0) (zero-th iteration) for the neutrons and provide a guess value for a(®. Then, we search for the
corresponding k eigenvalue by standard power iteration, which will depend on the current value of
«a. Neutrons are simulated within a generation until they leak, get absorbed, or give rise to new
fissions, as customary. On the basis of k, we will then adjust the value of a for the next generation
(for instance, one can take a9t = ka(9)). This procedure is iterated until k(a) converges to k = 1:
the corresponding value of a will provide the fundamental prompt eigenvalue, and the associated ¢,
the fundamental eigenmode. Convergence on k() could be monitored by defining an appropriate
criterion, e.g., |k(a) — 1] < ¢, with a desired accuracy e. A discussion on the convergence of the
algorithm towards the fundamental eigenvalue can be found in [214].

Negative dominant eigenvalue

When a < 0, the standard a-k power iteration algorithm is known to be numerically
unstable and usually leads to abnormal code termination [217]. In [215[220] we have provided an
improved algorithm for negative o that has been shown to be numerically stable. Starting from the
nonlinear eigenvalue Eq. for the neutron population alone, we can rewrite

1 1 1 i
La,n Qoa(ra V) = % Fp Qﬁa(r, V) + E Fa,n ‘P(x(ra V) + E Z wi,j (O‘) Fd,j Qoa(rv V)a (492)
,J

where Lo, = L+34,, is a modified transport operator, with ¥, , = —na/v (1 being an arbitrary
positive constant). We formally define the creation operator

Fonf= /yné(v =V f(r,v')dv’, (4.93)

with
0. (4.94)
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The term X, , acts here as an additional creation cross-section (the so-called time production),
whose associated creation operator F,, appears at the right hand side of the equation with a
delta-spectrum in velocity and an average number of produced neutrons equal to v;,.

The factor w; j(«) in front of the Fé’j terms acts as a population control tool. However,
one can observe that now w; ;(a) introduces singularities in Eq. at the values o = =)\ 5, «
being negative. If we restrict our search to the dominant « eigenvalue, this implies that o must be
found in the interval —\* < o < 0, where \* = min; ; A; ; is the smallest decay constant over all
fissile isotopes and over all precursor families. Bearing this consideration in mind, the treatment of
delayed neutrons proceeds as above, i.e., the average number of delayed neutrons emitted per fission
is modified to w; j(a)vy’ (v') for an incident neutron of speed v'.

Then, Eq. (4.92) satisfies a balance between creation terms (at the right hand side) and
destruction terms (at the left hand side), and can be solved by applying the a-k power iteration as
above.
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Figure 4.2: Left. Behaviour of the fundamental a eigenvalue as a function of the domain size L.
Monte Carlo estimates based on the a-k power iteration are displayed as symbols; exact values are
shown as solid line. For this example the critical size is L, = 4.00886 (dashed line). Right. Behaviour
of the fundamental o eigenvalue as a function of the domain size L. Monte Carlo estimates based on
the a-k power iteration are displayed as symbols; exact values are shown as solid line. The dashed
line represents the asymptotic eigenvalue ao, = 0.34628 for an infinite domain, L — oo.

4.6.1 Finding the eigenvalues of the rod model

The rod model is possibly the simplest example of space- and direction-dependent transport
problem [221]: particles move at constant speed v along a line (the rod) and undergo collision events
at a rate vY;. Because of the geometric constraints, only two directions of flight are allowed,
namely forward (w = +) and backward (w = —); here, we furthermore assume that scattering and
fission are isotropic, i.e., that directions taken by the particles after a collision are sampled with
equal probability, and a single fissile isotope is present. If we define ¢, (x,4) the angular flux in
the positive direction and ¢, (z, —) in the negative direction, respectively, where x is the spatial
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coordinate, Eq. (4.88]) becomes

0 «@
i%@a(xv :l:) + ;QOQ((E, :l:) + Eﬁpa(fb, :t)

A
L BvsSipala),  (495)

M
= ES@Q($)+(1_B)Vfo@a(x)+Z)\,_|_
j=1""

where ¢, () = [pa(z,+)+ pa(z, —)]/2 is the scalar flux integrated over the allowed directions. Here
we have defined 3 the total fraction of delayed fission neutrons, and §; the fraction of delayed fission
neutrons for family j, v being the average (prompt plus delayed) number of neutrons per fission.
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-0.04

-0.06

Figure 4.3: The rod model. Behaviour of the fundamental o eigenvalue as a function of vy, the
average number of neutrons per fission, when L = 4. Monte Carlo estimates based on the a-k power
iteration are displayed as symbols; exact values are shown as solid line. The critical configuration is
attained for v; = 2.5034 (dashed line).

When vacuum boundary conditions are imposed, the viable space is a segment [0, L], with
boundary conditions ¢,(z = 0,4) = 0 and ¢,(x = L,—) = 0: following the same strategy as
in [221], a dispersion relation can be explicitly derived, whose roots « are the eigenvalues of the
transport problem. Introducing the dimensionless eigenvalue ) = 14 «/(v3;) and the dimensionless
length z = LY, yields the dispersion relation

(16— %) sinh (/5= 2)

cosh (z (W — I/a)) + TOEDS =0, (4.96)
where
NN
Va—Vp+;)\j+an, (4.97)

the quantity

Uy = — (4.98)
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being the average number of secondary prompt particles per collision, and

g = D%y

o (4.99)

the average number of secondary delayed particles in family j per collision. The zeros of Eq. ,
solved as a function of «, form the spectrum of the nonlinear eigensystem .

When precursors are neglected, there exists a finite number of real eigenvalues, plus a
countable infinity of complex eigenvalues associated to oscillating modes [221]; in the presence of
precursors, additional eigenvalues are introduced by the m singularities at o = —A;. When the
dominant eigenvalue satisfies o = 0, the system is exactly critical, i.e., the neutron population will
stay constant. From Eq. , this happens for a (dimensionless) critical segment length z. = L.%;

tan’l( 131—1)
Vo—1

where 7 = 7, + ZT:l 7). For very large systems, z > 1, Eq. (4.96) becomes independent of the
spatial effects and the eigenvalues a,, = limy,_, o, « satisfy the simpler relation

Ze =2 (4.100)

Ul A .
O =05 | Uy + — 1. (4.101)
’ ;Aﬁaw ’
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Figure 4.4: Left. Survival probabilities Sti(xo) for ¥, = 0.2, ¥, = 0.3, ¥y = 0.5 and vy = 2
(L. = 3.9987). Blue crosses and red circles: S;" () and S; (z), respectively, with zo = 1.75 and
L =2 (a < 0). Green squares and black triangles: S;" (o) and S; (z), respectively, with xo = 3.75
and L = 6 (a > 0). Solid lines are numerical integrals of Eq. , symbols Monte Carlo simulations
with 106 histories. Dashed curves: asymptotic survival probabilities S, from Eq. . Right.
Survival probabilities S;t(xo) for pp = 0.2, p1 = 0.3, and ps = 0.5 (1, = 1.3, and L. = 3.9987). Blue
crosses and red circles: S (o) and S, (z0), respectively, with 29 = 1.75 and L =2 (k < 1). Green
squares and black triangles: S (o) and S; (x0), respectively, with zo = 3.75 and L = 6 (k > 1).
Solid lines are numerical integrals of Eq. , symbols Monte Carlo simulations with 10® histories.
Dashed curves: asymptotic survival probabilities S, from Eq. .

Equation (4.96)) can be solved numerically by any root tracking algorithm, and in particular
the dominant eigenvalue « can be easily determined to a high degree of accuracy. As such, the rod
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model is ideally suited to test the Monte Carlo a-k power iteration detailed above. To proceed, we
choose the following physical parameters: X3 = 0.2, ¥, = 0.1, ¥y = 0.3 and v = 1; we take two
delayed groups (m = 2), with 8; = 0.003, 82 = 0.0035, A; = 0.2 and A2 = 0.05. We illustrate then
the results of Monte Carlo simulations as compared with the numerical solutions for the fundamental
« eigenvalue stemming from Eq. . Simulations have been run with 10° particles per cycle over
2000 cycles, which for every choice of parameters examined here ensures a convergence of the order
of a few pcm (after discarding the first 1000 cycles from inspection of the series a(g)).

As a first example, we study the evolution of « as a function of the domain size L, for a
given vy = 2.5: results are displayed in Fig. For this example, the critical size is L, = 4.00886
(from Eq. ), and for very large L the dominant eigenvalue approaches a,, = 0.34628 (from
Eq. ) In both cases, the Monte Carlo power iteration algorithm (displayed as symbols)
neatly converges to the exact results (displayed in solid line). Then, we consider the evolution of
the eigenvalue o as a function of the average number of neutrons per fission, v¢. For this example,
we set L = 4 and we make vy vary around the reference value vy = 2.5 adopted in the previous
example. Results are displayed in Fig. The Monte Carlo power iteration algorithm (displayed
as symbols) again neatly converges to the exact results (displayed in solid line).
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Figure 4.5: Ultimate survival probabilities S*(z¢) for ¥, = 0.2, 5 = 0.3, Xy = 0.5 and vy = 2
(L. = 3.9987). Blue circles and red squares: S*(zg) and S™(x¢), respectively, with L = 6 (o >
0). Solid lines are numerical integrals from Eq. (4.72]), symbols Monte Carlo simulations with 105
histories.

4.6.2 Relation to survival probabilities

As explained in the previous Chapters, there exists a deep connection between the dominant
eigenvalues of the Boltzmann operator and the survival probabilities of the underlying branching
exponential flights. In particular, we have previously shown that when the dominant eigenvalue o < 0
the survival probability asymptotically vanishes, namely, S; — 0, and the branching exponential
flights will come to extinction because of leakages and possibly absorptions; when on the contrary
a > 0, then §; — S, and there exists a finite non-trivial probability S, > 0 that branching
exponential flights be persistent, as particles born from fission are not sufficiently compensated by
leakages and absorptions. The crossover between these two regimes is reached for a = 0, which
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therefore defines the portion of the parameter space for which the branching process will attain
ultimate extinction.

The survival probabilities for the rod model with leakage boundary conditions can be de-
duced from Eq. and . For the sake of simplicity, we have here neglected the contributions
due to delayed neutrons. These equations can be integrated numerically: in Fig.[£.:4] we compare the
resulting curves (as a function of time or generations, respectively) with Monte Carlo simulations for
different configurations. In particular, once the physical properties of the system have been chosen,
by varying the rod size L it is possible to impose L < L. or L > L.. In the former case, the survival
probabilities converge to zero independent of the starting direction, as expected, whereas in the
latter the survival probabilities saturate to an asymptotic value S,, that depends on the starting
point as well as on the initial direction of the walker.

Observe that S;7 up to a time of the order of 77 ~ |L — xo|/v does not feel the effects of
the boundaries, yet, and the same holds for S, up to a time of the order of 7= ~ xq/v. Therefore,
we expect S;” ~ S; up to min(7t,77). For the configuration where L > L., the ultimate survival
probability as a function of starting point and initial direction is displayed in Fig.



Chapter 5

Stochastic populations

A large nation, of whom we will only concern ourselves with adult males, N in
number, and who each bear separate surnames colonise a district. Their law of
population is such that, in each generation, ao per cent of the adult males have no
male children who reach adult life; a1 have one such male child; a2 have two; and so
on up to as who have five.

Find

(1) what proportion of their surnames will have become extinct after r generations;
and (2) how many instances there will be of the surname being held by m persons.

H. W. Watson and F. Galton, J. Anthropol. Inst. Great Britain 4, 138 (1875).

5.1 Introduction

In the previous Chapters, we have examined the statistical properties of the physical quan-
tities related to a single initial walker among those composing the system under investigation. In this
Chapter, we will focus of the collective behaviour of a collection Q of particles undergoing branching
random walks in a region V. We will assume that N such individuals are initially present at ¢y = 0.
In order to characterize the statistical properties of such a system, we are in principle interested
in determining the full distribution of the events induced by the particles and recorded at multiple
‘detectors’ (i.e., at some portions of the viable phase space). In practice, it turns out that the first
few moments of the event distribution convey most of the required information, which reduces the
burden in calculations.

The relevant physical observables are thus i) the average number of particles that are found
at a given detector located at V;, namely, E;[my,|Q], and ii) the correlations between two detectors
located respectively at V; and Vj, namely, E;[my,my,|Q], when the process is observed at a time
t > to (see Fig. [5.1).

The local particle concentration ¢ at a site x; is defined by centering the volume V; at x;
and taking the volume size V; — 0, namely,

9]
Jim S (5.1)

The quantity c:(x;)dx; represents by definition the average number of particles to be found in a
small volume dx; around position x; at time ¢t. The local correlations h between a site x; and a site

73
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Figure 5.1: Example of realization of a branching Brownian motion in one dimension. A single
walker starts to diffuse from position xg at time ¢y = 0. At a later time, a branching event occurs,
and a new independent Brownian motion starts to diffuse. At the observation time ¢, one of the two
walkers is found in the region Vj;, whereas the other has been absorbed at an earlier time and does
not contribute to the counting process.

x; are similarly defined by centering the volume V; at x; and the volume V; at x;, respectively, and
taking V; — 0 and V; — 0, namely,

Ei|my,my,
hulxi ) = Jim, 2 (52)
The quantity h(x;, x;)dx;dx; is proportional to the probability of finding a pair of particles whose
first member has coordinates x; and the second has coordinates x; at time ¢. Actually, it is cus-
tomary to introduce the (dimensionless) normalized and centered pair correlation function g, which
is obtained from h by subtracting the product of the concentrations and the self-correlation and by
dividing by the product of the concentrations [53}|116], namely,

ht(Xi, Xj) — Ct(xi)ct(xj) — 5(Xi — Xj)Ct(Xi) )

er ()t () (5:3)

g (i, x5) =
The evolution equations for these physical observables can be derived by resorting to either forward
or backward formalism [4}32,34,/36]. Here, we will establish the evolution equations for the first
two moments by suitable extending the backward formalism discussed in the previous Chapter. The
key result is that the solutions of the resulting equations can be formally obtained in terms of the
Green’s function.

5.2 Coincidence detection

In order to fix the ideas, in the following we will assume that each walker undergoes a
d-dimensional branching Brownian motion with absorption rate -, reproduction rate 5 and diffusion
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coefficient D. We assume that reproduction is governed by a regular Galton-Watson process: the
particle disappears and is replaced by a random number £ of identical and independent descendants,
distributed according to the probability py and behaving as the parent particle [28,29}(33].
Consider first a single walker starting from position x¢ at time to = 0. Let my, = my;, (xo, t)
be the number of particles that are found in a volume V; C V of the viable space when the process is
observed at a time ¢t > t3. We are interested in determining the simultaneous detection probability
Pi(my;, my;|xo) of finding my, particles in volume V; C V' and my, particles in volume V; C V, at
time ¢, for a single particle starting at x¢ at time ¢y. It is convenient to introduce the associated
two-volume probability generating function
vai, (XD,t)u;’le (XOJ)L

Wi (ui, uj|x0) = Elu (5.4)

from which the m-th (factorial) moments of my, and my, can be obtained by derivation with respect
to u; and ujy, respectively. In particular, the average particle number reads

Wt(ui,uj|x0) u;=1,u;=1- (55)

0
8ui

For the two-volume correlations we take the mixed derivative, namely,

Et [mvl

Xo] =

2

Ei[my,my, [xo] = 78u‘8u»wt(ui’ U [%0) | ui=1,u;=1- (5.6)
10U

By generalizing the arguments used in the previous Chapter, it can be shown that Wi (u;, uj|xo)
satisfies again the backward equation

9

ot
identical to Eq. (4.22)). By taking the derivative of Eq. (5.7)) once we get the equation for the average
particle number

Wi = DV W, — (v + B)Wi + v + BGIWy], (5.7)

a]Et [my;, [xo0] = ﬁloEt [mv; %o, (5.8)
where we have used the backward operator £10
Ll =DV —y+B(n —1), (5.9)

and 11 = ), kpr. Equation (5.8) must be solved together with the initial condition Eo[my;|xo] =
]11/i (Xo).
As for the correlations, by taking the mixed derivative of Eq. (5.7) we obtain

EEt[mVimVj |X()] = EI{OEt[mVimVj ‘Xo] + BugEt[mVi

where v, = Y, k(k — 1)pr. Equation (5.10) must be solved together with the initial condition
Eo[my,my; %] = Lv, (x0)Lv; (xo).
Let us now introduce the Green’s function G;(x;xg) satisfying the backward equation

x| B¢ [my; [xo], (5.10)

%Qt(x; Xg) = Eiogt(X; X0), (5.11)

with Go(x;%0) = 0(x — x¢) and the boundary conditions of the problem at hand. Then, by closely
following the same strategy as in the previous Chapters, for the average particle number we get

xo]:/vdxlgt(x';xo). (5.12)

k3

E[my,
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As for the correlations, we find

¢
E¢[my,my, [xo] :/ dx/gt(x’;xo)Jrﬁz/g/ dt’/ dx'Fy (Vi, Vi, x')Gep (x5 %0), (5.13)
0 v

viny;

where V; NV} denotes the intersection of V; and V; and we have set

ft(Vi,Vj,x):/ dx’gt(x’;x)/ dx" Gy (x"; x). (5.14)
Vi Vj

5.3 From one-particle to N-particle observables

Let us now consider a collection @ of N such individuals initially located at xj, x3, x5,

-+, x} with density Q(xg,x32,- -+ ,x{’) at time to = 0. Since particles evolve independently of each
other, the contributions of each particle to the counting process my, = my,(x,x3, x5, ,x{', )

are additive, and the probability generating function satisfies
N
Wi(u;, uj|X(1)’ X(2)7 T ’X(])V) = H Wi (us, uj|xl(§)' (5.15)
k=1

Suppose that the initial positions are independently and identically distributed and obey the factor-
ized density

N
Q(X(1)7X(2)7 o 7X(])V) = H Q(XIS) (516)
k=1

The corresponding probability generating function Wi (u,,u;|Q) satisfies then

N
Wiz 151Q) = T [ axbateb) Witus, s, (5.17)
k=1"V

which can be finally rewritten as
Wi (ui, ui|Q) = (Wi(us, uglxo))y (5.18)

where we have denoted (f(x0))q = [}, dX0q(x0)f(x0) the average over the distribution of the initial
coordinates.

The moments of the N-particle observables can be again obtained as above. In particular,
for the average particle number we get

Et [mvl

Q] = N (E¢[mv; [xo]),, - (5.19)
Hence, from Egs. (5.19) and (5.1)) we obtain the local concentration

cr(xi) = N/VdXOQ(XO)gt(Xi;XO); (5.20)

where we have used 1y, (x)/V; — d(x—x;). Equation (5.20)) basically expresses a linear superposition
of effects from single-particle contributions.
As for the correlations, we have

Eifmy,my;|Q] = N (N — 1) (Ei[my,

o)), (E¢[my, |x0]>q + N (E¢[my,my, |x0]>q . (5.21)
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Hence, from Egs. (5.21)) and (5.2) we obtain

e xg) = O ey ) + 8 e x)
o [t [ @G G er-o (), (5.22)
where we have used
i P = 6110, ). (5.23)

For N > 1, g:(x;,x;) reads then

gi(Xi, x;) =

t
brs )/ dt'/ dx' Gy (x;; %) Gy (x5; X" )er—p (X'). (5.24)
0 1%

c(x5) e (x5

Equation represents the (normalized) contributions to the correlations due to particles freely
evolving from ty to t —t', having a branching event in x’ and whose descendants independently reach
the points x; and x; at time ¢t. Observe that when 8 = 0 the normalized pair correlation function
g vanishes, which denotes the absence of correlations between particle positions in the absence
of branching. Deviations of ¢ from zero are the signature of strong non-Poissonian fluctuations
induced by the reproduction-disappearance mechanism [42,/53]. When ¢ > 1, fluctuations are of the
same order of magnitude as the concentration, which means that the information conveyed in the
concentration alone (i.e., a purely deterministic approach) is useless.

5.3.1 Variance-to-mean ratio

The pair correlation function g provides local information about the fluctuations. A useful
integral estimator so as to assess the entity of the fluctuations with respect to the average in a given
region V; is the so-called variance-to-mean ratio x |4h324222], which is defined as

_ Eu[n},[Q) — Eifny,

QP
Ei[nv; Q] '

(5.25)

By replacing the definitions of E;[n?, | Q] and E;[ny,|Q], when N >> 1 the variance-to-mean ratio can
be expressed in terms of the Green’s function, namely,

Jo dt' (Jy dX'Fr(Vi, Vi, X)G1 v (X' %0)),
<fVL- dx’(]t(x’;xo)>
q

X =1+ by

Observe that in the absence of reproduction events (8 = 0) the variance-to-mean ratio is identi-
cally equal to unit (i.e., fluctuations are Poissonian), which follows from the particle histories being
uncorrelated. A departure from unit is the signature of non-Poissonian fluctuations due to corre-
lations [5153]. In the context of reactor physics, the variance-to-mean ratio is intimately related
to the so-called Feynman alpha method [223], which is used for the analysis of the correlations in
neutron detectors due to fission chains [4}32].
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5.4 Other kinds of sources

In many practical applications, the initial number of particles is not known in advance and
is itself a random quantity M, with distribution Z(M). Assuming again independent and identically
distributed coordinates XIS, k=12---,M, Eq. can be then generalized by averaging over
the realizations of M, namely,

M
Wi (ui, u;|Z) = ZZ(M) H/ dxfq(x§) Wi (i, uj|xh). (5.26)
M k=1"V

Often, the initial configuration is assumed to be a Poisson point process [261[32], which means that
the total number M of starting particles obeys a Poisson distribution, i.e.,

M

Z(M) = Me_”, (527)

where p = E[M] is the average number of source particles. In this case, using the independence
property as above, the sum in Eq. (5.26]) can be explicitly carried out, which yields

Wi(u;, u;|Z) = exp (u (Wi (i, ujlxo) — 1>q) . (5.28)

This result takes the name of Campbell’s theorem [26]. In particular, if we choose p = N, by
taking the derivatives of the probability generating function the average particle number would be
left unchanged with respect to the case of fixed N (as expected), namely, E;[ny,|Qq] = E[ny,|Q].
As for the correlations, E¢[ny,nv,|Qq] would be still given by Eq. , provided that the factor
N(N — 1) is replaced by N?: this means that the correlations associated to a Poisson point source
with u = N would appreciably differ from those associated to a source with a fixed number N of
particles only when N is relatively small.

5.5 Fluctuations around equilibrium

Once the Green’s function G;(x;%) of the problem has been determined, then by integra-
tion Eqgs. and allow explicitly characterizing the evolution of the particle concentration
and of the correlations of the particle number, respectively. Formulas and hold for
any geometries and spatial source distributions, and can accommodate arbitrary boundary and ini-
tial conditions (which affect the shape of G;(x;x¢)). A situation of particular interest is that of
individuals prepared at equilibrium with respect to the spatial variable at time t; = 0.

5.5.1 Thermodynamic limit

The so-called thermodynamic limit is attained by considering a large number N of particles
in a large volume V', and imposing that the particle density

N
C= lim — (5.29)
N—o00
V—=oo
is finite [42,/441/51153]. The Green’s function for a d-dimensional infinite system is the Gaussian
density
o~ o HB—1) =]t

(47 Dt)d/2 ’

Gi(x;%0) = (5.30)
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which spatially depends only on the relative particle distance r = |x — xo|. As for the spatial
density of the source particles, equilibrium imposes the uniform distribution ¢*¢(xq) = 1/V. From
Eq. (5.20)), the concentration then reads

c®(x;) = hm & (x;) = CelPn=D—1t, (5.31)

N —o00
V=00
where we have used the normalization of the Gaussian density. When reproduction is exactly
compensated by absorption, i.e., v = (1 —1), the system is said to be critical and the concentration
is stationary, namely, ¢f°(x;) = C. As for the pair correlation function, from Eq. (5.24]) we get

2
— g B —1) =]t/
g7 (r) = lm g;*(xi,x5) = ’BVQ elr=Aln- 1’“/ a == (5.32)

N—oo 0 (8w Dt")d/2 ’
and we recover the result previously obtained in [53]. In particular, for exactly critical systems with
v = B(v1 — 1) the integral in the pair correlation function can be carried out explicitly [53], and
yields

oy Bra r2—d r’
9;°(r) = a2 pe Laja—1 3Dt ) (5.33)
where T'y(z) = f ~uy®=ldy is the incomplete Gamma function [224]. The asymptotic time

behav1our of Eq. - 5.33) depends on the dimension d: it is known that ¢°(r) ~ v/t for d = 1,
g:°(r) ~ log(t) for d = 2, and ¢7°(r) ~ const for d > 2 [53].

5.5.2 Confined geometries

We will now focus on particles evolving in confined geometries, whose analysis can be
carried out by resorting to the eigenfunction expansion of the Green’s function. Generally speaking,
when the domain V' is open, bounded and connected it is possible to solve for the Green’s function of
Eq. by evoking the separation of variables [191]. If this is the case, then the Green’s function
Gi(x;x0) can be expanded in terms of a discrete sum of eigenfunctions ¢y of the operator £I [191],
in the form

(x;x0) Zcpk X) ok (X0) e ", (5.34)

where «ay are the associated eigenvalues [191], depending on the physical parameters and on the
boundary conditions at dV. We assume that such expansion is complete, which means that

Z<Pk x)pk(x0) = 6(x — xo), (5.35)

and that the eigenvalues can be ordered so that ag > |a1] > -+ > |ak| > ---. The functions pk(x)
and ¢k (x0) satisfy the boundary conditions and are ortho-normal, with

/ dx' i, (x')ore,; (%) = Ok, x; - (5.36)

The eigenvalues and the eigenfunctions depend on the specific boundary conditions. In most phys-
ical applications, one is often led to consider either (perfectly) reflecting or absorbing boundaries:
in the former case, individuals reaching the walls bounce off and their trajectories are otherwise
undisturbed (Neumann boundary condition); in the latter, individuals hitting the boundaries leak
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out and are thus lost (Dirichlet boundary condition). Neumann boundary condition would be rep-
resentative, e.g., of neutrons multiplication in the presence of highly scattering shielding barriers,
such as beryllium or heavy water [30], or the evolution of a bacterial colony confined on a Petri box
with impermeable walls [52]. Absorbing boundaries are frequently met in radiation transport when
the diffusing particles are free to escape upon crossing the external surface (the so-called geometrical
leakage) [30].

5.5.3 Concentration and correlation function at equilibrium

Assuming that the individuals are prepared at equilibrium basically amounts to sampling
the initial N-particle distribution on the fundamental spatial eigenstate of this system. In this case,
we have ¢°4(x0)  ©o(X0), and we obtain

¢ (xi) = Ng*(x;)e, (5.37)

where ag is the fundamental eigenvalue. Then, the spatial shape of the concentration would not vary,
namely, ¢:(x;) x ¢°(%;), and its amplitude would evolve exponentially in time, with a rate ag. The
sign of the fundamental eigenvalue o determines the asymptotic behaviour of the concentration:
when ag > 0 the population diverges in time and the system is said to be supercritical; when ag < 0
the population shrinks to zero and the system is said to be subcritical. When ag = 0, the system is
said to be critical and the concentration simplifies to

it (xi) = Ng* (i), (5.38)

which means that, once prepared in the fundamental eigenstate, the system will stay in that eigen-
state (on average). Nuclear systems are typically operated at or close to the critical regime ap = 0,
so as to have a constant power output [32].

Concerning the pair correlation function, when the initial configuration is sampled on the
fundamental eigenstate, from Eq. we get

97 (%i,%5) =

W/tdt’e‘%t'/ dx'q* (x') Gy (xi: %) Gy (3 %) (5:39)
Nq”q(Xi)ch(Xj) 0 v 19 7

Then, by using the eigenfunction expansion of the Green’s functions and explicitly performing the
time integral we are led to

apt (aki+akj —ao)t _ 1

Buroe” e
2%, %X5) = Ak, k; Px; (Xi)pk. (X5), 5.40
9:°( ) Ngea(x:) g (x;) 2= ", +ox, — ao ki k; Pk, (Xi) Pk, (%5) ( )
R ]
where the coefficients Ay, x, are given by
Ase, = [ i) ), (), (5.41)
1%

Equation (5.40) has a fairly involved structure: in order to get some physical insight on the behaviour
of the pair correlation function in bounded domains, it is convenient to perform a frequency analysis
in the Laplace domain [4], namely,

g:q(Xi,Xj) = / eiStg;"*(xi,xj)dt. (542)
0
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Without loss of generality, we can single out the fundamental mode, from which stems
_ ﬂug 1 1 «
© Ngea(xi)gea(x;) ao + 55

Ao ovo(xi)eo(x;) +5 Y
k;,k;#0

95 (i, %5)

Akiykj
200 — ; —Qx; + 8

Prc; (%) P, (%) |- (5.43)

As expected on physical grounds, the overall intensity of the correlations is inversely proportional
to the number of particles contained in the volume. The pre-factor 1/[(co + s)s| determines the
ultimate fate of the pair correlation function at long times (small s), and depends on the rate «aq
at which the average population is increasing or decreasing. When the system is supercritical, i.e.,
ap > 0, upon taking the inverse Laplace transform the pair correlation function for long times
asymptotically converges to the constant

Pra

Gt oo (X0, x5) — Nao./\/l, (5.44)
where (x:)0(x)
®Yo(X;)PolX;

M=Agg———F— 17—~ 5.45

00 o2 (x5 (543)

is a normalization factor. This means that fluctuations will be equally distributed at any spatial
scale. In the supercritical regime, the average population is exponentially increasing at a rate ag,
thus contributing to the mixing of the individuals: for sufficiently large N one typically expects
the amplitude of the pair correlation function to be g < 1, and fluctuations to be safely neglected.
However, it may still happen that g > 1, when the number of initial particles is N < SraM/ag.
This can be understood as a competition between the growth rate ag of the average population and
the growth rate Sy of branching-induced fluctuations: if aq is rather small, strong correlations may
have enough time to develop, despite the smoothing effect induced by the appearance of an increasing
number of new particles. When the system is subcritical, i.e., ag < 0, the pair correlation function
at long times grows unbounded exponentially fast, as g;%, . (x;,X;) ~ exp(—apt): for negative ao,
the average population is rapidly decreasing, which enhances the relative importance of fluctuations
due to correlations. When the system is exactly critical, the pair correlation function asymptotically
diverges with a linear scaling in time, namely,

Bra
N
This linear scaling reflects the nature of the underlying Galton-Watson birth-death mechanism:
when ag = 0 a collection of N individuals will go to extinction (g > 1) over a typical time ~
N/(Bvs) [51L53L[199).

The features displayed here are the signature of systems composed of a finite number of
individuals in bounded geometries. The coefficients Ay, x,/(200 — ax, — i ; + s) determine the
relevance of the contributions of higher-order eigenfunctions to the spatial behaviour of the pair
correlation function: we expect fluctuations to become spatially flat after the mixing time required
by the particles to diffuse over the characteristic (finite) system size.

Mt. (5.46)

9rs00 (X, Xj) ~

5.5.4 Reflecting boundaries

For reflecting (Neumann) boundary conditions the fundamental eigenstate is spatially
flat [191], and the associated fundamental eigenvalue is

ag=—v+ B —1). (5.47)
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Thus, if we choose p*(x¢) = 1/V, from Eq. (5.37) for the concentration we would simply have

N
ci(x;) = Vea"t. (5.48)

At criticality, ¢;*(x;) = N/V. As for the pair correlation function, from Eq. (5.39) we obtain

91" (Xi, x;5) = ﬂl/2 / dt'e= Gop (x4 %), (5.49)
where we have used the Markov property of the Green’s functions, namely,
/ Gy (x5 X')Go (%5 X') = Go (355 ;). (5.50)

By resorting to the eigenfunction expansion, we get

€(2ak ag)t __ 1

97" (%, %) = 5”2 _a"tz ——————x(Xi) i (x;), (5.51)

20 — ap

which we could have directly derived from Eq. (5.40) by imposing ortho-normality, i.e.,

Bk
A ey = = (5.52)

By singling out the fundamental mode and passing to the Laplace transform, from Eq. (5.51]) we
have

By 1 1[ 1%
ca(x;, x) = n T (x } 5.53
95" (i, %5) = — P +sk§¢o 2a072ak+5¢k(x )ex(x5) (5.53)
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Chapter 6

Opacity of bounded media:
Cauchy’s formulas

Les jeux & les questions de conjecture ne roulent ordinairement que sur des rapports de
quantités discretes ; l’esprit humain plus familier avec les nombres qu’avec les mesures de
l’étendue les a toujours préférés ; les jeux en sont une preuve, car leurs loix sont une
arithmétique continuelle ; pour mettre donc la Géométrie en possession de ses droits sur la
science du hasard, il ne s’agit que d’inventer des jeux qui roulent sur l’étendue & sur ces
rapports [...] ; le jeu du franc-carreau peut nous servir d’exemple.

Georges-Louis Leclerc, compte de Buffon, Essai d’arithmétique morale (1778).

6.1 Introduction

In the previous Chapters, we have provided a general approach to the analysis of the length
Ly travelled by a walker within a domain V' and to the number of visits ny of the walker to the
domain, for a single starting particle. In the following, we will show that when branching random
flights evolve within confined geometries it is possible to derive a set of remarkably simple Cauchy-like
formulas relating the surface and volume averages of L = E[ly/] and N = E[ny |, namely,

(L) =% [1 " Mﬁff%mv} (6.1)
() = ML [+ Gt apy — D) . (62)

Here, E[-] denotes the ensemble average over realizations, (-)g the spatial average over trajectories
entering the medium through the outer surface S of the body, ()1 the spatial average over trajec-
tories starting from within the volume V; (I} is the mean free path of the walkers, ps the scattering
probability, py the fission probability, v; the average number of descendants per fission, and ng
a dimension-dependent constant (7o = 7 and 13 = 4). To keep notation simple, we will assume
that the physical parameters are spatially constant. As a particular case, we will show that when
ps + v1ps = 1 the average travelled length reads

) (6-3)

%
<L>S = 77d§

85
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depending only on a purely geometric ratio and not on the specific details of the process.

The dimensionless quantities (L)s/(l) and (N)g play a prominent role, in that they allow
assessing the opacity of the body, i.e., its ‘size’ with respect to the traversing walks [5,[113]. Egs. (6.1)
and generalize the elegant Cauchy formulas previously obtained for purely diffusive exponential
Pearson walks [106,{107},/109}/175] and will be shown to apply to the very broad class of branching
random flights.

6.2 The equilibrium condition

Consider an isotropic source of particles uniformly distributed in space. Walkers leaving
from the source move at constant speed and undergo jumps of random length [ distributed according
to the density T'(1), with finite mean free path

1) = /O +Ooz T(1) dl. (6.4)

Upon collision, each walker can be scattered with probability ps = Xs/%, be absorbed with prob-
ability p, = X,/%, or give rise to fission with probability py = X/3. In the case of fission, the
particle disappears and with probability p; gives rise to a random number i of descendants, with
vy =y, ip;- We assume that the directions w taken after scattering and fission are isotropic, i.e.,
obey Q', where Qg = 27%/2/T'(d/2) is the surface of the unit sphere in dimension d. Each descen-
dant behaves independently as the progenitor particle, thus resulting in a ramified structure for the

stochastic paths (see Fig. [6.1)).

Figure 6.1: Left. Trajectories born outside the body and entering through the surface S (red) and
trajectories born inside the body (blue) for a branching Pearson random walk with jumps of constant
size. Source points are marked as black dots. The inset displays the distinct behaviour of the first
jump across S for particles coming from outside, which is distributed according to H(r) instead of
T(l). Right. A schematic representation of branching random flights in a bounded domain, starting
on the surface S or inside the volume V. For trajectories starting on the surface, the angle 6
between the normal to the surface and the incoming trajectory obeys a density function depending
on dimensionality.

Consider now a sub-domain of finite volume V' and regular surface S = 9V immersed in
the particle flow. Trajectories are observed from the entrance of a single particle through S until
the disappearance of the particle and all its descendants by either absorption in V' or escape from S
(see Fig. . The previous assumptions ensure an equilibrium condition for the source, and we can
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safely assume that the walkers will enter the body from S with a uniform distribution of entry points
ro and an isotropic distribution of incident directions wq [1061[107]. The final ingredient needed to
fully characterize the particle inflow through S is the density H(r) of the first jump length r through
the body for walkers crossing the surface (see Fig. . Since the walkers come from outside the
body, they must necessarily have performed a jump of length [ larger than r. As a consequence, the
density H(r) must be proportional to the probability that the jump from outside V is larger than r,
namely, H(r) o< [ T(I)dl [225]. By imposing normalization and using (I) = [;°dr [ T(1)dl, we
get the first jump length density [226]

+oo
H(r):%/r T(I)dl . (6.5)

For exponential flights, we have in particular

1
H(r)=T(r) = @e""/ o, (6.6)
which is the signature of the Markovian nature of this process: trajectories crossing S have no
memory of their past history, so that the first jump distribution does not differ from the others [227].

6.3 Opacity of homogeneous media

We will begin our analysis by the case of d-dimensional exponential flights. Branching
Pearson random walks with exponentially distributed jumps stem from assuming that the traversed
medium is homogeneous at the length scale seen by the walkers along their paths. If scattering
centers are completely uncorrelated, the probability of occurrence of particle-medium interactions
per unit length is independent of the travelled distance and the flights are therefore Poissonian, i.e.,
exponential [5,{113]. In this case, the Markovian (memoryless) nature of the transport process allows
resorting to the Feynman-Kac formalism that we have discussed in the previous Chapters.

Consider a single walker initially emitted from a point source at ry with direction wg and
performing exponential flights with mean free path (I) E Consider then a bounded domain of non-
zero volume V' (with finite diameter) and non-zero measurable surface S = 9V. In order to keep
notation simple, yet retaining the key features of the process, we will assume in the following that
particles evolve at constant speed v, descendants are emitted isotropically and independently from
each other, and (I) is constant over the volume V.

6.3.1 Travelled lengths
To start with, we denote by

Li (ro,wo) = E4[¢y] (ro, wo) (6.7)

the k-th moment of the total length travelled in V' by the particle and all its descendants when
observed up to time ¢, starting from a single walker in rg with direction wg at time ¢ = 0. As shown
in the previous Chapter, the Feynman-Kac formalism allows deriving

k
10 _ ;
——Lf(ro,wo) = ETLf(ro,wo) + k]lef 1(1'(),(.00) + Zf E VjBk,j [<Li>Q] , (68)
Vo 6t =2

IWhen the physical parameters are constant, the mean free path (I} is related to the cross section X by (1) = 1/%.
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for k > 1, starting with L§(rg,wo) = 0 and LY(rg,wp) = 1 from normalization. Here

dw d
Y0 [ 20 (6.9)
Qq

ﬁT:w(yV,-o*EJrEs/ O

is the backward transport operator [113]. Recall that we have defined

(he)a(ro) E/dﬂidoht(rmwo) (6.10)

the average over directions. Finally, By, ; [2:]] = B, [21, 22, -+ ; Zm—;+1] stand for the Bell’s poly-
nomials [192], and v; = (k(k — 1)...(k — j + 1)) are the falling factorial moments of the descendant
number, with vy = 1. When trajectories are observed up to a time ¢ much longer than the charac-
teristic time scale of the system dynamics, we can define the stationary moments

Lk(l‘o,L«Jo) = 25_1)15?100 Lf(ro,wo), (611)

provided that the limit exists. Intuitively, this condition is satisfied when the particle losses due to
absorptions and leakages from the boundaries are larger than the gain due to population growth,
which is always the case if V' is below some critical size V. [113]. In the following we will assume that
V' < V., unless differently specified: the time derivative in Eq. then vanishes at large times,
and we get

k
;chLk(I'O7 wo) + k‘]lek_1<I‘0,w0) + Zf Z UjBk)j [(Li>Q(I‘0)] =0, (6.12)
=2

with the boundary conditions L (rq € S,wp) = 0 when wy is directed outward.

Following [109], our aim is now to average Eq. over the starting position and di-
rection of the walker. As the domain V is bounded, we can safely define the probability measures
for trajectories born in the domain and for those starting on the surface. Choosing the starting
coordinates uniformly distributed inside V' imposes the uniform volume probability measure

dQ2 dv

6.13
Q V'’ ( )

where df2 is the solid angle element ﬂ Similarly, an isotropic incident flux uniformly distributed on
the frontier S imposes the surface probability measure

a2 dS
—— (2 .14
@), (6.14)
where (@12
2l d—1
Qg = d—1 F( 2 ) (615)

is the inward isotropic flux through a unit sphere [109,[229] and n is the inward surface normal ﬂ
This allows precisely defining the volume average appearing in Egs. (6.1)) and (6.2) for any

function h(rg,wp): ; .
/ FO/ﬂhro,wo) (6.16)

2A p— or equivalently v—randomness in the language of stochastic geometry [228}229].

3A p—randomness [228}229]. The term cos® = (€2 - n) implies that in polar coordinates trajectories starting on
the surface must enter the domain with density # = arcsin(2§ — 1) in two dimensions and 6 = 1/2arccos(1 — 2£) in
three dimensions, ¢ being uniformly distributed in (0, 1].
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over uniform starting positions ro € V and isotropic directions wq [109,229]. Analogously, the
surface average of h(rg,wq) is defined as

(h)g = /S dSérO) do%()wo-nh(ro,wo). (6.17)

We integrate then Eq. (6.12)) uniformly over all possible initial positions and directions
(taking into account the isotropy property), and apply the Gauss divergence theorem. This yields
the recursive formula

k

(L*)g = nd% [HL'“*)V + (s + 1Ty = Iy + ¢ ; Vi (Br,; [(Lim(ro)})v} (6.18)
where we have set 0 . (dil)
Na = a—j =V —1)— é) (6.19)

Equation (6.18]) relates the k-th moment of trajectories starting on the surface to the different
moments (up to order k) of trajectories born inside the volume, and as such extends to branching
random flights the formulas

_ Vv Ly (L)
(L)andg and (LF 1)y = K(D)s for k>1 (6.20)

previously obtained for diffusive exponential Pearson walks with ¥, = ¥; = 0 [106,[109,[{175]. In
particular, using (I} = 1/3, from Eq. (6.18) the average length (k = 1) yields Eq. (6.1)), namely,

ps +ripy —1
(D)
which generalizes the celebrated Cauchy’s formula (also known as the mean chord length property)

v
S 9
originally established for random straight lines drawn from the surface of the volume [229] and
recently shown to rather surprisingly apply also to exponential Pearson random flights with p; =
1 [106L/109L175L/230].

The term (L)s/(l) is a measure of the opacity of the volume, in that it expresses the ratio
between the average length travelled in V' when an isotropic particle flux is imposed at the surface
S and the mean free path. Another quantity of interest is (L)g/(n4V/S), which is the ratio between
the average length travelled in the actual medium V' and the length that the particle would elapse
if V' were empty and the paths were straight lines (the meaning of the denominator stems from
Cauchy’s formula).

In general, Eq. depends on the fine details of the process and of the geometry, since
the term (L)y is not universal. However, when the underlying branching process has ps + v1py =
1, Eq. yields precisely the Cauchy’s formula. In this case, thus, the quantity (L)s would
depend only on the geometrical ratio V/S and not on the specific details of the random walk. In
particular, (L)s would be independent of the characteristic jump size (I). This simple property
unfortunately does not carry over to higher moments of the travelled length. Indeed, for k = 2 we

have By 221, 22] = 2%, and Eq. (6.18) then gives

(L)s = nd% 1+ (L)v], (6.21)

(L)s =14 (6.22)

(L*)s = nd% [2(L)y + (Zs + 1155 — DLy + Spra((L)§(ro)v] - (6.23)
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Figure 6.2: Branching random flights born in the volume V' (or on the surface S) and traversing a
sub-domain V' of V. The portion of the trajectories spent in V' is displayed as blue dashed lines.

Bell’s polynomials in Eq. are the signature of branching, and for £ > 2 introduce some extra
non-vanishing terms (v > 0) with respect to Eq. even when ps + v1py = 1.

In the absence of branching, i.e., when random flights can be either scattered or absorbed,
with p, + ps = 1, explicit relations for the probability density functions of the travelled length can
be also derived. Under these hypotheses, Eq. reduces to

v _
(L9)s = nag [R(L )y = Sa(LM)v] . (6.24)
In the presence of absorption, then, (L)s < n4V/S, as expected. We denote by f(I) and g(r) the
probability density of the total travelled length for a trajectory started on the surface or inside the
volume, respectively. Then, Eq. (6.24]) can be identically rewritten as

/OOO " f)dl = Wd% /Ooo {f - Za} r*g(r)dr. (6.25)

Integrating Eq. (6.25)) by parts and using normalization fooo g(r)dr =1 yields the relation

1 \% "
9(r) = —~ {1 +14—=2q —/ f(l)eEaldz] e Far (6.26)
Ndg S 0
between the two densities f(I) and g(r). In the limit of purely diffusive processes (ps — 1), Eq. (6.26)
reduces to ) -
g(r) = — [ f()dl, (6.27)
Nag Jr
a relation originally established for straight paths [231] and later extended to exponential Pearson
walks [175].

6.3.2 Excursions in sub-domains

Considerable efforts have been devoted to the study of the occupation statistics of some
sub-domain V' included in V. This issue has been thoroughly investigated, e.g., in the context
of residence times for Brownian motion (with or without branching; see, e.g., [44148,/97,[168}|191])
and exponential Pearson walks [109]. Consider a branching exponential flight emitted in V: the
particle and its descendants may enter V', spend some time inside, branch, possibly die in V' or
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escape, then re-enter V'’ and so on, as illustrated in Fig. m The total length travelled in V' can
be straightforwardly assessed by resorting to the Feynman-Kac formalism mentioned above. Indeed,
its moments L'*(rq,wy) satisfy Eq. , the marker function being restricted to the sub-domain
V'. Then, averaging over all angles and positions inside V yields

% ! - ’
(L'*yg = Mg IcV(L’k*l)V/ + (S Sy = DLF)y + 55> vi(Biy [(L”>Q(r0)]>v]. (6.28)
=2
For k = 1 we have in particular
VIV ps+umpr—1
Ne=ng— | —+=2—-L —(I/ . 6.29
(L')s =nag |37+ 0 (L)v (6.29)

As a consequence, for trajectories starting on the surface, the ratio (L')s/(L)s between the length
travelled in V' and that travelled in V' generally depends on the geometry as well as on the walk
features. However, for branching exponential flights with ps 4+ v1py = 1, we have

{Lhs V'
(L)ys V

(6.30)

i.e., we recover the elegant ergodic-type property that applies to purely diffusive exponential flights [109).

6.3.3 Number of collision events
The k-th stationary moment

Nk(ro,wo) = gli{EO Eg[nl‘“,](ro,wo) (631)

of the number of collisions in V' performed by a branching exponential flight starting from ry in
direction wy can be also assessed by resorting to the Feynman-Kac formalism: as shown in the
previous Chapter, N* satisfies

k—1 k ' k 4
ﬁTNk(Po,wo) + X1y Z (_]) <NJ>Q + Ef Z VjBkJ [<NZ>Q]

Jj=1 Jj=2

k k—q
k )
+ 3yl Y <q> > viBig; [(ND)a] =0, (6.32)
q=1 j=0

which closely resembles Eq. (6.12). At the boundaries, we have N*(ry € S,wo) = 0 when wy is
directed outward. Then, by averaging Eq. (6.32]) over starting positions and directions in V' we get

k—1

(s =g =+ pn = 1)V 49 3 () (Vo)
k 4 k k Jk_fq .
+p5 > (B [(NDa(ro) v +pr ) <q) > vi(Big,; [<N1>Q(r0)]>v}» (6.33)
i=2 =1\ 555

which generalizes the results previously found for diffusive exponential Pearson walks [232]. In
particular, for the average collision number (k = 1) we recover Eq. (6.2), namely,

(N)g = Zf;‘; [+ (ps + vaps — 1) (N)y]. (6.34)
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Now, from exponential flights being a Markovian process it follows that (I)(N)y = (L)y [210].
Hence, we have also (L)s = (I){N)g, which amounts to saying that the opacity can be expressed
in terms of the mean number of collisions performed by the walkers in V' when entering from the
surface. Similarly as done for the lengths, the number of collisions in a sub-domain V' can again be
computed by using 1y in Eq. .

For non-branching flights, ps + p, = 1 and we have

k
s =g |3 () 0 + - 100 (6.35)

Jj=1

for k > 1. By making use of the binomial formula, we finally get

\%
<Nk>s =MNdg

SZ [ps«N + 1)k>V - <Nk>V +pa] . (636)

In the absence of branching, it is also possible to explicitly derive the collision probabilities. We
denote by f(i) and g(j) the collision number probablhty for a trajectory started on the surface or
inside the volume, respectively. Then, Eq. (6 can be identically rewritten as

> S0 —77d S psG+DF = 5% 9(i) + pa | - (6.37)
i=0 =0

By equating the terms of the series, and imposing that the relation holds for arbitrary & > 1, we get
then

£G) = g S lpsglG — 1) = 93) + pabial, (6.39)

d; ; being the Kronecker delta. Resumming over j yields in particular f(0) = 1 — nd%Eg(()). For
exponential Pearson walks, p; — 1 and we obtain

VSl 1) - ()] (6.39)

f(j):UdS

6.3.4 Escape probability

Recall from the previous Chapter that when the volume V is bounded, the probability
R(rp,wp) that a trajectory starting from ry in direction wq never visits the exterior of V satisfies

—Wy - erR(ro, wo) + ER(I‘(), wo) = ]]-V [Za + E;<R>Q + EfG [<R>QH y (640)

where G[z] = Y, piz* is the generating function associated to the fission particle distribution p; and
R(ro € S,wo) = 0 when wy is directed outward. By definition, the quantity £ = 1 — R represents
the escape probability from the volume V. Then, averaging Eq. (6.40) over all initial positions and
directions yields
na 'V

(R)s = WS [Pa +ps(R)a + 0 (G [(R)al)v — (R)v]. (6.41)
The terms (R)y and and (R)g have a simple probabilistic meaning, namely, the probability that a
particle born uniformly and isotropically in the volume V', or entering the body isotropically from the
boundary, respectively, is absorbed with all its descendants in V' [113]. Similarly, (R)q(ro) represents
the probability that a particle born isotropically at rq is absorbed (with all its descendants) in V.
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When walkers can not be absorbed in the domain (p, = 0, and py = 0 in G|[z]), trajectories
must necessarily escape from the boundaries, and we have (R)s = 0. This rather intuitive result can
be understood as follows: developing Eq. and using (R)f < (R)q ((R)q is a probability), we
immediately get that (R)s < 0: then, the probability that a particle entering the body isotropically
from the boundary is absorbed with all its descendants in V' must vanish, as expected. The same
applies to (R)y .

In the absence of branching, we get

(R)s =nig a1~ (R)v], (6.42)

a d-dimensional generalization of a theorem originally derived for purely absorbing media [113] and
extended to diffusive and absorbing media in three dimensions in [175].
6.3.5 Survival probability

Recall from the previous Chapter that for branching exponential flights in bounded domains
when V' > V. the probability of ultimate survival S(rg,wq) satisfies

—Wwy - VTUS(ro,wo) + ES(I'(),L«J()) = ES<S>Q + EfF[<S>Q], (643)

where -
Flz] = Z(—l)k"'l%zk. (6.44)

k=1

At the boundaries, S must vanish when wy is directed towards the exterior of V. Averaging Eq. (6.43)
over all initial positions and directions yields then

= ?;;Z s ((S)a)v + pr (F [(S)al)v — (S)v]. (6.45)

Unfortunately, the complex nature of the alternating series in F[z] seems to prevent from drawing
general conclusions based on Eq. (6.45).

(S)s

6.4 Universality of Cauchy’s formulas

In many important applications of linear transport theory, including light propagation
through engineered optical materials [70H72] or turbid media [73H75], neutron diffusion in pebble-
bed reactors [76], and radiation trapping in hot atomic vapours [79], the hypothesis of uncorrelated
scattering centers is deemed to fail, which thus calls for models based on non-exponential random
walks. One is then naturally led to wonder whether similar general results for L and N can be
established in such circumstances. In the attempt of addressing this issue, in the following we will
derive two key results: first, we will show that under mild hypotheses Cauchy-like formulas
and have a universal character, and quite surprisingly carry over to branching Pearson walks
with arbitrary jumps El Second, we will also establish a local version of formulas and ,
namely,

(p)g(r,w) = nd% [V;d gL + V<ll§)f -1 <<,0>V(r7w)] (6.46)
(W) s(ri) = L[t (g = D) (1) (6.47)

4This result has been hinted on physical grounds for purely diffusive Pearson walks [107}/226].
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a stronger result that directly relates the surface- and volume-averaged travelled length density ()
and collision density (¥) at any point {r,w} of the phase space. As discussed in the following, the
proposed formalism is fairly broad and applies more generally to physical and biological systems
with diffusion, reproduction and death.

6.4.1 Number of collisions

Let us define the collision density 1 (r, w|rg, wp) such that

N(rg,wq) = /Vdr/dw@[}(r,w|ro7w0) (6.48)

is the average number of particles having a collision within V', for a single walker starting from rg
in direction wq [113]. The collision density satisfies the linear Boltzmann equation [5}/113]

/

“ d
Y(r, wlrg, wg) = /0 dsT(s) / Q—"‘;(pS +1pf)Y(r — sw,w'|rg, wo) + 11 (r, w|re, wo), (6.49)

where v = u(r,w) is the distance from the point r to the surface S in the direction of —w (see
Fig. [6.3). The quantity i, appearing at the right hand side of Eq. is the so called first-
collision density, which represents the contributions to ¥ due to particles having their first collision
in V with coordinates {r,w} [113]. Let us begin by considering the trajectories coming from outside
V and entering the body by crossing the surface S at rg € S. In this case,

1 (r,wlrg, wp) = /Ou ds H(s)Q(r — sw,w), (6.50)

where we have set Q(r,w) = §(r — r9)d(w — wp). Then, applying the surface average (6.17)) to
Eq. (6.49) and using the divergence theorem yields

u

()4 (r,w) = /OdsT(s)<X>S(r—sw) - a,%s Vdrov[wﬂ((r_ro) .w)]. (6.51)

As customary in transport theory, we have here introduced the outgoing collision density

dw'’
x(r|ro,wo) = / Qfd(]?s + g ) (r, w'lrg, wo), (6.52)

which is defined such that fv drx(r|rg,wo) represents the average number of particles re-emitted
after a collision in V| for a single walker starting from ry in direction wq [113]. The integral in the

second term at the right hand side of Eq. (6.51)) can be explicitly computed in terms of the density
H and yields —H (u), so that from Eq. (6.51)) we are led to the following integral equation

(W) (r,w) = /O "0 o (r — 5w)T(s) ds + %LSH(U). (6.53)

Instead of solving directly Eq. (6.53)), the idea is to relate the surface averages to the volume averages.
To this aim, consider next the trajectories born within the body. In this case, rg € V' and the first-
collision density reads

v (1, wlro, wo) = /0 " dsT(5)Q(r — sw, ), (6.54)
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Figure 6.3: A two-dimensional illustration of the coordinate s and the distance u = u(r,w) from the
point r to the surface S in the direction of —w.

Then, applying the volume average (6.16]) to Eq. (6.49) yields the integral equation
“ 1
() (r,w) :/0 {<X>V(rsw)+VQd T(s)ds. (6.55)

From inspection, it can be seen that Egs. (6.53) and (6.55) can be both recast as a system of integral
equations of the form

FS’V(r,w) = /0 [ps +1vipy — 1+ Ggv (r—sw)| T(s)ds

w/
GS7V (I‘) = / Qid(ps + lef)F&V (r,w’),

where Fg(r,w) = ()agS(¢ )s(r,w) —1 and Fy(r,w) = (11 — 1)V (¢ )y (r,w), respectively. Gen-
erally speaking, integral equations of this kind can not be solved explicitly, but it can be shown that
their solution is unique [2]. It thus follows the equality

<l>ads<w>s(r7 w)=1+(ps + npyg — I)VQd<¢>V(r7w)7 (6.56)

whence Eq. (6.47). Finally, by recalling the definition in Eq. (6.48)), integrating Eq. (6.47) over
volume V and over directions g yields Eq. (6.2) as announced. Actually, the result obtained in

Eq. (6.47)) is stronger than Eq. (6.2)), in that it represents a local property which is valid for any pair
of coordinates r and w. Observe that when ps +11py = 1 Eq. (6.56]) does not depend on (¢)y, and
the corresponding surface-averaged collision density is constant over the body, namely,

1

(V)s(r,w) = Tass’ (6.57)

In this case, it follows that the average number of collisions in any sub-region V' C V is simply
proportional to V', an ergodic-like property already exhibited for branching exponential flights [227].

6.4.2 Travelled lengths

Let us define the angular flux ¢(r, w|rg, wp) such that

L(rp,wo) :/Vdr/dwgo(r,w\ro,wo) (6.58)
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is the average length travelled in V, for a given walker starting from rq in direction wq |113]. The
angular flux is related to the outgoing density by [5,/113]

!

“ dw
o(r, wlrg, wo) Z/ dSPV(S)/ (Td(Ps + v1pg)ih(r — sw,w'|rg, wo) + ¢1(r, wlre, wo), (6.59)
0

where Py (s) = 1 — [ T(I)dl = (I)H(s) is the probability for a particle to perform a flight length
larger than s once emitted at a collision, and ¢ (r,w|rp,wq) represents the contributions to the
angular flux due to uncollided particles. Consider first the trajectories coming from outside V' and
crossing the surface S at rg € S. In this case, the uncollided flux reads

1(r,wlrg,wp) = /u dsPg(s)Q(r — sw,w), (6.60)
0

where Pg(s) = 1— [ H(l)dl is the probability that the uncollided length of the walker after crossing
S is larger that s. Then, by taking the surface average of Eq. (6.59) and using the same arguments
as for Eq. (6.51)), we get the integral equation

adS<g0>S(r,w) -1 :/Ou [(l)adS<X>S(r — sw) — 1]H(8)d8. (6.61)

Consider next the trajectories born within the body. In this case, rg € V and the uncollided
angular flux reads

©1(r,wlrg,wp) = / ds Py, (5)Q(r — sw,w). (6.62)
0

Then, applying the volume average (6.16) to Eq. (6.59)) yields the integral equation
“1
@y ) = [ [ + 00— ) @115 (6.63)
0 d

Equations and form a coupled system relating (¢)g v (r,w) to (x)s,v (r). The integrals
involving the outgoing collision densities appearing at the right hand side of Egs. and
can be simplified by resorting to Egs. and , respectively. Then, by combining the two
equations, the surface average (¢).(r,w) can be directly solved in terms of the volume average
(¢)y (r,w), from which stems the identity

<l>ads<¢>s(r7w) = <l> + (ps + mpf — 1)VQd<§0>V(r7w)7 (664)

whence Eq. . Finally, by recalling the definition in Eq. , integrating Eq. over
volume V and over directions 0y yields Eq. as announced. Similarly as for the collision
densities in Eq. , observe that Eq. (6.46) is valid for any pair of coordinates r and w and
represents thus a result stronger than Eq. (6.1). In particular, when ps + v1py = 1 Eq. does
not depend on (p)y: the corresponding surface-averaged angular flux is constant over the body,
namely,

1

_ 6.65
OzdS7 ( )

(p)s(r,w) =
which is a purely geometrical quantity, independent of the features of the underlying random walk.
In this case, the average travelled length in any sub-region V’ C V is simply proportional to ¥V’ and
thus satisfies the ergodic-like property previously established for branching exponential flights [227].
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Formulas (6.1]) and (6.2]) relate surface- to volume-averaged quantities. Surface and volume
terms can be also separately singled out by algebraic manipulations of Egs. (6.53), (6.55), (6.61)
and (6.63)). For the former, we have

aaS[{p)g(r.w) — () (¥) 4 (r,w)] = /Ou [(DaaS (x) ¢ (r — sw) — 1] [H(s) — T(s)]ds. (6.66)

The right hand side of Eq. vanishes when H(s) = T'(s) for any s (i.e., for exponential flights),
or more generally for any class of branching Pearson walks when ps +1py = 1 (for which (x)s(r) =
1/{l)aaS). In either case, we obtain the simple local relation () o (r,w) = (I)(¥)) ¢ (r,w), from which

stems also (L) g = ([){(IV) 4. As for the latter, we get

QaV [{@)y, (r,w) = ()(W),, (r,w)] = (1) /Ou[l +VQa(x)y (r — sw)][H(s) = T(s)]ds.  (6.67)

The quantity 1 + VQq(x)y is strictly positive, so that (@)y — (I){¢)y vanishes only if H(s) =
T'(s) = exp(—s/(l))/(l). Thus, it follows that the local relation (), (r,w) = (I){(¢),, (r,w), whence
also (L), = (I){N),,, demands the Markov property of exponential flights, for any value of ps+v1p;.

6.5 Discussion and perspectives

As observed above, the form of the distribution 7T'(r) reflects the nature of the traversed
medium. Neutrons and photons freely stream in the empty spaces between obstacles, which act as
scattering centers. When the mean distance between such obstacles is much larger than the average
size of the obstacles, and the spatial positions are uncorrelated, then the medium (i.e., the mixture
of vacuum and scattering centers) may be considered homogeneous at the scale of a mean free path
(1), which ensures an exponential jump length distribution T'(r) [5|71}/76,[113]. The hypothesis of
homogeneity may break down because of spatial correlations in the scattering centers, or because of
strong heterogeneities in the size of the obstacles.

Optical materials with engineered obstacle sizes provide a fundamental tool for the analysis
of light propagation in disordered media: when the non-scattering regions have a wide distribution
spanning several orders of magnitude (fractal heterogeneity), T(r) has been reported to follow a
power-law decay of the kind T'(r) ~ =17 with 0 < o < 2 [70,/71]. This distribution is compatible
with Lévy flights (anomalous) diffusion, whose properties are notoriously difficult to determine for
confined geometries [233}234]. In the case of radiative transfer in turbulent clouds, the measured
jump lengths also display a power-law decay, due to the long-range correlations affecting the positions
of the water droplets encountered by photons [73H75].

Quenched disorder in the form of non-scattering regions similarly induces correlations be-
tween steps [72]: this issue is central for neutron transport in pebble-bed reactors, whose core is
filled with about 5 - 10° randomly packed spheres composed of nuclear fuel and graphite, having a
radius comparable to the mean free path: jump distributions appear wider than exponential, and
free paths enhanced [76]. The description of neutron and photon propagation in such heterogeneous
systems is particularly challenging, and a comprehensive theoretical framework is still missing, es-
pecially in the presence of boundaries [71}/72,/76]. In this respect, formulas and contribute
to the investigation of non-exponential particle transport, in that they accommodate for arbitrary
geometries and jump length distributions 7T'(r) (we require however that (I) < 400, which for Lévy
flights would impose the restriction a > 1). For illustration, a numerical example based on Monte
Carlo simulation is discussed in Fig.

So far, we have assumed that the surface of the body is transparent to the incoming particle
flow. Each re-entry from the surface (if any) is taken into account as a new trajectory, which formally
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Figure 6.4: The length spent in a disk of unit radius (d = 2 and 1, V/% = 7/2) by branching Pearson
walks with various kinds of jump distributions and various v, as obtained by Monte Carlo simulation.
We consider constant flights T'(u) = 6(u — 1) (blue), exponential flights T'(u) = exp(—u) (red), and
Pareto power-law flights T'(u) = ~yu],/u®™ with v = 1.1, u,, = 1/11 and u > w,, (green). All
distributions have been normalized so that A = 1. Solid lines correspond to (L)s; and dashed lines to
Na(V/E)[1+ (ps +11ps — 1){(L)v/A]. Both quantities are observed from the entrance of a trajectory
through ¥ until the disappearance of the particle and all its descendants by either absorption in V'
or escape through Y. For long observation times ¢, they converge to the same value, in agreement
with Eq. . In particular, for ps + v1py = 1 this value is independent of the jump distribution
and is given by nV/X = 7/2.

corresponds to imposing absorbing boundary conditions on S. This is coherent with the definition
given for chords traversing non-convex bodies [235] and ensures the validity of the previous results
for convex as well as non-convex domains. More generally, we might consider mized boundary
conditions, the surface S being composed of an arbitrary combination of reflecting portions S, and
absorbing portions S,. Trajectories can enter the body (and escape) only through S,. Collisions
on S, can be indifferently modelled by assuming that the inward direction angle equals the outward
direction angle (perfect reflection), or that the surface acts an isotropic diffuser [109]. In either case,
by following the same strategy as above, it can be shown that any of these boundary conditions
can be straightforwardly taken into account in formulas and by replacing the term S by
Sa [109], which further extends the applicability of our results.



Chapter 7

Spatial spread and convex hull

The lesson of Lord Rayleigh’s solution is that in open country the
most probable place to find a drunken man who is at all capable of
keeping on his feet is somewhere near his starting point.

K. Pearson, Nature 27, 294 (1905).

7.1 Introduction

Consider a single particle performing a branching random walk and injected into a system at
a given position r at time ¢ty = 0. In principle, the branching mechanism stems from the interactions
of the particles with the medium: in the case of neutron transport, e.g., fission events result from
neutrons breaking fissile nuclei in the surrounding medium. Explicitly considering such interactions
(the so-called depletion) would lead to non-linear models. Of particular interest is the outbreak
phase, i.e., the early times of the injection, when the host population NV is much larger than the
number of injected individuals. During this regime, the host population hardly evolves, so that
non-linear effects can be safely neglected and one can just monitor the evolution of the injected
population alone.

The evolution of such system has been generalized to a variety of both deterministic as well
as stochastic models, whose distinct advantages and shortcomings are discussed at length in 38,236,
237]. Generally speaking, stochastic models are more suitable in presence of a small number of
injected individuals, when fluctuations around the average may be relevant [236}237]. During the
early phases, the injected population is typically small: in this regime, the evolution can be modeled
by resorting to a stochastic birth-death branching process of the Galton-Watson type for the number
of injected [381236,[237], where each injected individual undergoes a reproduction event at rate
and get absorbed at rate 7. For the sake of simplicity, we will assume in the following that the
reproduction event is binary, so that exactly two individuals are produced. As discussed in the
previous Chapters, the ultimate fate of the injected particle in an unbounded support depends on
the reproduction number Ry = §/~. If Ry > 1 the number of descendants explodes and invades a
finite fraction of the host population; if Ry < 1 the descendants go to extinction, and in the critical
case Ry = 1 the descendant population remains constant, but fluctuations are typically long lived
and completely control the time evolution of the injected population [38}40,65|.

How far in space can the outbreak spread? Branching processes alone are not sufficient

99
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Day 1 Day 2

Figure 7.1: The snapshots of the trajectories of an assembly of injected particles at three different
times (schematic), starting from a single individual at the origin O at time ¢ = 0. Individuals that
are still active at a given time ¢ are displayed as red dots, while those already absorbed are shown
as black dots. The convex hull enclosing the trajectories (shown as a dashed line) is a measure of
geographical area covered by the spreading descendants. As the descendant particles grow in space,
the associated convex hull also grows in time.

to describe this phenomenon, and spatial effects must necessarily be considered [38}/61,238240].
Quantifying the spatial spread of an outbreak is closely related to the modelling of the population
displacements. Brownian motion is often considered as a paradigm for describing the migration of
individuals, despite some well-known shortcomings: for instance, finite speed effects and preferential
displacements are neglected. Nonetheless, as discussed in the previous Chapters, Brownian motion
provides a reasonable basis for studying particle propagation.

While theoretical models based on branching Brownian motion have provided important
insights on how the population size grows and fluctuates with time in a given domain [38}/61,(239|/240],
another fundamental question is how the spatial extension of the injected population evolves with
time. The most popular and widely used method for quantifying such spatial spread consists in
recording the set of positions of the injected particles and, at each time instant, construct a convex
hull, i.e., a minimum convex polygon surrounding the positions (Fig. for a precise definition of
the convex hull, see below). The convex hull at time ¢ then provides a rough measure of the area
over which the injected particles have spread up to time t¢.

In this Chapter, we model the outbreak of a burst of injected particles as a Galton-Watson
branching process in presence of Brownian spatial diffusion in dimension d = 2. Despite dynamics
being relatively simple, the corresponding convex hull is a rather complex function of the trajectories
of the individuals up to time ¢, whose statistical properties seem to be a formidable problem. Our
main goal is to characterize the time evolution of the convex hull associated to this process, in
particular its mean perimeter and area.

7.2 The model and the main results

Consider a population of N individuals, uniformly distributed in a two dimensional plane,
with a single injected particle at the origin at the initial time. At the outbreak, it is sufficient to
keep track of the positions of the injected particle and its descendants, which will be marked as
‘particles’. The dynamics of these individuals is governed by a branching Brownian motion with the
following stochastic rules. In a small time interval dt, each particle alternatively (i) get absorbed with
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Figure 7.2: Left. The average area (A(t)) of the convex hull as a function of the observation
time. For the parameter values, we have chosen D = 1/2 and 8 = Rgy = 0.01. We considered
five different values of Rg. We have obtained these results by two different methods: (i) via the
numerical integration of Eqs. (7.11]) and and using Eq. . These results are displayed
as solid lines. (ii) by Monte Carlo simulations of the two-dimensional branching Brownian motion
with death with the same parameters, averaged over 10° samples. Monte Carlo are displayed as
symbols. The dashed lines represent the asymptotic limits as given in Eq. for the critical case
Ry = 1. Right. Distribution of the area of the convex hull for the critical case Ry = 1, with v = 0.01
and D = 1/2, as obtained by Monte Carlo simulations with 2 - 10° realizations. The dashed line
corresponds to the power-law (247D /5v)A~2 as predicted by Eq .

probability v dt; (ii) undergoes reproduction with probability S dt. This conceptually corresponds to
the birth of a new particle that can subsequently diffuse. The original particle still remains active,
which means that the trajectory of the original particle branches into two new trajectories; (%ii)
diffuses with diffusion constant D with probability 1 — (y + 8) dt. The coordinates {z(t),y(¢)} of
the particle get updated to the new values {z(t) + 1, (t) dt, y(t) + n,(t) dt}, where n,(t) and n,(t)
are independent Gaussian white noises with zero mean and correlators (n,(t)n,(t')) = 2Ddé(t — '),
(ny(t)ny (') = 2D6(t — t') and (1, (t)ny(t')) = 0. The only dimensionless parameter in the model is
the ratio Ry = /7.

Consider now a particular history of the assembly of the trajectories of all the individuals
up to time ¢, starting from a single injected particle initially at the origin (see Fig. [7.1)). For every
realization of the process, we construct the associated convex hull C. To visualize the convex hull,
imagine stretching a rubber band so that it includes all the points of the set at time ¢ inside it and
then releasing the rubber band. It shrinks and finally gets stuck when it touches some points of the
set, so that it can not shrink any further. This final shape is precisely the convex hull associated to
this set.

In the following, we will show that the mean perimeter (L(t)) and the mean area (A(t)) of
the convex hull are ruled by two coupled non-linear backward equations that can be solved numer-
ically for all ¢ (see Fig. . The asymptotic behaviour for large ¢ can be determined analytically
for the critical (Rg = 1), subcritical (Ry < 1) and supercritical (Ry > 1) regimes. In particular, in
the critical regime the mean perimeter saturates to a finite value as ¢ — oo, while the mean area
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Figure 7.3: Left. The time behaviour of the average area in the supercritical regime for different
values of Ry > 1. Dashed lines represent the asymptotic scaling as in Eq. . The red curve
corresponds to the critical regime. Right. The behaviour of Wi(z) = 1 — Q¢(x) for Rg = 1.5 at
different times, as in Eq. . When t — oo, Wi(z) — 1 — Ro_l , and for large but finite times
the travelling front behaviour is clearly visible. The inset displays the exponential convergence of

Wi(z) to the asymptotic limit. The dashed line represents & = /D /y(Rg — 1).

diverges logarithmically for large t

(L(t = 00)) = 27r\/§+ Ot~ (7.1)

(A(t = 00)) = 245:D It +0(1). (7.2)

This prediction seems rather paradoxical at a first glance. How can the perimeter of a polygon be
finite while its area is divergent? The resolution to this paradox owes its origin precisely to statistical
fluctuations. The results in Eqs. and are true only on average. Of course, for each sample,
the convex hull has a finite perimeter and a finite area. However, as we later show, the probability
distributions of these random variables have power-law tails at long time limits. For instance, while
Prob(L,t — oo) ~ L3 for large L (thus leading to a finite first moment), the area distribution
behaves as Prob(4,t — 0o) ~ A~2 for large A. Hence the mean area is divergent as t — oo (see
Fig.[7.2).

When Ry # 1, the evolution of the outbreak is controlled by a characteristic time ¢*, which
scales like t* ~ |Rg — 1|7. For times ¢ < t* the descendants of the injected particle behave as in
the critical regime. In the subcritical regime, for ¢t > t* the quantities (L(t)) and (A(¢)) rapidly
saturate and the outbreak goes eventually to extinction. In contrast, in the supercritical regime, a
new time-dependent behaviour emerges when ¢ > t*, since there exists a finite probability (namely
1 —1/Ry) that the outbreak never goes to extinction (Fig. . More precisely, we later show that

(Lt > ) = 4ﬁ(1_};0> Do (R~ 1)t (7.3)

(A(t>t*)) = 4w (1 - ];0) Dy (Ry — 1)t (7.4)
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Figure 7.4: Cauchy’s construction of the two-dimensional convex hull, with support function M (6)
representing the distance along the direction 6.

The ballistic growth of the convex hull stems from an underlying travelling front solution of the non-
linear equation governing the convex hull behaviour. Indeed, the prefactor of the perimeter growth
is proportional to the front velocity v* = 24/D~ (Ry — 1). As time increases, the host population
would decrease due to the growth of the individuals: this depletion effect leads to a breakdown of
the outbreak regime and to a slowing down of the walker propagation.

7.3 The statistics of the convex hull

Characterizing the fluctuating geometry of C is a formidable task even in absence of branch-
ing (8 = 0) and death (y = 0), i.e., for purely diffusive process in two dimensions. Recent break-
throughs have nonetheless been obtained for diffusion processes [241}242] by an adaptation of the
Cauchy’s integral geometric formulas for the perimeter and area of any closed convex curve in two
dimensions. In fact, the problem of computing the mean perimeter and area of the convex hull of
any generic two dimensional stochastic process can be mapped, using Cauchy’s formulas, to the
problem of computing the moments of the maximum and the time at which the maximum occurs
for the associated one dimensional component stochastic process [241[242]. This was used for com-
puting, e.g., the mean perimeter and area of the convex hull of a two dimensional regular Brownian
motion [241},242] and of a two dimensional random acceleration process |243].

7.3.1 Cauchy’s formula

Our main idea here is to extend this method to compute the convex hull statistics for the
two dimensional branching Brownian motion. The problem of determining the perimeter and the
area of the convex hull of any two-dimensional stochastic process [z(7),y(7)] with 0 < 7 < t can
be mapped to that of computing the statistics of the maximum and the time of occurrence of the
maximum of the one dimensional component process x(7) [241,242]. This is achieved by resorting
to a formula due to Cauchy, which applies to any closed convex curve C.

A sketch of the method is illustrated in Fig. Choose the coordinates system such
that the origin is inside the curve C' and take a given direction 6. For fixed 6, consider a stick
perpendicular to this direction and imagine bringing the stick from infinity and stop upon first
touching the curve C. At this point, the distance M(6) of the stick from the origin is called the
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Figure 7.5: Left. A branching random walk composed of five individuals. At time ¢t = 0, a single
injected particle is at the origin O, and starts diffusing (blue line). At later times, this individual
branches and gives rise to other individual. Among these, the red path reaches the maximum =z,
along the x component up to the final time ¢. Active individuals at a given time ¢ are displayed
as red dots, whereas absorbed individuals as black dots. Center. The displacement along the z
direction as a function of time. The red path reaches the global maximum z,, at time t,,. Right.
The displacement along the y direction as a function of time. When the red path reaches the global
maximum ., at time t,,, its y coordinate attains the value y(t,,). A crucial observation is that the y
component of the trajectory connecting O to the red path is a regular Brownian motion. This is not
the case for the x component, which is constrained to reach the global maximum of the branching
process.

support function in the direction 6. Intuitively, the support function measures how close can one get
to the curve C' in the direction #, coming from infinity. Once the support function M () is known,
then Cauchy’s formulas [229,244] give the perimeter L and the area A enclosed by C, namely,

L= v M(0) do (7.5)
0
A=z [ pro-ore® e (7.6

where M'(0) = dM/df. For example, for a circle of radius R = r, M () = r, and one recovers
the standard formulas: L = 2mr and A = 72, When C is the convex hull of associated with the
process at time ¢, we first need to compute its associated support function M (6). A crucial point is
to realize that actually M(6) = maxo<,<¢ [(T) cos(8) + y(7) sin(0)] [241,242]. Furthermore, if the
process is rotationally invariant any average is independent of the angle #. Hence for the average
perimeter we can simply set § = 0 and write (L(t)) = 27 (M (0)), where brackets denote the ensemble
average over realizations. Similarly, for the average area (A(t)) = 7 [(M?(0)) — (M'(0)?)]. Clearly,
M(0) = maxo<,<¢[(7)] is then the maximum of the one dimensional component process z(7) for
T € [0,t].

Assume that x(7) takes its maximum value z(t,,) at time 7 = ¢,, (see Fig. [7.5). Then,
M(0) = z(tm) = zm(t), and M'(0) = y(t,) B Now, by taking the average over Cauchy’s formulas,

dty, dzg(t)

LActually, t,, implicitly depends on @, hence formally M’(0) = —x(tm ) sin() + y(tm) cos(6) + T

t=tm,

Nonetheless, since zg(¢) is maximum at t = t,,, by definition dzg(t)/dt|¢=¢,, = 0.
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Figure 7.6: Left. The average perimeter (L(t)) of the convex hull as a function of the observation
time. We have set D = 1/2 and b = Ry = 0.01, and consider different values of Ry. Results are
obtained by: (i) numerical integration of the backward equation (solid lines, with dt = 0.003125 and
dz = 0.1768). (ii) Monte Carlo simulation over 10° samples (symbols, with the same parameters
and dt = 0.25). The asymptotic limits as given in Eq. for the critical case Ry = 1 are in dashed
lines. Right. Distribution of the perimeter of the convex hull for the critical case Ry = 1, with
v =0.01 and D = 1/2, as obtained by Monte Carlo simulation over 2 - 10° realizations, with dt = 1
and t = 4 - 10°. The dashed line corresponds to the power-law L™3.

and using isotropy in space, the average perimeter and area of the convex hull are given by

(L)) = 2m(zm(t) (7.7)
(A®) = 7 [fan®) — @ (tm))] (7.8)

where x,, is the maximum displacement of our two-dimensional stochastic process in the = direction
up to time ¢, t,, is the time at which the maximum displacement along z direction occurs and y(¢,,)
is the ordinate of the process at t,,, i.e., when the displacement along the x direction is maximal. A
schematic representation is provided in Fig. where the global maximum z,, is achieved by one
single injected individual, whose path is marked in red. Note that this argument is very general and
is applicable to any rotationally invariant two dimensional stochastic process.

A crucial observation is that the y component of the trajectory connecting O to this red path
is a regular one dimensional Brownian motion. Hence, given t,, and t, clearly (y?(t,,)) = 2D{t;).

Therefore,
(A(t)) = 7 [(23, (1)) — 2D(tm (1))] - (7.9)

Equations and thus show that the mean perimeter and area of the outbreak are related to
the extreme statistics of a one dimensional branching Brownian motion. Indeed, if we can compute
the joint distribution P(xp, %), we can in turn compute the three moments (x,,), (x2,) and (t,,)
that are needed in Eqs. and (7.9). We show below that this can be performed exactly.

7.3.2 The convex hull perimeter and the maximum z,,

For the average perimeter, we just need the first moment (z,()) = [ @m q¢(¥m) dm,
where ¢:(2,,) denotes the probability density of the of the maximum of the one dimensional com-
ponent process. It is convenient to consider the cumulative distribution Q¢(z,,), i.e., the prob-
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ability that the maximum z-displacement stays below a given value z,, up to time ¢. Then,
@ (zm) = dQi(zm)/dzy and(zy(t)) = [;°[1 — Qu(wm)] day,. Since the process starts at the ori-
gin, its maximum z-displacement, for any time ¢, is necessarily nonnegative, i.e., x,; > 0. We next
write down a backward Fokker-Planck equation describing the evolution of Q:(z,,) by considering
the three mutually exclusive stochastic moves in a small time interval dt: starting at the origin at
t = 0, the walker during the subsequent interval [0, d¢] is absorbed with probability ~d¢, branches
with probability 8 dt = Rgvdt, or diffuses by a random displacement Az = 1,.(0) dt with probability
1—~(14 Rp)dt. In the last case, its new starting position is Az for the subsequent evolution. Hence,
for all x,, > 0, one can write

Qiyar(Tm) = vdt + RoydtQ? (2,,) + [1 — v(Ro + 1)]dt{Qq (x,, — Ax)), (7.10)

where the expectation () is taken with respect to the random displacements Axz. The first term
means that if the process dies right at the start, its maximum up to t is clearly 0 and hence is
necessarily less than x,,. The second term denotes the fact that in case of branching the maximum
of each branch stays below x,,: since the branches are independent, one gets a square. The third
term corresponds to diffusion. By using (Az) = 0 and (Ax?) = 2Ddt and expanding Eq. to
the first order in dt and second order in Az we obtain
2
570~ Doz
m
for x,, > 0, satisfying the boundary conditions @Q;(0) = 0 and @Q;(c0) = 1, and the initial condition
Qo(m) = O(xy,), where O is the Heaviside step function. Hence from Eq.

Q —¥(Ro + 1)Q + YRoQ* + (7.11)

(L(1) = 27 /O 1= Quan) . (7.12)

Equation (7.11) can be solved numerically for all ¢ and all Ry, which allows subsequently computing
(L(t)) in Eq. (7.12)). The analysis of the statistical behaviour of the perimeter is illustrated in
Figs. [7.6] and [7.7] for the critical and supercritical case, respectively.

7.3.3 The convex hull area

To compute the average area in Eq. (7.9), we need to evaluate (x2,(t)) as well as (t,,).
Once the cumulative distribution @Q;(x,,) is known, the second moment (z2,(t)) can be directly
computed by integration, namely, (22, (t)) = [ d2m22m (1 — Q¢(2)). To determine (t,), we need
to also compute the probability density p;(t,,) of the random variable t,,. Unfortunately, writing
down a closed equation for p:(t,,) is hardly feasible. Instead, we first define P;(2y,,t,,) as the
joint probability density that the maximum of the x component achieves the value x,, at time t,,,
when the full process is observed up to time ¢t. Then, we derive a backward evolution equation for
Pi(xm, ) and then integrate out x,, to derive the marginal density p¢(t,,) = fooo P, tm) Ay,
Following the same arguments as those used for Q(z,,) yields a backward equation for Py(z,, tm):

Pirat(Tm,tm) = [1 — y(Ro + 1)dt] {Py(x, — A, by — db)) + 2y Rodt Qi (%) Py (T s i, — dt). (7.13)

The first term at the right hand side represents the contribution from diffusion. The second term
represents the contribution from branching: we require that one of them attains the maximum z,,
at the time t,, — dt, whereas the other stays below x,, (Q¢(z,,) being the probability that this
condition is satisfied). The factor 2 comes from the interchangeability of the particles. Developing

Eq. (7.13)) to leading order gives

0 0 02
a-l—% P = Damgn—’y(Ro-ﬁ-l)—i-QWRoQt P (7.14)
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Figure 7.7: The time behaviour of the average perimeter in the supercritical regime for different
values of Ry > 1. Dashed lines represent the asymptotic scaling as in Eq. (7.4). The red curve
corresponds to the critical regime.

This equation describes the time evolution of Py(zyy,,t,) in the region z,, > 0 and 0 < t,, <t¢. It
starts from the initial condition Py(@p,,tm) = 0(zm) 6(tm) (since the process begins with a single
infected with = component located at z = 0, it implies that at ¢ = 0 the maximum z,, = 0 and
also t,, = 0). For any ¢ > 0 and x,,, > 0, we have the condition P;(z,,,0) = 0. We need to also
specify the boundary conditions at z,, = 0 and x,, — oo, which read (i) P;(oc0,tm,) = 0 (since
for finite ¢ the maximum is necessarily finite) and (i) P;(0,tm) = 6(tm) qt(m)|z,,—0- The latter
condition comes from the fact that, if x,, = 0, this corresponds to the event that the x component
of the entire process, starting at 0 initially, stays below 0 in the time interval [0, ¢], which happens
with probability ¢:(zm)|z,,—o: consequently, ¢, must necessarily be 0. Furthermore, by integrating
Py(xm, ty) with respect to ¢, we recover the marginal density g;(z,,).
Since we are only interested in (¢,,), it is convenient to introduce

t
Ty(2m) = / b Py (T, o )b, (7.15)
0

from which the average follows as (t,,) = [ dw,,T;(2,). Multiplying Eq. (7.14)) by ¢,, and integrating
by parts we get
2

0 0
it~ m) = | Dt + 21R0Qs = 7 (R + 1| T (7.10

with the initial condition Ty(x,,) = 0, and the boundary conditions T3(0) = 0 and T;(oco) = 0.
Eq. (7.16]) can be integrated numerically, together with Eq. (7.11]), and the behaviour of

(A@)) == /OOO dy [220m (1 = Qi(wm)) — Ti(wm)] (7.17)

as a function of time is illustrated in Fig. [7.2}
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7.4 The critical regime

We now focus on the critical regime Ry = 1. We begin with the average perimeter: for
Ry = 1, Eq. admits a stationary solution as ¢ — oo, which can be obtained by setting
0Q /0t = 0 and solving the resulting differential equation. In fact, this stationary solution is known
from literature [48]. Taking the derivative of this solution with respect to x,,, we get the stationary
probability density of the maximum z,,

2V 55
QOO('rm) = azono(xm) = V6D (718)
(1+v/F5om)’

The average is (X,,) = fooo T Goo (Tm) Ay, = /6D /7, which yields then Eq. for the average
perimeter of the convex hull at late times.

To compute the average area in Eq. , we need to also evaluate the second moment
(x2 (t)), which diverges as t — oo, due to the power-law tail of the stationary probability density
Qoo (Tm) x ;3 for large x,,. Hence, we need to consider large but finite t. In this case, the time
dependent probability density ¢:(z,,) displays a scaling form which can be conveniently written as

Tm
Zom) 2 Qoo (Tm, — |, 7.19
) = sl (T2 (7.19)
where f(z) is a rapidly decaying function with f(z < 1) ~ 1, and f(z > 1) ~ 0. Using the scaling
form of Eq. (7.19) and Eq. (7.11)) one can derive a differential equation for f(z). But it turns out
that we do not really need the solution of f(z).

From Eq. (7.19) we see that the asymptotic power-law decay of ¢;(x,,) for large x,, has a
cut-off around z;, ~ Dt and f(z ) is the cut-off function. The second moment at finite but large

times t is given by fo 22,q4(2) dx,,. Substituting the scaling form and cutting off the

integral over z,, at xm = c\f t (where the constant ¢ depends on the precise form of f(z)) we get, to
leading order for large ¢,

*

xnl
(x2 (1)) ~ /0 T2, Qoo (Tm) Ty, = g Int. (7.20)

Thus, interestingly the leading order result is universal, i.e, independent of the details of the cut-off
function f(z) (the c-dependence is only in the subleading term). To complete the characterization
of (A(t)) in Eq. (7.9), we still need to determine (t,,).

7.4.1 Analysis of t,, and the critical area

In the critical case Ry = 1, the stationary joint probability density P (%, ) satisfies
(upon setting OP;/0t = 0 in Eq. ((7.14)))

0
Ot

0? 2
Poc(@m,tm) = | D T
6Im [1 + \/ ll‘m]
For any z,, > 0, we have the condition P, (ac,m 0) = 0. The boundary conditions for Eq- are

Poo(xm = 00,tm) = 0 and P (0,tm) = ¢oo(0 = 2./7/(6D) é(t,,). We first take the Laplace
transform of ([7.21)), namely,

Poo(m, tm) - (7.21)

Poo(xpm, s) = /000 b P (my tn) dt . (7.22)
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This gives for all z,, >0

D 9% - 12 .
DO b otams)= 14— | B(wms), (7.23)

2
s 0x2, 2 %_Fxm)Q

where we have used the condition P (2m,0) = 0 for any x,, > 0. ThlS second order differential
equation satisfies two boundary conditions: Ps, (oo s) = 0 and P (0,5) = 2\/7/ (6D). The latter

condition is obtained by Laplace transforming Py = 24/7/(6D) §(t,). By setting
6D s
= — m -, 7.24
z (1 / 5 +z ) D (7.24)
we rewrite the equation as
9? - ~ 12 -

Upon making the transformation P (z) = v/z F(2), the function F(z) satisfies then the Bessel
differential equation

2
%F(Z) + %dile( ) — [1 + fgg] F(z) = 0. (7.26)

The general solution of this differential equation can be expressed as a linear combination of two
independent solutions: F'(z) = Al7/2(2) + B K7/2(2) where I,(z) and K,(z) are modified Bessel
functions. Since, I, (z) ~ e* for large z, it is clear that to satisfy the boundary condition Ps, (00, s) =
0 (which means F(z — oo) = 0), we need to choose A = 0. Hence we are left with F(2) = BK7/5(2),

where the constant B is determined from the second boundary condition Ps(0,s) = 21/7/(6D). By
reverting to the variable z,,,, we finally get

6D X
Po (2, 8) = 2 % 1+ % T sill KK7/: [J\r/?j) \G} . (7.27)
Y

Now, we are interested in determining the Laplace transform of the marginal density poo(s) =
fooo et poo (tm) dty, Where poo(tm) fo xm, m) dT,,. Taking Laplace transform of this last

relation with respect to t,, gives poo(s fo oo (Zimy 8) ATy Once we know poo(8), we can invert
it to obtain peo(tm,). Since we are mterebted only in the asymptotic tail of ps(ty,), it suffices to
investigate the small s behavior of p.(s). Integrating Eq. over x,, and taking the s — 0
limit, we obtain after some algebra

Doo(8) =1+ % sln(s)+---. (7.28)

We further note that

/00 e 2 Do (tm) dty, = d—gﬁoo(s) ~ 3 (7.29)
0 ds? 5vs’
which can then be inverted to give the following asymptotic behavior for large t,,

Poo(tm) =~ k (7.30)

5yt2,
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Analogously as for (x2)), the moment (t,,) — 0o, due to the power-law tail poo ()  t,.2. Hence
we need to compute (t,,) for large but finite ¢: in this case, the time-dependent solution displays a
scaling behavior

Pilt) =~ poo<tm>g(t’") , (731)

t

where the scaling function g(z) satisfies the conditions g(z < 1) ~ 1 and g(z > 1) = 0.

Much like for the marginal density g;(x.,), we have a power-law tail of p;(t,,) for large
t, that has a cut-off at a scale t}, ~ t, and g(z) is the cut-off function. As in the case of x,,
we do not need the precise form of g(z) to compute the leading term of the first moment (¢,,) =
fooo Dt(tm) tm dty, for large t. Cutting off the integral at ¢, = c1t (where ¢; depends on the precise
form of g(z)) and performing the integration gives

3

t
tm ’:/ tm Poo(tm) dty, ~ — In't, 7.32
(tm) 2 [t ool = £~ (732)

for large ¢, which leads again to a logarithmic divergence in time. Finally, substituting Egs. (7.20)

and (7.32)) in Eq. (7.9)) gives the result announced in Eq. (7.2)).

7.4.2 Scaling arguments

A deeper understanding of the statistical properties of the process would demand knowing
the full distribution Prob(L,t) and Prob(A,t) of the perimeter and area. These seem rather hard
to compute, but one can obtain the asymptotic tails of the distributions by resorting to scaling
arguments. Following the lines of Cauchy’s formula, it is reasonable to assume that for each sample
the perimeter scales as L(t) ~ x,,(t). We have seen that the distribution of x,,(t) has a power-law
tail for large t: qoo(z) ~ ., for large x,,. Then, assuming the scaling L(t) ~ z,,(t) and using
Prob(L,t — 00) dL ~ oo(Ts,) d2p, it follows that at late times the perimeter distribution also has
a power-law tail: Prob(L,t — oco) ~ L~2 for large L. Similarly, using the Cauchy formula for the
area, we can reasonably assume that for each sample A(t) ~ x2,(¢) in the scaling regime. Once
again, using Prob(A,t — 00) dA = ¢oo(Tm) dm, we find that the area distribution also converges,
for large t, to a stationary distribution with a power-law tail: Prob(A,t — oo) ~ A~2 for large A.
Moreover, the logarithmic divergence of the mean area calls for a precise ansatz on the tail of the

area distribution, namely,

Prob(A, 1) — 227D A2h<A) , (7.33)
A1 by Dt
where the scaling function h(z) satisfies the conditions h(z < 1) = 1, and h(z > 1) ~ 0. It is
possible to verify that this is the only scaling compatible with Eq. . These two results are
consistent with the fact that for each sample typically A(t) ~ L%(t) at late times in the scaling
regime. Our scaling predictions are in agreement with our Monte Carlo simulations (see Fig. .
The power-law behaviour of Prob(A,t) implies that the average area is not representative of the
typical behaviour of the epidemic area, which is actually dominated by fluctuations and rare events,

with likelihood given by Eq. (7.33).

7.5 The supercritical regime

When Ry > 1, it is convenient to rewrite Eq. (7.11)) in terms of W(xy,,t) =1 — Q(zm, t):

0 02 )
5 W =D 55 W +7(Ro — YW — 7 RW (7.34)

2
m
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starting from the initial condition W (z,,,0) = 0 for all ,, > 0 (see Fig.[7.3). From Eq. (7.12),
(L(t)) = 2m [;° W (2, t) dxy, is just the area under the curve W(ay,,t) vs. @, up to a factor
2m. As t — oo, the system approaches a stationary state for all Ry > 1, which can be obtained
by setting ;W = 0 in Eq. . For Ry > 1 the stationary solution W (z,,,c0) approaches the
constant 1 — 1/Ry exponentially fast as x,, — 0o, namely, W(z,,,00) — 1 + Ry — exp|[—z.m /&),
with a characteristic length scale £ = \/D/v(Ro — 1). However, for finite but large t, W(z,,,t) as
a function of x,, has a two-step form: it first decreases from 1 to its asymptotic stationary value
1—1/Ry over the length scale £, and then decreases rather sharply from 1 —1/Rg to 0. The frontier
between the stationary asymptotic value 1 —1/Ry (stable) and 0 (unstable) moves forward with time
at constant velocity, thus creating a travelling front at the right end, which separates the stationary
value 1—1/ Ry to the left of the front and 0 to the right. This front advances with a constant velocity
v* that can be estimated using the standard velocity selection principle [20312051245]. Near the front
where the nonlinear term is negligible, the equation admits a travelling front solution: W (x,,,t) ~
exp[—A(zy, — vt)], with a one parameter family of possible velocities v(\) = DX 4+ y(Rg — 1)/A,
parametrized by A. This dispersion relation v(A) has a minimum atA = A* = y/v(Ro — 1)/ D, where
v* = v(\*) = 24/Dy(Ro — 1). According to the standard velocity selection principle [203}205}245|,
for a sufficiently sharp initial condition the system will choose this minimum velocity v*. The width
of the front remains of ~ O(1) at large t. Thus, due to this sharpness of the front, to leading order
for large ¢ one can approximate W (zp,,t) ~ (1—1/Ry)O(v*t — x,,) near the front. Hence, to leading
order for large t one gets (z,,(t)) ~ (1 — 1/Ro)v*t and (x2,) ~ (1 — 1/Rg) (v*t)?. The former gives,
from Eq. (7.7), the result announced in Eq. (7.4). For the mean area in Eq. (7.9), the term (z2,) ~ t2

m
for large t dominates over (t,,) ~ t (which can be neglected), and we get the result announced in

Eq. .

We conclude with an additional remark. In our computations of the mean perimeter and
area, we have averaged over all realizations of the epidemics up to time ¢, including those which are
already absorbed at time ¢. It would also be interesting to consider averages only over the ensemble
of individuals that are still active at time ¢. In this case we expect different scaling laws for the
mean perimeter and the mean area of the convex hull. In particular, in the critical case, we believe
that the behaviour would be much closer to that of a regular Brownian motion.



Chapter 8

Critical catastrophe and beyond

Where there is independence there must be the normal law.

M. Kac, Enigmas of Chance (1987).

8.1 Introduction

The evolution of a collection of individuals subject to reproduction and death can be
effectively explained by the Galton-Watson model [29], if particle-particle correlations and non-linear
effects can be safely neglected. When the death rate is larger than the birth rate, the system is said
to be sub-critical: the population size decreases on average, and the ultimate fate is extinction.
This occurs for instance for nuclear collision cascades, where charged particles are progressively
scattered and absorbed by the medium [1,/29]. When on the contrary the birth rate is larger than
the death rate, such as for bacteria reproducing on a Petri dish [52], the system is said to be
super-critical. In this case, the population size grows on average. However, because of fluctuations
on the number of individuals in the population, a non-trivial finite extinction probability exists
for the whole system [29]. A super-critical regime is typically found also during the early stages
of an epidemic (the so-called ‘outbreak’ phase), where a fast growth of the infected population is
observed, until non-linear effects due to the depletion of susceptible individuals ultimately slow down
the epidemic [62].

In the intermediate regime, the population stays constant on average, and the system is
said to be exactly critical. A prominent example of a system operating at the critical point is
provided by the self-sustaining chains of neutrons in nuclear reactors [4,/32]. Avalanches and self-
organized criticality are other examples of system operating at or close to the critical point. At
the critical or nearly critical regime, fluctuations due to birth and death may become particularly
strong [29]. Assuming without loss of generality that the birth and death rates are Poissonian,
from the Galton-Watson theory it is known that at criticality the total number N(¢) of particles
in the system stays constant on average, i.e., E[N] = Ny, whereas the variance grows in time,
i.e.,, Var[N] = E;[N?] — E}[N] « BNot, where 3 is the birth rate [29]. This immediately implies
that the typical fluctuations of the population size, say +/ Var[N], will become comparable to the
average population size Ny over a time ~ Ny/3. Hence, a critical system will have a characteristic
extinction time of the order of 75 ~ No/B [29]. This quite extreme behaviour has been observed for
instance in avalanche dynamics. In the context of neutron multiplication, the shut-down of a reactor
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operated in the critical regime due to the extinction of the fission chains has been theoretically
investigated and goes under the name of critical catastrophe . However, such observation is in
open contradiction with the experience: the behaviour of nuclear reactors at the critical point is
actually stable. This apparent paradox has been explained by pointing out that including feedback
mechanisms (representing for instance human intervention) in the Galton-Watson model induces a
stabilizing effect acting against the total population fluctuations [4].

The interplay between the fluctuations stemming from birth-death events and those stem-
ming from random displacements will subtly affect the spatial distribution of the particles in such
systems . In particular, it has been shown that at and close to the critical point
a collection of such individuals, although spatially uniform at the initial time, may eventually
display a wild patchiness (see Fig. , with particles closely packed together and empty spaces
nearby [42,[52/[199,[200]. Spatial clustering phenomena have been first identified in connection with
mathematical models of ecological communities , and since then have been thoroughly in-
vestigated for both infinite and finite collections of individuals . Non-uniform
neutron densities in the reactor fuel elements might lead to local peaks in the deposited energy (hot
spots) and represent thus a most unwanted event with respect to the safe operation of nuclear power
plants [246]. In view of the findings concerning the impact of a feedback on the global neutron
population, we might wonder whether imposing a global feedback on the total neutron population
affects also the local spatial behaviour of the particles.

Figure 8.1: Monte Carlo simulation of the evolution of a collection of particles in a two-dimensional
box. The particles are prepared at ¢ = 0 on a uniform spatial distribution. In case a), particles
follow regular Brownian motions: as time increases, positions are shuffled by diffusion, but the spatial
distribution of the particles stays uniform. In case b), particles follow a branching Brownian motion
with equal birth and death rates: as time increases, the population undergoes large fluctuations, and
the particle density displays a wild patchiness. Eventually, the entire population goes to extinction.

8.2 A prototype model of nuclear reactor

To fix the ideas, here we will focus on the widely used light-water reactors. The nuclear
fuel is made of uranium, arranged in a regular lattice and plunged in light water. A fission chain
begins with a neutron emitted at high energy from a fission event (see Fig. . The neutron enters
the surrounding water, slows down towards thermal equilibrium, and then starts diffusing. If the
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Control rod

Water Water Water Water

Figure 8.2: Simplified scheme of neutron propagation within a nuclear reactor. A fission chain
begins with a source neutron (marked with S in the figure) born from a fission event in the fuel.
The neutron diffuses in the water and may eventually come back to a fuel element. Then, it can either
be absorbed (these events are marked by magenta circles), in which case the trajectory terminates;
or it can give rise to a new fission, upon which additional neutrons are set free (these events are
marked in green), and the fission chain is kept alive. The system is operated at the critical point
when the average net number of neutrons produced at fission is exactly compensated by the losses
by absorptions. A control rod can absorb the excess neutrons so as to adjust the total population
and enforce the critical regime.

neutron eventually re-enters the fuel, it may i) be absorbed on the 238U isotope of uranium, in which
case the chain is terminated; or ii) give rise to a new fission event by colliding with the 23°U fissile
isotope, whereupon a random number of high-energy neutrons are emitted. The water surrounding
the fuel lattice acts as a reflector and prevents the neutrons from escaping from the core. A number
of control rods are inserted into the core, with the aim of absorbing the excess neutrons and keep the
population constant (this ensures a constant power output). When the neutron population grows,
the control rods are inserted more deeply into the core, slowing down the chain reaction. On the
contrary, when the population decreases, the control rods are raised, accelerating the chain reaction.

The energy- and spatial-dependent behaviour of a nuclear reactor can be fully assessed only
by resorting to large-scale numerical simulations including a realistic description of the heterogeneous
geometry [30,246]. However, here we will introduce a simplified prototype model of a nuclear reactor
that yet retains all the key ingredients of a real system.

We will assume that the reactor can be represented as a collection of N neutrons undergoing
diffusion, reproduction and absorption within an homogeneous d-dimensional box of finite volume
V', with reflecting (mass-preserving) boundaries. It is reasonable to require that the initial neutron
population has a uniform spatial distribution. The stochastic paths of neutrons are known to follow
position- and velocity-dependent exponential flights [4]. For our model, we approximate these paths
by d-dimensional branching Brownian motions with a constant diffusion coefficient D. The diffusing
walker undergoes absorption at rate v and reproduction at rate $. In this latter case, the neutron
disappears and is replaced by a random number i of descendants, distributed according to a law p;
with average v; = ), ip;. In order for the reactor to be exactly critical, we must have v = f(v; —1).

8.3 Fluctuations at criticality

Clustering phenomena have been mostly analysed either in the thermodynamic limit (V' —
oo and N — oo, with finite N/V [44},/53]) or in unbounded domains with finite N [199,200]. A re-
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alistic description of actual physical systems demands however that the effects due to the finiteness
of the viable volume V be explicitly taken into account. We will show that a neutron population
within a finite-size reactor at the critical regime will ultimately undergo wild spatial fluctuations
over the entire volume when population control is not applied. Population control may be enforced
by imposing that the total number N of neutrons is preserved. The simplest way to impose such re-
quirement is to correlate reproduction and absorption events: at each fission, a neutron disappears
and is replaced by a random number ¢ > 1 of descendants, and ¢ — 1 other neutrons are simul-
taneously removed from the collection in order to ensure the conservation of total population (see
Fig.|8.3). This mechanism has been first introduced in the context of theoretical ecology (with binary
branching), where similar large-scale constraints such as limited food resources have been shown to
quench the wild fluctuations in the number of individuals that are expected for an unconstrained
community [199}200].

without population
control

t

with population
control

ty to ts t

Figure 8.3: The evolution of a collection of critical branching random walks with binary fission.
At time t = 0, N = 3 particles are present, and the system is observed at successive times t; <
ty < t3 < tg. Top. When population control is not enforced, the number of particles present at the
observation times fluctuates because births and deaths occur at random instants. Bottom. When
population control is enforced, at each fission event a neutron is randomly chosen and removed,
which exactly preserves N: at observation times, the total population is constant.

Let us denote by n(x;,t) the instantaneous density of neutrons located at x; at time ¢. For
a critical reactor, the average neutron density at a point x; reads

ci(x;) = Eyn(xi,t)] = N/dx(]Q(X(])gt(Xi;x(])' (8.1)

Here q is the spatial probability distribution function of the neutrons at time ¢ = 0, and G;(x;x¢) is
the Green’s function satisfying the backward equation

%gm x0) = DV2, Gy (x: x0), (8.2)



116 8.3 Fluctuations at criticality

with the boundary conditions of the problem at hand. Note that at criticality the average neutron
density becomes indistinguishable from that of N regular Brownian particles. This result holds true
independently of whether population control is applied. For an initial uniform source of particles
g = 1/V, it immediately follows that for a collection of N critical branching Brownian motions we
simply have a uniform average density c:(x;) = N/V, at any time.

In order to probe the spatial inhomogeneities of the neutron population due to clustering,
we must therefore go beyond the average behaviour. A fundamental tool is provided by the two-point
(or pair) correlation function hy(x;,x;) between positions x; and x;, namely, the average density of
pairs with the former particle in x; and the latter in x;. This quantity is proportional to the joint
probability density for x; and x;. For N independent random walkers (in absence of branching and
death) we simply have

hi(xi, x;) = N(N — 1) / dxoq(x0)Gs (x4 Xo) / dx0a(x0)Gr (3 %0). (3.3)

In particular, if the particles are uniformly distributed, h{(x;,x;,t) = N(N—1)/V?2. More generally,
the spatial shape of h:(x;,x;) conveys information on the correlation range, whereas its amplitude
is proportional to the correlation strength. A flat shape implies that the correlations have the
same intensity everywhere; on the contrary, the presence of a peak at x; ~ x; reflects the increased
probability of finding particles lying at short distances, which is the signature of spatial clustering [42,
52,53]. A closely related quantity is the average square distance between particles, i.e.,

_ [ dx; [ dxj|x; —x;|*he(x4, %)
dei deiht(Xian) ,

which is to be compared to the ideal average square distance of an uncorrelated population uniformly
distributed in the available volume, namely,

(r)(1) (8.4)

1 d
<712>id = W /dxi/dxj|xi - Xj|2 = EV%, (85)

where d denotes spatial dimension. Deviations of (r2?)(t) from the reference value (r?);; allow
detecting spatial effects due to clustering [199}/200].

Analysis of the model detailed above shows that the population dynamics is governed
by two distinct time scales: a mixing time 7p o< V?/¢/D and an extinction time 75 o< 8/N. The
quantity 7p physically represents the time over which a particle has explored the finite viable volume
V' by diffusion. Observe that the emergence of the time scale 7p is a distinct feature of confined
geometries having a finite spatial size: for unbounded domains, 7p — oco. The quantity 7z has a
different meaning according to whether population control is imposed [199]. For a free system, 7g
represents the time over which the fluctuations due to births and deaths lead to the extinction of
the whole population. For a constrained system, 7z represents the time over which the system has
undergone a population renewal, and all the individuals descend from a single common ancestor.
When the concentration N/V of individuals in the population is large (and the system is spatially
bounded), it is reasonable to assume that 7m > 7p. Intuitively, the precise shape of the pair
correlation function must then depend on the subtle interplay of 7p and 7. Moreover, the pair
correlation function will depend on whether population control is applied or not. In the following,
we will denote by h{ (x4,%;) the pair correlation function for the case without population control,
and h{(x;,x;) for the case with population control.

The function h{ (x4,%;) for an exactly critical free system has been derived in Sec.
and can be written as hj = h,gf’l) + h§f72), where h,(ff’l)(xi, x;) = hi(x;,x;) is the contribution from
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uncorrelated trajectories, and

t
hgf’Q)(xi,Xj) :/BVQN/ dt’/ dx/gt,t/(xi;X')gt,t/(xj;x’)/dxoq(xo)gé(x/;xo) (8.6)
0 Vv

is the contribution of the trajectories leading from the final positions at x; and x; at time ¢ to the
fission point x” at time ¢’. The coefficient vy = )", i(i — 1) p; is the mean number of pairs created at
each collision [26]. Imposing a uniform spatial distribution ¢ = 1/V finally yields

N(N -1)
V2

The integral of the Green’s function appearing in Eq. is unbounded, so that at long times the
amplitude of the correlations is expected to diverge.

The pair correlation function h® can be computed by closely following the arguments de-
veloped in [200]. Actually, the reactor model described above is basically identical to that proposed
in [200], but for boundary conditions (neutrons evolve in a confined geometry, whereas in [200] the
viable space was unbounded) and initial conditions (in [200], all the particles were located at the
same point at ¢t = 0, whereas here the spatial distribution p of the individuals at ¢ = 0 is arbitrary).
Let us choose a pair of (distinct) neutrons located at x; and x; at time ¢. These neutrons may,
or may not, have had a common ancestor (from a branching event) at a previous time 0 < ¢’ < t.
Because of particle number conservation, the fraction of new particle pairs created in the time in-
terval (¢',t' + dt) is B,dt = Pradt/(N — 1), obtained as the ratio of the new particle pairs created
in the time interval, i.e., Sro Ndt/2, to the total number of pairs N(N — 1)/2. The probability for
a chosen pair of particles at time ¢ not to have had a common ancestor is U(t) = e~?#*, so that the
probability density for the ancestor to occur at time ¢’ for a particle pair observed at t is

) = By ik = By 0. (5.8)
The function h{(x;,x;) can be again written as hf = h§0’1>+h§“2), where hgc’l) (xi,%x5) = U(t) hi(x;,x;)
is the contribution of neutrons having evolved freely with no common ancestors. The correlated con-
tribution reads

t
h{(xi7xj) = + BVQN/O dt'Gop (x4 %;). (8.7)

¢
h,(fc’Q)(xi,xj) = N(N — 1)/dt’/vdx’gt,tr(xi;x’)gt,t/(xj;x')wt(t')/dxoq(xo)gt/(xl;xo). (8.9)
0

where N(N — 1)y,(¢')dt’ is the number of ordered particle pairs at time ¢ that have a common
ancestor in the time interval (¢',t' + dt’). The pair correlation function finally yields

N(N-1)
V2
when imposing ¢ = 1/V. The integral of the Green’s function appearing in Eq. is bounded

thanks to the exponential term, and at long times the correlation function converges to an asymptotic
shape.

hi(xi,x;) =

N [t ,
e+ B / dt'e= Goy (xi3 %) (8.10)
0

The specific shape of the correlation functions depends on the Green’s function, which can
be computed once the dimension, geometry and boundary conditions of the problems have been
assigned. The average square distance can be then obtained by direct integration by following
Eq. Once h,{ "“(x;,%;) has been determined, it is customary to introduce the normalized and
centered pair correlation function, in the form

h(xi, %5) — eo(xi)ee(x;)

ce(xi) e (x5

gtﬁc(xiaxj) = ) (811)
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which allows more easily comparing the amplitude of the typical spatial fluctuations to the average
particle density.

8.4 A critical fuel rod

0.7 0.2

gf(l‘i,l'j, t)
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Figure 8.4: The normalized and centered pair correlation function gtf “(x;, ;) for a collection of
N = 10% branching Brownian motions with diffusion coefficient D = 1072, death rate v = 1/2 and
binary reproduction rate 8 = 1/2, in a one-dimensional box of half-size L = 1. We take z; = 0
and plot g/ (;, x;j) with respect to x; at successive times t = 1 (blue squares), ¢t = 10 (red circles)
and t = 40 (green stars). Symbols correspond to Monte Carlo simulations with 10° ensembles,
solid lines to exact solutions (Egs. and respectively). Left. For the case of a free system,
g{c (x;,z;) initially develops a peak at x; = x; = 0, which is the signature of particles undergoing
spatial clustering. At later times, gtf (x;,x;) takes an asymptotic spatial shape, and is translated
upwards by a spatially uniform term growing linearly in time. Right. For the case of a system with
population control, gf(x;,x;) initially develops again a peak at x; = x; = 0. Because of particle
number conservation, an increased correlation about x; = 0 implies negative correlations close to
x; = £L. At later times, gf(z;, ¥;) converges to an asymptotic spatial shape g (;, ;) (Eq. [A.65)),
displayed as a black dashed curve.

For the purpose of physical analysis and illustration, let us consider a collection of N = 102
neutrons subject to diffusion, reproduction and death in a fuel rod, i.e., a one-dimensional bounded
box [~L, L], with L = 1 (thus, V = 2). To fix the ideas, we will set a diffusion coefficient D = 1072,
death rate v = 1/2 and binary reproduction rate 8 = 1/2. For this system, the mixing time reads
Tp =~ 40.5 and the extinction time reads 75 ~ 102 (hence 7p < Tg; see Appendix . The initial
condition for the neutron population is a uniform spatial distribution on [—L, L]. In Fig. [8.4] we
display the behaviour of the normalized and centered pair correlation functions g/ (z;, x;) (left) and
g5 (x;, x;) (right) at successive times (their explicit expressions are reported in Appendix . We
set z; = 0 and plot g{"“(x;,z;) as a function of —L < z; < L. Solid curves represent the exact
results given in Egs. and respectively, at three increasing times t = 1, t = 10 and ¢ = 40.
Symbols represent Monte Carlo simulations performed with 10° ensembles of 102 neutrons.

For the free system, the pair correlation function gtf (z;, ;) has three distinct regimes.
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Figure 8.5: The average square distance between particles (r?) ¢ .(¢) for the one-dimensional model
with N = 102 neutrons, death rate v = 1/2 and binary reproduction rate 3 = 1/2, D = 10~2 and
L = 1. The blue solid curve corresponds to the free case: at long times, (r?);(t) asymptotically
converges to the ideal average square distance (r?);; = (2/3)L? for a spatially uniform population,
which is displayed as a blue dashed line. The red solid line corresponds to the case of population
control: at long times, (r?).(¢) asymptotically converges to the value (r?)%° given in Eq. which
is displayed as a red dashed line.

Immediately after the initial time, gtf (x;,x;) displays a peak at short distances x; ~ z;, which
mirrors the effects of local fluctuations responsible for spatial clustering. The amplitude of the
peak is proportional to the ratio 7p/7r o< BL?/(ND) (see Eq. , which precisely reflects the
competition between migration and reproduction: the amplitude is larger for larger D and smaller
B (for fixed L and N), and viceversa. The width of the peak, which is related to the correlation
length of the system, is governed by diffusion, and is a growing function of D. For the limit case
of non-diffusing particles (D — 0), g{ (x;,z;) would display a delta-like behaviour at x; = z;, as
expected on physical grounds: for long times, all the descendant particles have died, except for a
few point-like clusters composed of a very large number of individuals. For times shorter than the
mixing time 7p, the amplitude of the peak grows due to births and deaths dominating over diffusion,
whereas its width increases due to diffusion. When ¢t > 7p, the particles have explored the entire
volume, and the tent-like shape of gtf (x;, ;) freezes into its asymptotic behaviour (see Eq. .

The total number of neutrons in the reactor also undergoes global fluctuations due to the
absence of population control and to N being finite. These global fluctuations progressively lift
upwards the shape of g{ (z;, x;) by a spatially flat term that diverges linearly in time as ~ Svot/N
(see Eq. . Finally, for times larger than the extinction time 7z, g{(mi, xj) > 1 (see Eq. .
This physically means that, no matter how dense is the system is at time ¢ = 0, global spatial
fluctuations affect the whole volume with uniform (and increasing) intensity, and the neutrons are
eventually doomed to extinction within a time ¢ ~ N/(fBv2) in the absence of population control
(see Fig. [8.3).

The average square distance between particles for the free system is displayed in Fig. 8.5}
at time ¢ = 0, the population is uniformly distributed and (r?) ;(0) = (r?);4 = (2/3)L?. Immediately
afterwards, (r?)(t) starts to decrease due to spatial clustering. For times longer than 7p, global
fluctuations dominate, and correlations range over the whole box. Then, (r?)(¢) increases and
asymptotically saturates again to the ideal average square distance: this can by understood by
observing that hi (z;, xj) becomes spatially flat for ¢t > 7.
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Figure 8.6: Monte Carlo simulation of the evolution of N = 2 x 103 branching Brownian motions in
a two-dimensional box of volume V' = 4, subject to population control. The particles are prepared
at t = 0 on a uniform spatial distribution, with specific square separation distance (r?);;/N =~
6.67 x 10~*. In case a), the migration area is ¢% = 1073: the ratio ¢4 /((r?);q/N) ~ 1.5 is small and
clustering phenomena dominate over diffusion (however, since the total particle number is preserved,
the population can not go to extinction). In case b), the migration area is 634 = 1072 the ratio
0% /((r*)ia/N) ~ 15 is large and spatial fluctuations are much milder.

When population control is enforced, the pair correlation function gf (z;, ;) has two distinct
regimes. Immediately after the initial time, spatial clustering effects are again reflected in a peak
at short distances z; ~ x; for gf(x;,x;). The amplitude and the width of the peak have the same
behaviour as for the free system detailed above. However, due to the conservation of the number
of particles, the positive correlations at the center of the box imply now negative correlations close
to the boundaries x; = +L. For times shorter than the mixing time 7p, the amplitude of the peak
grows and its width increases as in the previous case. Global spatial fluctuations are intrinsically
suppressed by N being fixed due to population control. For times larger than 7p, g7 (x;, x;) converges
to an asymptotic spatial shape g5 (i, x;) (see Eq. . In this regime, the amplitude of the pair
correlation function is bounded by (see Eq.

c %
|95 (i, 25)| < é, (8.12)

where 634 = D/ is the characteristic migration area of the particles, i.e., the square distance explored
by diffusion during a generation, and ¢2 = (r?);4/N is the specific square separation distance between
neutrons corresponding to a uniform spatial distribution within the finite box . In order for the
fluctuations to be small and prevent the emergence of spatial clustering, we must therefore have
834 > (2, which occurs when the typical separation between particles is thoroughly explored within
a single generation (see Fig. for a numerical illustration). Observe that the equilibrium condition
for a reactor to be operated at the critical point does not depend on the total neutron population
N: therefore, in a system with population control, spatial clustering can be quenched by simply
imposing that N is sufficiently large, namely, N > (r?);q/0%.

The average square distance between particles for the system with population control is
displayed in Fig. at time ¢ = 0, the population is uniformly distributed and we recover (r?).(0) =
(r?);q = (2/3)L%. Tmmediately afterwards, (r2).(t) starts to decrease due to the competition between
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diffusion and birth-death. For times longer than 7p, (r?).(t) converges to the asymptotic value

D 2D ApL?
2\c0 __ 7: 2 _ _ p
(r)e —thm (r¥)e(t) _4)\;; ll 1/>\pL2 tanh( 5 )

which generalizes to confined geometries the findings for unbounded domains derived in [200] (see|A.3)).

, (8.13)

8.5 Supercritical and subcritical regime

Consider again the one-dimensional reflected fuel rod of the previous Section and assume
now that the system is not critical, i.e., v # B(v1 — 1), and evolves without population control. In
order to keep notation to a minimum, the f superscript will be dropped. When the initial particle
distribution is uniform, namely, ¢(xg) = 1/2L, the concentration can be readily obtained from
Eq. , and yields
N aot
T (8.14)
where ag = (1 —1) —7 is the fundamental eigenvalue in the eigenfunction expansion for the Green’s
function (see Appendix . Then, the concentration is independent of x; and its amplitude grows
or shrinks exponentially in time, at a rate ag, regardless of the size of the box. If f(v; — 1) > , the
concentration grows unbounded (ag > 0), and for S(v1 — 1) <+ it shrinks to zero (ag < 0). As for
the pair correlation function, from Eq. we get

ci(x;) =

67/ 1— e*aot Cu St e(2akfocg)t -1
ge(wi, ;) = 72 {T +2Le~ " Z m@k(%)sﬁk(%)}a (8.15)
k=1
with
k‘2
ap=——+B(n —1)—7 (8.16)
™D
and ) I
or(z) = i3 cos <k7r2_Lx> (8.17)

for k > 1 [191}1247].
Correlations trivially vanish when 8 = 0. By averaging Eq. (8.15) over the box, we obtain

1 Lok Bra 1 — et
dogde; gy (zi,2;) = 222 —¢ 1
(2L)2 /,L/,L zidigu(@s, 1) = S — (8.18)

which means that the fluctuations affecting the total number of particles contained in the box
(regardless of their positions) will saturate exponentially fast to a constant for positive ag, and
will diverge exponentially fast for negative ay. The analysis of the spatial behaviour of Eq.
demands a closer inspection. By taking the Laplace transform of Eq. and replacing the

eigenvalues defined in Eq. (8.16)), from Eq. (5.53) we get

Brs 1 1[ > 2L
S(as, ;) = 22 “h Y (s } 8.19
9s(wi, x5) N ag+ss + D £ o%2 +STD@k($ )or(z;) ( )

It is apparent that the quantity s7p is key to characterizing the space-dependent portion of gs(z;, ;).
In particular, due to the competition between the birth-death rate oy and the mixing time 7p, we
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Figure 8.7: The pair correlation function g;(x;,z; = 0) for N = 100 particles in a one-dimensional
box of half-side L with reflecting boundaries. The diffusion coefficient is D = 1072. The mixing
time reads 7p ~ 40.5. Left. The death rate is v = 0.45 and binary reproduction rate is g = 0.55
(supercritical regime). The pair correlation function is displayed at times ¢t = 1 (blue), t = 5 (red),
t = 20 (green), and t = 30 (black). Solid lines correspond to numerical integration, symbols to
Monte Carlo simulations with 10° realizations. The dashed line represents the asymptotic limit.
Right. The death rate is v = 0.55 and binary reproduction rate is § = 0.45 (subcritical regime).
The pair correlation function is displayed at times ¢ = 1 (blue), t = 5 (red), t = 10 (green), and
t = 20 (black). Solid lines correspond to numerical integration, symbols to Monte Carlo simulations
with 10° realizations.

expect the pair correlation function to display a rich behaviour. This is confirmed by numerical
calculations: for illustration, we have computed g;(x;,x;) for supercritical (Fig. left) and sub-
critical (Fig. right) regimes and we have compared it to Monte Carlo simulations. In order
to gain some physical insight, it is useful to single out distinct time scales. For stp < 1, i.e., for
times longer than the mixing time scale 7p, the second term between square brackets in Eq.
vanishes, and we have

ﬁyg 1 1
N ap+ss

gs(wi, ;) ~ (8.20)

Then, by taking the inverse Laplace transform, we recognize that the pair correlation function is
spatially flat and asymptotically behaves as

ge(xi, xj) ~ ]’3220 (1—e ). (8.21)

This basically means that in this regime the system is behaving as a whole, and fluctuations affect

any spatial scale. For positive g, correlations at long times converge exponentially fast to a con-

stant value, namely, gi— o0 (i, ;) — Bra/Nag, which is small for large N (see Fig. left); yet,

correlations may be relevant (i.e., gi(z;, ;) > 1) whenever the initial number of particles is rela-

tively small, namely, N < vo/(v1 — 1). For negative «y, correlations at long times grow unbounded
exponentially fast (see Fig. right).

In the limit s7p > 1, i.e., for times shorter than 7p, the terms between square brackets

in Eq. become important, and gs(z;, ;) has a non-trivial spatial shape. In this regime, the
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infinite sum in Eq. (8.19) can be approximated by an integral by resorting to the Euler-Maclaurin
formula, which leads to the closed-form expression

w75 (2L—|z;tx;|)
o CLoleitel)

z . (8.22)

us
2

ﬂVQ 1 1w 57—D|: _x JFp Tzl
NG -5 e
N ay+ss2\ 2

gs(zi, @) ~ V72T e
For any given frequency s, gs(x;,x;) displays a tent-like shape, symmetrical with respect to the line
x; = z;. For fixed x;, gs(z;,z;) has a maximum at z; = z;. By virtue of the physical meaning
of the pair correlation function, this behaviour reflects an enhanced probability of finding a pair of
particles close to each other, which is the signature of clustering. Along the line z; = z;, gs(x;, x;)
is symmetrical with respect to x; = z; = 0, where the function has a minimum, and the two global
maxima are reached at the corners x; = x; = =L, which means that short-distance correlations are
stronger when both particles are close to the boundaries of the box. Observe in particular that the
short distance correlations for z; >~ x; ~ £L (i.e., close to the boundaries) are twice as big as for
x; ~ x; ~ 0 (Le., at the center of the box).

Since sTp > 1, the exponential terms in Eq. are rapidly decaying, so that we expect
the relevant contributions to the correlations to come from particles being not too far apart, namely,
|z; — z;|/L < 1. By choosing x; ~ z; ~ 0, which corresponds to short-distance correlations at the
center of the box, g;(z;, ;) can be obtained by inverting the Laplace transform, and reads

Vol T
ge(xi, xj) ~ %5 \/;Toe*aoterﬁ(\/aot), (8.23)

where erfi(z) is the imaginary error function [224]. In this regime, particles at the center of the box
are not aware, yet, of the presence of the boundaries, so that we consistently recover the square root
behaviour typical of one-dimensional critical systems in the thermodynamic limit (see Sec. .
For ag # 0, when |ag|Tp < 1, i.e., when the growth rate due to reproduction and disappearance is
much shorter than that of mixing, then the short-distance correlations at the center of the box at
early time yield again

Bl/g s

independent of a, because particles in this regime are not sensitive to the fluctuations due to births
and deaths. When on the contrary |ag|7p > 1, the effects due to reproduction and disappearance
are in competition with mixing, and at longer times 1/|ag| < t < 7p the short-distance correlations
at the center of the box yield

By | e” ot 1 7™
)~ 22T - : 8.25
9e(wi; z;) N 2 2|ao| +Oéo V2t (8:25)
™D

8.6 The importance of delayed neutrons

In the simple reactor model described above, we have neglected the contribution of delayed
neutrons. Actually, the fission fragments are usually left on an excited state and may later decay by
a 0~ nuclear reaction: the energy release on S-transformation is however in a number of cases suffi-
ciently great to excite the product nucleus to a point where a supplementary high-energy neutron is
sent out into the system. Since these extra neutrons are emitted after a (Poissonian) decay time of
the excited states, they are labelled as delayed. By opposition, the neutrons emitted almost instan-
taneously at fission are labelled as prompt. Both prompt and delayed neutrons initiate new fission
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Figure 8.8: A scheme of the multi-type branching process involving neutrons and precursors, with
the associated transition rates.

chains. We will assume that fission can be modelled as a multi-type Galton-Watson reproduction
process [29]: the parent neutron disappears and is replaced by a random number 4 of identical and
independent prompt neutrons, behaving as the parent particle, and a random number j of so-called
precursors. The precursors conceptually represent the delayed neutrons being in a ‘virtual state’
before the nuclear decay of the fission fragments. There exists a joint probability P; ; of generating ¢
neutrons and j precursors at the fission event, the realization {7, j} being possibly correlated [4}32].
We will denote by A the decay rate of the nuclear reaction, upon which the precursors disappear
to give rise to a delayed neutron. In the following, we will examine the impact of the precursor
population on the neutron fluctuations. In order to keep the notation burden to a minimum, we will
focus on an unbounded medium without population control.

8.6.1 Statistical behaviour of the total populations

Let us initially consider the evolution of the whole neutron and precursor populations, by
ignoring the spatial effects. The analysis of multi-type branching processes could be carried out
by resorting to the backward evolution equations, as done in the previous Chapters [32]. However,
here we will rather follow the forward approach, which allows more easily taking into account the
presence of the initial particle distribution. The system dynamics can be formulated in terms of
the transition rates between different discrete states of a two-dimensional Markov chain. Consider
a state composed of n neutrons and m precursors at time ¢. Then, the system

(i) has a transition {n,m} — {n — 1, m} with rate yn,
(ii) has a transition {n,m} — {n —1+14,m + j} with rate §8; jn = 5P, ;n,
(iii) has a transition {n,m} — {n + 1, m — 1} with rate Am.

A scheme of the transitions between n and m is sketched in Fig. B8] Following these definitions,
the forward master equation for the probability P;(n, m) that at time ¢ the system contains exactly
n neutrons and m precursors is given by

%Pt(n,m) = —ynPi(n,m) — AmPi(n,m) + A(m+ 1)P;(n—1,m+1)
_ Zﬂi,jnﬂ(n,m) +y(n+1D)P(n+1,m) + Zﬂm(n +1-9)P(n+1—i,m—j). (8.26)

i, %,
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8.6.2 Average number of particles

By algebraic manipulations, from the master equation we can derive the evolution equations
for the moments (see Appendix|A.4.1)). For the average number of particles (n(t)) = >_, , nPi(n,m)
and (m(t)) = >, ,, mPi(n,m), we get in particular the system

2 4n(1)) = (0 — Brm) (1) + Mm(1)
2 (1)) = Brmin(t)) ~ Am(®), (8.27)

where we have introduced the average number
vn =Y iP, (8.28)
(2]
of prompt neutrons instantaneously emitted per reproduction event and the average number

0,J

of precursors created per reproduction event. The ratio v,,/(v, + v,,) for water-moderated reactors
is about 0.6% [30]. The quantity p = (v + Vs — 1) — 7 physically represents the net reactivity
of the system per unit time [30], i.e., the difference between the production rate and the loss rate.
For safety reasons, the net reactivity of nuclear reactors is typically weak, in the form of small
perturbations around p = 0: this is usually imposed by varying the position of the control elements
in the core, which increases or decreases the neutron absorption within the nuclear reactor [30]. The
system is said to be super-critical if p > 0, sub-critical if p < 0, and exactly critical if p = 0.

The evolution of (n(t)) and (m(t)) is fully determined by assigning the initial conditions
(n(0)) = ng and (m(0)) = mg. Nuclear reactors are operated at and close to the critical point, so that
it is convenient to assume that at time ¢ = 0 the average neutron and precursor populations are at
equilibrium with zero reactivity: this condition is achieved by setting 9;(n(t))|t=o = O¢{(m(t))|t=0 = 0,
which yields Sv,ng = Amg. The quantity ¥ = \/(Bv,,) physically represents the ratio between the
rate at which precursors disappear by giving rise to delayed neutrons and the rate at which precursors
are created by fission events. In the following, we will always assume that the system is prepared on
a zero-reactivity equilibrium configuration at time ¢t = 0, i.e., ng = ¥myg, which implies the initial
conditions

o

(n(0)) = no,  (m(0)) = -5 (8.30)

Actually, one could consider more generally a configuration where precursors are initially absent,
and a neutron source is present at time ¢ = 0. In this case, precursors will be created by fission. If
the net reactivity of the system is zero, the number of neutrons will level off to a constant asymptotic
value, and so will the number of precursors (see Appendix . Once equilibrium is attained, one
can verify that the ratio between the neutron and precursor population is again . In this respect,
the main advantage of choosing an initial equilibrium configuration for the two populations is that
it allows neglecting the convergence towards the asymptotic equilibrium.

Equations can be solved exactly (see Appendix . If the net reactivity is weak,
as required above, expanding in small powers of |p| yields the asymptotic solutions

(n(t)) ~ nOLMth

1+
1 _
(m(t)) = mo 0=V gut (8.31)

1+ ’
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Figure 8.9: Evolution of the average neutron population (n(¢)) (top) and the average precursor
population (m(t)) (bottom), starting from a zero-reactivity equilibrium condition. Solid lines are the
exact solutions in Egs. , and dashed lines are the asymptotic solutions provided in Egs. .
The parameters are the following: ng = 103, ¥ = 8.333 x 1073, Bv,,, = 1.2 and A = 1072, Red curves
correspond to a supercritical reactor with p = 5 x 1073, green curves correspond to a subcritical
reactor with p = —5 x 1073, and blue curves correspond to an exactly critical reactor with p = 0.

for long times, where

)

eI’

(8.32)
is the characteristic reactor period, and for the sake of convenience we have introduced the rescaled
reactivity

p 1

The sign of the period w depends on the net reactivity: for p > 0, w > 0 and the average populations
asymptotically diverge in time; for p < 0, w < 0 and the average populations asymptotically shrink
to zero; for p = 0, w = 0 and the populations stay exactly constant in time. For the three cases, the
ratio

~9(1 +¢) (8.34)

converges to a constant for long times.

Equations are very effective in approximating the exact behaviour of the average
neutron and precursor densities in the weak reactivity regime (see Fig. for a numerical example).
The accuracy of the approximation increases with decreasing . For typical nuclear systems, the
coefficient ¥ is rather small, about ¥ ~ 10~3 [30|, which follows from the strong separation between
the rate at which precursors are created (8v,,) and the rate at which precursors are converted to
delayed neutrons (A). This implies that at equilibrium the initial precursor population mgo = ng/9
is much larger than the initial neutron population ny. Under this assumption, Egs. basically
say that the average densities have an almost instantaneous jump ng — no(l + 9 + ¢)/(1 + 9)
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and mg — mo(l + 9 — J¢)/(1 + 9), respectively, followed by an exponential growth or decrease
(depending on the sign of p) with an identical period w. This result is due to the strong separation
of the characteristic time scales of the system for small ¥ (see Appendix , and is coherent
with the classical results for average observables in reactor physics [30]. Indeed, when ¥ is small,
precursors have a buffering effect on the evolution of the neutron population: this can be understood

by summing up Egs. (8.27)), which yields

0

¢ L)) + (m())] = p(n(t)). (8.35)
Then, from Eq. (8.34) at the leading order we have

1490
g ot

which implies that reactivity p is slowed down by a factor 9 for small values of this parameter.

If the neutron and precursor populations were fully decoupled, and the reactor were to be
run based on prompt neutrons alone (3, P; j = 0,0, so that v, = 0, and A = 0 for any myg), the net
reactivity would be p, = B(v,, — 1) — v, and we would have

(n(t)) = p(n(t)), (8.36)

(n(t))p = noer" (8.37)

with wy, = p,. We have used the subscript p to denote quantities related to purely prompt systems.
Since vy, < vy, then p, ~ p, whence also w, ~ w/¥. By inspection, we thus have (n(t)) ~ (n(9t)),
in the weak reactivity regime. In other words, in the presence of precursors the time at which the
neutron population exponentially grows or shrinks is rescaled by a factor t — ¥¢, with ¥ < 1. We
rediscover here that delayed neutrons, despite their very small number, are therefore essential for
reactor control thanks to the buffering effect of precursors [30].

8.6.3 Equations for the second moments

It is customary to introduce the normalized and centered second moments, in the form

(8.38)

(8.39)

w(t) = tm () — . (8.40)

The evolution equations for these quantities are derived in Appendix and read

O = a2y, Aoera -t (5,45, LN

atu(t) = 2Xt () + 2Xt t) + =0 <ﬂ )+ Bum + ” p) , (8.41)

0 A A

&’U(t) = 5VthU(t) — (Xt + BVth> 'U(t) + ;’W(t) + <n;lt)> (ﬁl/nmxt - BVth - A) ) (842)
&w(t) = 2Bvm X0 (t) — 2Bvmxw(t) + @ (ﬁuff)xtz + BumX? + /\Xt) , (8.43)



128 8.6 The importance of delayed neutrons

12 , . ; . : 1
08|
1 —~ 06
Rl
Nat
= oaf
o8f i 02r r—-'—'_"—w———-—'_",
===
o= ; . . . .
— 0 0.5 1 15 2 25 3
Z o6} x 10"
3
e
eI~
05 1 15 2 25 3

Figure 8.10: Left. Evolution of the normalized and centered second moment of the neutron popula-
tion u(t), starting from a zero-reactivity equilibrium condition. Solid lines are the numerical solu-
tions of the exact Eq. , and dashed lines are the asymptotic solutions provided in Eqgs.
and (B.51). Right. Evolution of the normalized and centered second moments v(t) (top) and w(t)
(bottom), starting from a zero-reactivity equilibrium condition. Solid lines are the numerical solu-
tions of the exact Egs. (8.42)) and (8.43)), respectively, and dashed lines are the asymptotic solutions
provided in Eq. (8.47) (Eq. (8.52) for the critical case) and Eq. (Eq. for the critical
case), respectively, for small reactivities and ¥ < 1. The parameters are the following: ng = 102,
¥ =28.333x1073, v, = 1.2, A = 1072, V,(,Z) =2, Upm = 2.4%x 1072 and 1/7(3) =4 x1073. Red curves
correspond to a supercritical reactor with p = 5 x 1073, green curves correspond to a subcritical
reactor with p = —5 x 1073, and blue curves correspond to an exactly critical reactor with p = 0.
The dotted-dashed black lines correspond to the asymptotic values uy, = Voo = Weo expected for
the supercritical configuration, as given in Eq. .

where we have defined the factorial moments

v =i - 1Py, v => (- 1P (8.44)
i.j

%,
and the cross-moment

Vnm = Z ij P, (8.45)
4,7

and we have set x; = (n(t))/(m(t)). The initial conditions are «(0) = 0, v(0) = 0, and w(0) = 0.

Even though Egs. (8.41)), (8.42) and (8.43) can be solved exactly, it is more instructive
to focus on their long time behaviour, which is more appropriate for the physical analysis. The
asymptotic expansion for small |p| and small ¢ is detailed in Appendix In particular, under
this assumption we can replace y; ~ 9(1 + €). By retaining the leading order terms, for long times
we have

_A(l— ) +9(3A +2B)

u(t) ot Bum V2(A+2B+C) 1—e vt

oL+ 9)(1+9 —e) o L+0)1+9—¢ w

: (8.46)
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Y(A+ 2B) — Bry ?(A+2B+C) 1—e vt

o~ 4

RO Koo s o L+0)1+9—¢ w (847)
BUm 2 (A+2B+C) 1 —e @t
vl AT A= @ (8.48)
where the coefficients read
i) € €

A="(1-— 211 —-2—— 4

Vm ( 1+19>+ ( 1—|—19>7 (8.49)

B = Vpm/Vm—2,and C = V,(,%)/z/m +2. The asymptotic expressions in Eqs. (8.46)), (8.47)) and (8.48)
are compared to the numerical solutions of the exact Eqs. (8.41)), (8.42) and (8.43) in Figs.
and right. The agreement of the asymptotic to the exact solutions in the weak reactivity regime
is remarkable also for the second moments of the populations. When the reactor is subcritical, the
average neutron and precursor populations decrease exponentially fast, so that w(t), v(¢) and w(t)
diverge exponentially fast as ~ exp(|w|t). At some point, u(t), v(t) and w(t) will become larger
than 1, and the fluctuations will completely overrule the average behaviour of the individuals. On
the contrary, when the reactor is supercritical the average neutron and precursor populations grow
unbounded exponentially fast, and u(t), v(t) and w(¢) saturate to the asymptotic value

By V2(A+2B+C)
Uoo = Voo = Weg = .
ne w(l+0)(1+9—e)

(8.50)

In this regime, the fluctuations may still be large when the initial neutron population ng is small.
The case of an exactly critical system can be obtained from the previous equations by taking the
limit for w — 0, with ¢ = 0. We thus obtain

_A+Y9BA+2B) | Prm PP*(A+2B+0)

u(t) = 2no(1 + 9)2 no (1+9)2 ’ (8:51)
_ U(A+2B) | Pum 9*(A+2B+C)

v T T e (g0 (8:52)

wit) ~ Pm A+2B+C), (8.53)

ng (1+9)?

In the critical regime, the average populations stay constant, but the moments u(t), v(t) and w(t)
diverge linearly in time and will ultimately cross the threshold at one: this stems from the individuals
being (almost surely) doomed to extinction [4]. The typical extinction time 7 for the neutron
population can be determined by imposing u(7g) ~ 1, which yields

B = By (A+ 2B + C)02

(8.54)

by neglecting sub-leading order terms.
If the reactor were to be operated with prompt neutrons alone, we would have

(2) —wpt
mn ]- - P
iwﬂ:& —, (8.55)

o Wp
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for wy, # 0, and

(2)
— Prn t

up(t) (8.56)
N

in the critical regime. By direct inspection, observing that the term v,,(A + 2B + C) is dominated
by vi?) since 33, P ; < 3, Py j for j > 1, we have

u(t) >~ Ju,(0t). (8.57)

In other words, in the presence of precursors, the normalized and centered second moment of the
neutron population has a much slower evolution in time (¢ — ¢, similarly as for the case of the

average number of particles), and its amplitude is further rescaled by a factor ¥J. As for the extinction
time, 7 ~ ng/ (ﬂl/,(?)), and we would have g ~ 75, /9. In this respect, precursors are extremely

effective in quenching the neutron fluctuations at the scale of the global population.

8.7 Spatial correlations with prompt and delayed neutrons

We would like now to address the spatial behaviour of neutrons and precursors. For the
sake of simplicity, let us initially consider a one-dimensional domain partitioned into cells of size ¢,
the cell of index k containing nj neutrons and my, precursors. The full state of the particles will be
provided by the vectors (n, m), where n = {...,ng, ...} and m = {...,;mg, ...}. In order to manipulate
a modified state where a particle has been added or removed from the site k& with respect to n, it
is convenient to resort to the formalism proposed in [51,[248-250]: we will introduce the creation

and annihilation operators az and ay, whose action on n yields aZn = (voynp—1,m% + 1, n0pg1,...)

and apn = (...,ng—1,n — 1,nk41,...), respectively, and the operators bL and by that have identical
action on m. Assume that the reactor is in state (n,m) at time ¢. Then, the system

i) has a transition {n,m} — {arn, m} with rate y;n,
( ) 0
ii) has a transition {n,m} — al ‘apn, b)Y m) with rate in = BP; ing,

k k J J

iii) has a transition {n,m} — al n, bpym} with rate Amy,
k

iv) has a transition {n,m} — al n, m} with rate nng,
k+1 n

where 7 is the diffusion rate of neutrons from neighbouring cells k£ + 1. Following these definitions,
the forward master equation for the probability P;(n, m) that at time ¢ the system is in state (n, m)
obeys

%mn, m) =3[ =D BuyniPilm,m) + 37 i + 1= )Pi((a]) apm, (b))

k i,j (2]
— yngPe(n, m) + v(ny + 1)73t(a£n, m) — AmgPy(n, m) + A(mg + 1)P;(axn, bLm)
— 2nniPr(n, m) + n(ng41 + 1)Pt(aka£+1n, m) + n(ng—1 + 1)77t(aka;2_1n, m)] (8.58)

Generally speaking, the solutions of Eq. (8.58|) could be sought by resorting to a field-theoretical
approach [250]. However, thanks to the master equation being linear, the equations for the spatial
moments of the population can again be obtained by simpler algebraic manipulations of Eq. (8.58)

(see Appendix [A.4.1)).
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8.7.1 Average particle densities

For the average number of particles in a cell k, namely, (ng(t)) = >, ,, n&P:(n, m) and
(mk(t)) =24 m MmePr(n, m), we get in particular the system

D (nu(0)) = 1+ p — B e 1)) + Ame(1),
2 ma1) = B {me(1) — Mo (1) (5.59)

where we have used the shorthand notation Afy, = fr11—2fx + fr—1 for the discrete Laplacian oper-
ator. We can then define the average densities of neutrons and precursors by taking the continuum
limit

_ iy (2 (2)) _ i (m(t)
N(z,t) = }1—{% kg M(z,t) = %1_1}(1) kT, (8.60)

where z = k{. By replacing these definitions in the previous equations, the average densities satisfy

O N(@,0) = (DV? + p— BN, 1) + AM(a, ),

%M(m,t) = BupN (z,t) — AM(x, 1), (8.61)
where we have used the Taylor expansion (Ang(t)) ~ (V2N (z,t), and D = limy_,onf? is the
diffusion coefficient of the neutrons.

Imposing as above the zero-reactivity equilibrium initial conditions leads to Ny = N (z,0) =
9IM(z,0), which means that the spatial profile of the neutron and precursor concentrations will
be flat. By inspection of Eq. , it is apparent that starting from this initial condition the
concentrations will stay flat, and that their amplitude will follow the same time behaviour as the
average total populations (n(t)) and (m(t)) in Eq. (A.78). In particular, for weak reactivities at long
times we have

1+94€
¢

N(z, t) =N(t) 2Ny 0

(8.62)

and the ratio N (z, t)/M(z,t) asymptotically converges again to the constant 9(1+¢). Observe that
the only dimension-dependent term in Eq. is the spatial derivative V2, so that the evolution
equations for the concentration would be left almost unchanged in a d-dimensional infinite space R¢,
provided that we replace z with r and V? with the d-dimensional Laplacian V2.

Finally, by analogy with the case of the average neutron population, in the weak reactivity
regime we have N (¢) ~ N, (0t), where N, (0t) is the average neutron density for a reactor that were
to be run based on prompt neutrons alone.

8.7.2 Spatial correlation functions

We will define the spatial correlation functions (ngnky;) = >_, , menk+;Pe(n, m) and
(MEMigj) = D0 m MEME4; P:(n, m) and the cross-correlations (ng4;me) = Y, ) Nkt Pe(n, m).
We have dropped’ the explicit time dependence for the sake of conciseness. Assufrling that the initial
particle concentrations are spatially flat allows applying a translational symmetry to the system (in
particular, for the averages we have (ng) = (ng+;) and (my) = (my+;) Vk, j). It is then convenient
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to introduce the normalized and centered moments

R (L ) N T X
)= T T T
oy Snegime)
Ui = )
oy o Smemegg) o b0
w; (t) <mk>2 1 <mk> , (8.63)

which only depend on the relative distance |j| between site k& and k + j [51]. The Kronecker delta
term §; ; expresses the contribution of self-correlations. The evolution equations for the spatial
correlations are provided in Appendix [A74.5] and read

0 A A dj0

—u; =2|nA—— | u; +2—v; + 1/7(12)—’, 8.64
ot (77 Xt) ! Xt 4 () ( )
0 A A dj0

Evj = Bupu; + (nA — BumXxt — Xt) v; + ij + 5Vnthﬁ7 (8.65)
0 9.0

i = 2BVm X105 — 2Bvmxiw; + D x? <ék> ; (8.66)

where we have used (ny)/(my) = x:. By taking again the continuum limit ¢ — 0, with r =
5| and nAf; ~ DV?f(r), we finally obtain the evolution equations for the correlations u(r,t) =
limp_,o u;(t), v(r,t) = lime_ov;(¢), and w(r,t) = limy_,o w;(¢), namely

0 a(r)

9 ity = 2 A) A (2)

atu(r, t)=2 (DV » u(r,t) + 2Xt11(7“, t) + Bu, NG (8.67)

%v(r, t) = (DV2 _ % - ﬁVth> v(r,t) + Brmxeu(r,t) + %w(r, t) + Bunth%, (8.68)
D 1s(r,1) = 2B (r,£) — 20, 1) + B2 o) (3.69)

ot EN(t)
These equations hold true in any dimension d, provided that V2 is replaced by the d-dimensional
Laplacian V3.

The long time and long distance expansion of the previous equations for small |p| and small
¥ is discussed in Appendix for a d-dimensional domain. By retaining the leading order terms,
in this regime we obtain

Bum 92(A’ + 2B’ + C")

N BrmA'(1 —€)
u(r.t) No @+ )1 +0—e)

T AT G

F(rt), (8.70)

 Bund(A +2B)
O AT s s LA Gl

Bum 92(A’ + 2B" + C")
M Q+9)1+9—¢)

F(rt), (8.71)

Nﬁqu92(A’+QB’+C’) (1)
TN 4+ —e)

w(r,t) (8.72)
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w(r, t)

Figure 8.11: Left. Evolution of the normalized and centered pair correlation function w(r,t) for a
one-dimensional domain, starting from a zero-reactivity equilibrium condition. Solid lines are the
numerical solutions of the exact Eq. , and dashed lines are the asymptotic solutions provided in
Eqgs. and . The presence of a peak close to the origin is the signature of spatial clustering.
Right. Evolution of the normalized and centered pair correlation function v(r,t) (top) and w(r,t)
(bottom) for a one-dimensional domain, starting from a zero-reactivity equilibrium condition. Solid
lines are the numerical solutions of the exact Egs. (8.68)) and (8.69)), respectively, and dashed lines
are the asymptotic solutions provided in Egs. q. or the critical case) and
(Eq. for the critical case), respectively. The pair correlation functions are displayed at time
t = 3 x 10, with the following parameters: Ay = 103, ¥ = 8.333 x 1073, Bu,,, = 1.2, A = 1072,
VP =2 v =24 x 1072 and 52 = 4 x 1073, Red curves correspond to a supercritical reactor
with p = 5 x 1073, green curves correspond to a subcritical reactor with p = —5 x 1072, and blue
curves correspond to an exactly critical reactor with p = 0. For u(r,t), an inset displays the same
curves with a logarithmic scale on the ordinate axis.

where we have defined the quantities
t ’
Flr,t) = et / et G, 1), (8.73)
0
where G(r,t) is the Gaussian function

2
exp (_ 81;Dt>

G(r,t) = ————~, 8.74
) (8m9Dt)Y/? (8:74)
and
e—wt ﬁym dzlj Kd/?*l <T\/5Vm/D)
H(r,t)= o < ) ) (@) d/2r a7 , (8.75)

K,(z) being the modified Bessel function of the second kind [224]. The parameters read A’ =
Vr(LQ)/Vm, B’ = vy /v and C' = y,(,f)/um.
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The asymptotic expressions in Eqgs. (8.70)), (8.71) and (8.72)) are compared to the numerical
solutions of the exact Egs. (8.67), (8.68) and (8.69) in Figs. ft and right. In the weak reac-
tivity regime, the asymptotic solutions provide a remarkable approximation of the exact correlation
function (small discrepancies are nonetheless visible for short times and distances, as expected). For
long times, u(r,t), v(r,t) and w(r,t) have the same asymptotic behaviour. When the reactor is
subcritical, the average neutron and precursor densities decrease exponentially fast, and the spatial
correlations diverge exponentially fast. On the contrary, when the reactor is supercritical the average
neutron and precursor densities grow unbounded exponentially fast, and w(r,t) ~ (r,t) ~ w(r,t)
asymptotically flatten out as

_ Bvm ?(A+2B+0)

ueo (s t) e O+

G(r,1), (8.76)

where we have used F(r,t) ~ G(r,t)/w for large times and w > 0. The case of an exactly critical
system leads to some simplifications: by taking the limit w — 0 with ¢ = 0 and D = D/(1 + ¥) we
get

A (%”)i Kajz— (rﬁ) | Bom D(A +2B'+C") Laja-1 (m)

t) ~
U = SR A T IR @i T T Ny Q07 SniDrd?
d+2
, v\ 4 | Bvm 2
( t) 19(A +2B/) <ﬂD ) Kd/271 (T D > + ﬁym 19(A,+2B/+Cl) Fd/2—1 (7819Dt)
v(r,t) ~ 2No(1 + )2 (2m)d/2pd/2-1 No (1+9)2 8rd/2Dyrd=2 ~

BUm 9(A’ + 2B + ") Tajz-1 (ngt)
No (1+9)2 8md/2Dyrd—2 '

w(r,t) ~ (8.77)
I'4(z) being the incomplete Gamma function [224].

The expression of the neutron spatial correlation function wu(r,t) is to be compared with
that of a reactor without precursors, for which we would have

2
(2) t ,exp | —gp7
up(r,t) = Meprt/ dt’e*r? (81232) (8.78)
No 0 (87 Dt')
for € # 0, and
Bus?) Taja— (m)
up('r7 t) = (879)

Ny 8rmd/2Drd—2

for an exactly critical system [53]. By inspection, observing that the term v,,(A" + 2B’ + C’) is

dominated by 1/7(12) and that D ~ D, we finally have

u(r, t) ~ Juy(r, 9t), (8.80)

in close analogy with the result for u(t). Precursors are therefore extremely effective also in quenching
the spatial clustering of the neutrons: in the presence of delayed neutrons, the spatial correlation
function of the neutron population has a much slower evolution in time (¢ — 9J¢t, similarly as for the
case of the average density), and its amplitude is further rescaled by a factor 9.



Appendix A

Technical notes

Would you tell me, please, which way I ought to go from here?
That depends a good deal on where you want to get to.

I don’t much care where —

Then it doesn’t matter which way you go.

L. Carroll, Alice in Wonderland (1865).

A.1 Closing the BBGKY hierarchy

The 1—particle distribution f; obeys
0
afl +v1 Vi fo = =Vy, - | Faqfodradvs. (A.1)

Now, from postulate (i) of Sec.
fa(ry, vi,re,vo, t) = fi(r1, vi,t) fi(ra, va,t) (A.2)
so that the function f5 obeys the two-body Liouville equation
0
§f2 +vi- Ve fot+ve -V, fo+Fa1-Vy fo+Fi12-V,,fo=0. (A.3)

Define 7 a time that is long compared to the duration of a collision, and short compared to the
duration of a free flight. Let us take the averages

_ 1 (7
fi(ry,vi,t) = ;/ dt' fi(r1, vy, t+t) (A4)
0
and 1T
fa(r1,vi, 12, va,t) = ;/ dt’ fa(r1,vi,ro,va, t +1'). (A.5)
0

As shown by Kirkwood, taking the time average of f and fs is expected to flatten the correlations [3|
115]. Applying the time average to Eq. (2.29) yields

0 - - 1 T
afl =+ v - Vl‘l fl = 7;vv1 . / dt//nglfg(t —+ t’)drngQ, (AG)
0

135
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where fo(t +t') can be explicitly solved:
fa(r1, vi,ro, vo, t + 1) = fo(ry — A, ('), vi — Ay, ('), 12 — Ar, (t), v — Ay, (¢), ). (A7)

From the binary collision assumptions, the increments are given by

A () = /O ") (A8)
and ,
Ay, () = / t dt"F;;(t"). (A.9)
If the mutual interactions are negligible at tirrfe t’ = 0 (particles are sufficiently far apart), by
applying the postulate (i7) we have
folry,vi,ro, va,t + 1) =~ fi(ry — Ap, (F'), vi — Ay, (), 1) fr(ra — A, ('), va — Ay, (t'),1).  (A.10)

Using postulate (iv), we can neglect A,, and A,, with respect to r1 and rs, respectively. Moreover,
Vy, = =Va,,. Then, the right hand side of Eq. (A.6]) can be reduced to

%/dr2dv2 |:f1(I'1,V1 — AV1 (T),t)fl(rQ,VQ — AV2 (T),t) — fl(rl,vl,t)fl(r2,v2,t) . (All)

Because of the choice of 7 as being longer than collision times and shorter than flight times, the
position arguments r; and ro before and after the collisions are left unchanged. Thus, we can set
r; =rs in f;. Moreover, the integral over ry can be replaced by an integral over the relative distance
R =r; — ry. By introducing the cross section ¥, we can write

dR = 7|vi = vo[X(|vi — v2[,¥)dQ, (A.12)

where |vi — vo|X(|vy — va|,9)dQ represents the number of particles of velocity |vq — va| scattered
into the solid angle d€) per unit time and per unit incident flux [3}|14L/115]. The quantity ¢ is the
angle in the center of mass frame through which the line joining the particle centers is turned at

each collision. By using vi = vi — Ay, (7), Eq. (A.11)) yields
/vadQ|v1 — ol S(|vi — val,¥) [fl(rhv'l,t)fl(rl,v;,t) - fl(rl,vl,t)fl(rl,w,t)] (A.13)

By averaging over 7 the complete equation, we finally obtain

9 - _
afl +vi-Vp fi=

/vadQ\vl —vo|X(|vi — va|, ) [fl(rl,v’l,t)fl(rl,v’27t) — fl(rl,vht)fl(rl,vz,t)}. (A.14)

We make now the hypothesis that fifi = fif1, which would correspond to neglecting correlations
over times of the order of 7 [3l/115]. Under this assumption, we get the following non-linear equation
for the quantity f;, namely,

N A (A15)

where the term
(f1, f1) o = /dVQdQ|V1 — va[X(|vi — v2|,0) [fl(rlavllat)fl(rl,vévt) — fi(ry,vi,t) fi(ry, va, t)

represents the contributions to the phase space balance due to the scattering collisions.
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A.2 Feynman-Kac equations

A.2.1 Brownian motion

Consider a regular Brownian motion whose trajectory starts at xo at time ¢ = 0 and is
observed up to a time t + dt. From the Brownian particle being Markovian, the trajectory can
be decomposed in a first random displacement from xy to xg + Ax, during a time dt, and then
a random path from xg + Ax to the position x;i4: taken at the final observation time [180,/182].
Correspondingly, the generating function can be written as

Quyar(s|xg) = Ee=Jo" Ly Gee)dt! —s [o7 1y Gepr)dt’). (A.16)
When dt is small, Eq. (A.16) yields
Qrpar(sfxo) = e7*1v Gt R[ems [ v bxe)dt') — o=V O, [, (5]x0 + Ax)), (A.17)

where the former term can be singled out from the expectation sign as being non-random, and in
the latter term expectation is taken with respect to the starting point, which is random [180,|182].
In the limit dt — 0, Ax — 0, and we have the Taylor expansion

Q+(s|x0 + Ax) ~ Q+(s]|x0) + Ax - Vi, Q:(8|x0) + %(AX)QViOQt(,ﬂxo) +oee (A.18)

By taking expectation, and recalling that for a regular Brownian motion we have E[Ax] = 0 and
E[(Ax)?] = 2Ddt [2,/180], from Eq. (A.18)) we get

Qrar(s|xo) = e sy (xo)dt [Qt(s|x0) + DdtViUQt(s|x0)] , (A.19)
which finally yields
Qt+dt(S|X0) ~ Qt(S|X0> —|— DdtViOQt(Sb(o) — S]lv(Xo)dtQt<5|X0), (A20)

when developing at the leading order for vanishing dt. Then, dividing by dt and rearranging terms,
we obtain

£ @ulsx0) = DV, @u(sxo) — s (x0) Qulslxo). (A21)

Suppose now that the Brownian motion undergoes absorption at a rate y: from the Marko-
vian nature of the process, the probability that the particle having diffused for a time ¢ is absorbed
in the interval between t and t + dt is ydt. Consider again a particle starting at x¢ at time ¢t = 0:
after a dt, by decomposing in elementary mutually exclusive events [2], the particle can either be
absorbed in dt (in which case the trajectory terminates), or undergo diffusion and be displaced by

Ax. Therefore, Eq. (A.17)) becomes
Q1at(s|xo) = 'ydte_ﬂ"(x")dt +(1- ’ydt)e_S]lV(x‘))tht [Q+(s]x0 + Ax)], (A.22)

where the former term comes from the fact that if the particle is absorbed after a time dt its only
contribution to the residence time ¢y is e 51V *0)dt By following the same arguments as above, and

developing Eq. (A.22)) for small dt, we get

%Qt(5|xo) = DV, Qu(s|x0) — vQ:(s]x0) — 51y (x0)Q¢(s]%0) + 7, (A.23)
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A.2.2 Exponential flights

Consider the moment generating function Q; = E[e~%V ()] for exponential flights. Assume
an observation time ¢ + dt: this can be split into a first interval, from 0 to dt, and then a second
interval from dt to t+dt. The only requirement is that the process is Markovian: after dt the particle
continues its path without memory of the past. We start by observing that in a vanishing small time
interval dt, from the definition of the underlying process, the following mutually exclusive events are
possible: with probability 1—(rg)vodt the particle does not interact with the medium, in which case
the walker keeps going in the same direction wg by a space interval drg = vowodt; with probability
¥ (ro)vodt the particle has a scattering collision, in which case the particle is isotropically diffused
to a random direction w’ obeying the probability density 1/{4; finally, with probability 3, (ro)vodt
the particle has an absorbing collision, in which case the trajectory is terminated, and no further
contribution is added to fy. This argument leads to the equation

Qirat(s|ro,wo) = (1 — Z(ro)vodt)eﬂ”ol"(rO)dtQt(s\ro + drg,wo)
+ Yo (ro)vodt + Xs(ro)vodtE[Qq(s|ro, w')]. (A.24)

The Dynkin’s formula [251] allows expressing the average over the random directions as

!
dwy

B(Qi(slro, )] = [ 2 Qu(slrn,w). (A.25)

Now, when dt is small, at the leading order we have the Taylor expansion
Qt(S|I'0 + dI‘o, wo) = Qt(S‘I‘Q, wo) + vowo - VrOQtdt + e, (A26)

along the direction of wy. By recollecting all terms we then get

/

d
Qitdr = Qt + vowo - Vi, Qrdl — v02XQdt — svlydt + Xavodt + Esvodt/ SJO
d

Q:(s|ro,wp). (A.27)

By dividing by wvodt and taking the limit dt — 0, we finally obtain the backward Feynman-Kac
equation for the moment generating function @, namely

L0 = £1Q — s1y(r0)Qu + Za(ro), (A.28)
()

where we have set
dwy,

Qq

L:T = wp - Vro — E(I‘Q) + ES(I‘Q)/ (A29)

A.2.3 Discrete Feynman-Kac equation

Consider a single walker emitted at rg,wq and entering its first collision with coordinates

ri,wqy. Denote by R
Qg (ulr1,wo) = Efe™*"9](r1,w0) (A.30)

the corresponding moment generating function. The generating functions ), and Qg are related by
Qg (ulrg,w) = /drlé}g(u|r1,w)TT(r1 — rplw). (A.31)

The separation between r; and rg, at a first glance somewhat artificial, is actually due to the special
role of the source: a particle emitted from the source is just transported to the first collision point,
and can not be absorbed at ro [252}253].
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When entering the collision at ry, the particle is either absorbed with probability p,(r1),
or scattered to a random direction w’, with probability ps(r1). Exponential flights are Markovian at
collision points, which allows splitting the subsequent trajectory into a first jump, from r; to r’ in
direction w’, and a path from r’ to the position held at the (g + 1)-th generation. The displacement
r’ — r; obeys the jump length density 7', and the direction w’ the density 1/Q4. Hence, we have

Qg1 (ulrr,wo) = pa(rr)e™ VI 4 py(ry)e” "V EVE[Qg (ulrh, wh)], (A.32)

where expectation is taken with respect to the random displacements and directions, and the term
e~1v(r1) can be singled out because it is not stochastic. Now, the discrete Dynkin’s formula [25411255]
allows the average over displacements and directions to be expressed as

~ dw! ~
BIQy(ulr’ )] = [ G2 [ 110} = rafwt) @y ule wpin, (A.33)

where T is the adjoint density associated to T [113,/157]. Intuitively, 71 displaces the walker
backward by one generation. Therefore, we obtain the discrete Feynman-Kac equation in integral
form, namely

/

Qg+1(u|r1,w0) — o~ ulv(r1) (pa(l‘l) +ps(r1)/ dS;;O Qg(url,w6)> . (A.34)

Finally, by integrating over T both sides of Eq. (A.34) we get
T —uly(r1) dwlo / A
Qg+1(ulro,wo) = [ driT"(r; — rolwo)e Do + Ps Q—ng(u|r1,w0) . (A.35)
It can be shown [30,/113] that integral equations in the form
Flro,wn) = [ drsTH (e = rolwo)g(e1,wo) (4.30)

where T is the adjoint exponential kernel with cross section 3, can be equivalently recast into
wo + Vi, f(ro,wo) — E(ro) f(ro,wo) + X(ro)g(ro, wo) = 0. (A.37)
Therefore, Eq. gives the discrete Feynman-Kac equation in integral-differential form
w0 - Vo Qg1 (ulro, wo) + BQg 11 (ulrg, wo) = e~ w1V () (Ea + 3 / Céqug(uhhwg)) . (A.38)
A.2.4 Branching Brownian motion

Consider a branching Brownian motion whose trajectory starts at xy at time ¢ = 0 and is
observed up to a time ¢t +dt: from the branching Brownian particle being Markovian, the trajectory
can be decomposed in a first random displacement from xg to xg + Ax, during a time dt, and
then a random path from xy + Ax to the position x;44¢ taken at the final observation time. The
probability that the particle has an absorption event in the interval between t and t + dt is vydt, and
the probability of a reproduction event is Sdt. With complementary probability 1 — (y + 8)dt, the
particle keeps diffusing. By decomposing in mutually exclusive elementary events, Eq. yields

Qurat(s|xo) = Btestv (xoldt [Po + p1Q¢(s[x0) + p2Q7 (s[x0) + - - }
+ ydte™ st X0t L[] _ (y 4 B)dt]e st OUR[Q, (s|xo + AX)]. (A.39)
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The terms due to branching can be explained as follows. If no particle is re-emitted, which happens
with probability po, the only contribution to the residence time ty is e=51v *0)dt [f g single particle
is re-emitted (with probability p;), then the moment generating function is simply Q:(s|xo), the
position of the walker being unchanged in dt.

If two particles emerge from the reproduction event (with probability ps), then the proba-
bility density for the residence time in V' due to the sum of the contributions of each particle would
be given by the convolution of the respective probability densities of residence times. Since parti-
cles supposedly evolve (and are generated) independently of each other, the associated generating
function will be simply given by the product of the respective generating functions. This rule applies
to higher order contributions due to 3 and more particles born during the time interval dt, each
weighted by the appropriate probability p;.

By introducing the probability generating function

Glel =po+prz+p22® + - =Y pi2, (A.40)

and developing for small dt, equation Eq. (A.39) yields the moment generating function of the
residence time of a branching Brownian motion, namely,

%Qt(SIXo) = DV, Qu(slx0) — (7 + B)Q:(s]x0) — sy (x0)Qe(slx0) + 7 + BG[Qe(s[x0)],  (A.41)

which relates the moment generating function Q¢(s|xg) to the probability generating function G.

A.2.5 Branching exponential flights

Consider the associated moment generating function
Q:(s|ro, wo) = E[e™*V®](ro, wp) (A.42)

for a single branching exponential flight initially at rg,w( at observation time ¢ = 0. Assume an
observation time ¢+ dt: this can be split into a first interval, from 0 to dt, and then a second interval
from dt to t+dt (this stems from the underlying branching process being Markovian). In a vanishing
small time interval dt, the following mutually exclusive events are possible: the particle does not
interact with the medium (with probability 1 — Yvodt), in which case the walker keeps going in the
same direction by a space interval dry = vowqodt; the particle is scattered with probability X svodt;
the particle is absorbed with probability >,vodt; the particle gives rise to a fission with probabilty
vaodt.

In the case of a fission, the walker disappears and gives rise to i descendants at the same
position, with isotropically distributed random directions wj. When ¢ > 1 (identical) particles are
generated, the probability that the contribution to the total travelled length coming from each walker
adds up precisely to £y is given by the convolution of the probability that the first particle spends
a length /1, the second /5, and the k-th a length ¢y, — ¢ — f5 — ---. In the transformed space, the
convolution products amount to a simple product of generating functions.

This argument leads to the equation

Qt+dt(s|r0,w0) = (1 — E’Uodt)e_svlv(ro)dtQt(Sh‘o + ClI'O7 (.Oo)
+ ES’Uoth[Qt (S‘I‘(), w’)] + Ea’Uodt
+ S pvodt [po + p1E[Qi(s|ro, wi)] + p2B[Qe(s|ro, why ) Qi (sro, wyy)] + -], (A.43)
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where expectations are taken with respect to the random directions w/. Now, if we suppose that the
descendant directions are independent, the expectation of a product of random variables becomes
the product of expectations, so that

po + P1E[Q1(s[ro, wi)] + p2E[Q1(s[ro, w51 ) Qs (s]ro, who )] + -+ = G [(Qi(s|ro, wp))a] . (A.44)

where
Glzl =po+pr1z+p2z° +--- (A.45)

is the probability generating function associated to p;, and (---)q denotes the average over the
random directions. By developing the resulting equation for small dt — 0 and keeping only lead-
ing order terms, we finally obtain the backward Feynman-Kac equation for the moment generating
function Q; of branching exponential flights, namely

10
%&Qt =wo - Vi, Qr — XQ: — sly(ro)Qr + Xa + Xs(Q1)a + X G[(Q4)al, (A.46)
which relates the generating function @, of the travelled length ¢y to the generating function G[z]
of the offspring number 4.

A.2.6 Discrete Feynman-Kac equations

Let us begin with a single branching exponential flight entering its first collision with
coordinates ri, wq, and denote by

Qg (ulr1,wo) = Efe™*"D](r1, w0) (A.47)

the corresponding moment generating function. A particle emitted from the source is just trans-
ported to the first collision point, and can not be absorbed nor multiplied at ro. Exponential flights
are Markovian at collision points, which allows splitting each subsequent trajectory into a first jump,
from r; to r’ in direction w’, and a branching path from r’ to the positions held at the (g 4+ 1)-th
generation. The displacement r’ — r; obeys the jump length density 7', and the direction w’ is
isotropic. If the trajectory is absorbed at r;, there will be no further events contributing to ny .
Hence, we have

Qg1 (ulry, wo) = pae™"V &) 4 p eV EVEQ, (ulr), wh)]

o+ pye” D [po -+ uEIQy (ult, wh)] + PaEIQy (ulrhy, why) Qg (ulthy, who)] + -+, (A48)

where expectation is taken with respect to the random displacements and directions, and the term
e~u1v({r1) can be singled out because it is not stochastic. The terms at the right hand side in
Eq. can be understood as follows: the probability that ¢ identical and indistinguishable
particles (born at rq) give rise to ny collisions in V' is given by the convolution product that the first
makes n; collisions, the second ns, ..., and the i-th nyy —n; —no —- - -. In the transformed space, this
convolution becomes a simple product of generating functions. If we assume that the descendant
particles are independent, the expectation of the products in Eq. becomes the product of the
expectations. Now, the discrete Dynkin’s formula [254] allows the average over displacements and
directions to be expressed as

/
BIQy(ulr's )] = [0 [ 71 - ralwt) @y (ul i o (A.49)
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We therefore obtain
Qg+1(“|1‘17 wp) = e Vi) {Pa +ps{Qqg)a + G [(Qg)a] } (A.50)

Finally, by integrating over T'" both sides of Eq. (A.50)) we get

Qg+1(ulro, wo) = /drlTT(I'l — ro|wp)e VD) {pa +ps(Qg)a +prG [(Qg)al } (A.51)

By using the same transformation of exponential kernels as in [A.2.3] Eq. (A.50) yields the discrete
Feynman-Kac equation in integro-differential form

—wo * ViyQgr1(ulro, wo) + 2Qgu1(ulro, wg) = e~V ) [Ea +X5(Qq)a + XrG [(Qg)al }7 (A.52)

which relates the generating function @4 of the number of visits ny to the generating function G' of
the offspring number 1.

A.3 Spatial correlations in one-dimensional domains

Consider a box of half-size L, i.e., a segment [—L, L] with V' = 2L. At the boundaries
x = £L, we impose reflecting (Neumann) conditions. At criticality, the Green’s function for this
system reads [191]

G, o) = 7+ 3 pr(aoza)e ™ (4.5
where we have set
r(o) = os (=) (A.54)
and 2 D
oy = (5) k2 (A.55)

We can identify the mixing time with 7p = (2/7)2(L?/D). If we choose the uniform spatial distri-
bution ¢(xo) = 1/2L at time ¢t = 0, the average density simply reads

N

5 (A.56)

cr(wi) =
As for the pair correlation function, the case of the free system is obtained by resorting to Eq. 8.7}
which yields

N(N —1) BN 1 — e 2ant

(2L)? +(2L)2 t"";‘ﬁk(%)@k(%)T , (A.57)

h{(wiij) =

For times t > 7p, the exponential term in Eq. vanishes, and the spatial shape of htf(xl, xj) is
frozen. In particular, the series appearing at the right-hand side is bounded, namely,

[es) ) . 2
- erleden(;) 217 (A.58)
P O[k 3 D
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Then, for N > 1 the amplitude of the normalized and centered pair correlation function asymptot-

ically grows as

hi (wi,3;) = co(@i)ei(z;) _ Pra
cr(@i)ey(z5) - N

Therefore, for times ¢ > N/(Bva), gr(x;, x;,t) > 1, which allows identifying the extinction time 77 =

N/(Bvs). Observe that, for N > 1, gs(x;,x;,t) can be expressed in terms of the two characteristic

time scales, namely,

gtf(xi, xj) = t. (A.59)

_2k2 t
1 e D

gf(:El,:E] - JF 7Z@k i)k (x;) e (A.60)

The average square distance between particles

[ dx; [ daj(x; — x])2hf(m“mj)

(r2)4(t) = (A.61)
fdxzfd:cj (@i, ;)
can be obtained by integration. At time ¢ = 0,
2
(r*)5(0) = gLQ = (r?)ia- (A.62)

At times ¢ > 75, bl (x4, ;) becomes spatially flat, and (r?)¢(¢) converges again to the ideal average
square distance, namely, lim;—, oo (r?) s (t) = (r?);4.
For the case of population control, from Eq. we get

N(N — BugN Z 1 — e~ (artfyp)t
or(w —_—

hi i dj) =
(@nm) = —gp t oy ke a— &

, (A.63)

where 8, = B8/(N — 1). Assuming that 75 > 7p, for times ¢ > 7p the series appearing at the
right-hand side is bounded, namely,

28 L
th -1
Z‘pk xZ ka $] < P ( b ) (A64)

k=1 @k +2 7 Br
For N > 1 the normalized and centered pair correlation function at long times converges to

™ o~ k(@) pr(z))

Joo(Tisws) = 5T (A.65)
TE k* + 72
In particular, its amplitude is asymptotically bounded by
ﬂl/g 2 L2
|95 (i, 25)| < N 3D’ (A.66)
where the absolute value is taken because gy (x;,z;) can be negative.
As for the average square distance, at time t = 0 we have again (r2).(0) = (r?).4, as

expected. The asymptotic behaviour of (r?).(t) at times ¢t > 7p can be computed exactly, and
reads
D 2D B, L?
2\00 __ 71 2 _ P
(ro)e —t%@)()—‘lﬁp ll ﬁpthanh< 2D>

In the limit of extremely large populations, we have limpy_, o (r?). = (2/3)L? and we recover the
ideal case.

(A.67)
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A.4 Delayed neutrons

A.4.1 Obtaining the moments from the master equation

We sketch here the derivation of the moment equations from the master equation. A more
thorough discussion can be found in [51.53]. Consider for instance a master equation in the form

0
aﬂ(n) =W(n —1)Py(n —1) — WnP(n), (A.68)
where W is a rate. Upon multiplying each term by a factor n” and summing over n, the left-hand-
side immediately yields 9;(n™). At the right-hand-side, a change of index n — n + 1 transforms the
term W " n™(n —1)Py(n— 1) into W) (n+ 1)"nPi(n). Then, we get

0
§<nm> =Wi(n(n+1)™) — W{n™*). (A.69)
Observe that n(n + 1)™ — n™*! is a polynomial of order m. For instance, for the average we have
m =1 and

0
5.1 =Win), (A.70)

whereas for the second moment m = 2 and
%<7’L2> = 2W(n?) + W(n). (A.71)

The spatial behaviour can be obtained by following the same strategy. Observe that the creation
and annihilation operators commute, i.e., akaln = aLakn. Consider, e.g., a master equation in the
form

0

i Pi(n) = > [W(n; — 1)Pi(ain) — Wn; Py(n)]. (A.72)

)

Upon multiplication of each term by n}* and summation over n, the left-hand-side yields 9;(n}"). At
the right-hand-side, the term >~ >~ nj*W(n;—1)P;(a;n) can be grouped with — >~ >~ nj*Wn;P;(n)
by changing the summation variable n — ajn. This gives

Wy Z[(nk + 03.0) ™ — i Py (n). (A.73)

The only non-vanishing term of the sum over i is then for ¢ = k, which finally yields

Do) = Wil + 1)) — W n ). (A74)
For instance, for the average we have
0
a(nw = W{ng), (A.75)
whereas for the second moment
g(n@ = 2W (n}) + W {ng). (A.76)
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A.4.2 Asymptotic analysis of the average total populations
Equations (8.27) can be solved exactly, and yield

(p = Q2)e! + (4 — p)e!

(n(t)) = no a0, (A.77)
ey = mg 2 (A78)

where the eigen-frequencies 2; 5 are determined by the roots of the characteristic polynomial asso-

ciated to (8.27)), namely,

At p— Bum A+ (A — p+ Brm)?

Q1,2 >

(A.79)

Then, since ; > Qs and Qs < 0, for long times t > 1/(Q; — 3) the moments asymptotically
behave as

o)

(n(t)) ~ noﬁeglt (A.80)
Q

(m(t)) ~ moﬁeﬂlt. (A.81)

The sign of 2; depends on the reactivity p. The ratio between the two average populations asymp-
totically converges to a constant, namely,

(n(t)) _ D —p
oy = (A.82)

If the net reactivity is weak, expanding in small powers of |p| yields the characteristic roots

)

0~ — A.
L= 17 19,0 (A.83)
Dy~ =Py (1+9 —¢), (A.84)

where we have introduced
p 1

== A.

€ B 150 (A.85)

For long times, the average densities will then exponentially grow or shrink with an asymptotic
period

)

= — . A.
YT’ (4.86)

A.4.3 Equations for the second moments

The equations for the second moments

(n*(t)) = > n*Pi(n,m), (m2(t)) = m*Py(n,m) (A.87)

n,m
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and for the cross-moment

(n(t)ym(t)) = an?’t(n,m) (A.88)

n,m

are slightly cumbersome. After some manipulations (see Appendix |A.4.1]), we get

%W(f” = 2(p — B ) (n(8)) + 2Mn(O)ym(t)) + (Br?) + Bm — p){(n(t)) + A(m(t),  (A.89)
%(n(t)m(t» = (p = Bvim = N{n(t)m(t)) + Brim (n® (1))

+Xm? (1)) + Bram (n(t)) = Bri (n(t)) — Xml(#)), (A.90)

%<m2 (1)) = =2X(m®()) + 2Bvm (n(t)m(t)) + (BrS) + Brm)(n(t)) + Am(t)), (A.91)

where we have defined the factorial moments 12 = >, —1)P;; and D = ;00— 1P
and the cross-moment v,,,,, = ZL ;1 jP; ;. These equations are to be solved together with the initial
conditions (n?(0)) = ng, (n(0)m(0)) = ngmgy and (m?(0)) = m3. Similar results for the second
moments have been previously obtained by several authors by following different strategies [|41/27]
32,(116].

A.4.4 Second moments of the total populations: asymptotic analysis

The system of differential equations (8.41)), (8.42) and (8.43) can be written in the compact

form
L 9y = MU + Q- (A.92)
Bv,, Ot N ng ’
by setting U(t) = [u(t), o(8), w(®)]
—2(1—¢) 2(1—¢) 0
M= 9 —1-Y+e 1—c¢ (A.93)
0 20 —20
and Q = [A,9B,92C]", with
P € €
V’I’Lm
B="m (A.95)
N
C=-""12. (A.96)

Then, by taking the Laplace transform of each term, we get the algebraic system

S ~ 1 1
(M - MI) U(s) = —n—ow n sQ’ (A.97)
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where s denotes the Laplace variable and I the identity matrix. The asymptotic behaviour of the
variances can be determined by solving the system (A.97)) and expanding the transformed solutions
U(s) = [a(s),9(s), @(s)]" in dominant powers for small s. By retaining the leading order terms we
get

o Brm P?(A+2B+0) - Al —¢) +9(3A+2B) -
W)= A A ro—or O D oaro—e T (A.98)

9(A + 2B) .

_ Bvm ?(A+2B+0) =
A+ A ro—9 L) (A.99)

) = AT s oo O F

o\ Bvm PP(A+2B+0) =
w(s) ~ o (1—|—19)(1+19—6)F(s)’ (A.100)

where we have defined

F(s) = . (A.101)

Then, by reverting to the real space we obtain

A —¢) +9(3A+2B) Bm 92(A+2B+C) 1—e ¢t

u(t) ~ 2@+ D)1+ 9—0) e @t e T O0TT— & (A.102)

~_ 9(A+2D) ot BUm PP(A+2B+0) 1— e
A SR T s e (R e (A.103)
w(t) ~ Brm 9?(A+2B+C) -t (A.104)

ng (L+)(1+9—¢) w

A.4.5 Equations for the spatial correlations
By manipulating the master equation (8.58]) (see Appendix|A.4.1)), we obtain the evolution

equations

9 (ningtg) = 2(p = Brm) (nknk+j) + n(neAnii ;) + 0k Ang) + (k4 jme) + (emi;))

ot
+0;0((BYE) + B — p) (i) + Nm)) + 0;.0n((n41)
+ (ne—1) + 2(nk)) — 65,10 ({nk+1) + (k) — 65,—1n({nk) + (n—1)), (A.105)

0
(g gmi) = (p = Brm — N (neyme) + n(miAngy ;) + BUm(nenij) + Mmemp )

ot
+85,0((Bvnm + Bvm — Brm)(nk) — Xmy)), (A.106)
%<mkmk+j> = = Xmrmipy ;) + Bvm (Mg yme) + (nemeq;))

+87.0((BUSD + Bum) (ni) + Amy)). (A.107)
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A.4.6 Asymptotic analysis of the spatial correlations
In the long time limit, A (¢) =~ Nge*? and x; ~ 9(1+¢), so that we can rewrite Egs. (8.67)), (8.68)

and (8.69) as

1 0 2 e vt
BumatU(H) (M +DV4U (rt)+Q N o(r),

where we have defined the correlation vector U(r,t) = [u(r,t),v(r,t),w(r,t)]T, the rescaled diffusion
matrix

(A.108)

D

=5 (A.109)

O O N

0
1
0

o O O

has been defined in Eq. (A.93)). Observe that M and D do not commute.

By taking the Laplace and Fourier transforms, this system of partial differential equa-
tions reduces to an algebraic system for the transformed vector U(k, s) = [a(k, s), 0(k, s), w(k, s)]T,
namely,

and Q' = [A’,Q?B’ﬂ?QC’ T7 with A’ = vy )/um, B’ = vpym/vm and C' = um /Vm The matrix M
53)

<M — kD - 551) Olk,s) = ——

—Qq’ A.110
= oY (A110)

where k denotes the Fourier variable. The asymptotic solution in time and space for the system is
obtained by taking s — 0 and |k| — 0, respectively. By retaining the leading order terms for small
€ and small ¥ we get

N _ Bum 9H(A'+2B' 4+ () - BumA'(l—¢€) -
whs) = S A aro—o . Bt i g ro = kos)
N _ Bum 9H(A +2B'+ () - Bumd(A' +2B) -
B VA o e R ety vy ey e A AR
3 _ Bum 0*(A' +2B + ) -
w(k,s) ~ N (1+19)(1—|—19—€)F(k ,S), (A.111)
where we have set
. 1
F(k,s) = CENCTIEE (A.112)
with D =D/(1+4+ 9 —¢), and
H(k,s) = ! (A.113)

(w+ s) (Dk? + Brm)

For domains where spherical symmetry applies, the d-dimensional inverse Fourier transform may be
expressed as

rlfd/Q 9] i/ _

@) /0 K2 s (kr) f () dk, (A.114)

where J,(z) is the modified Bessel function of the first kind [224]. Now, observe that

fr)=F ' f(k)] =

F(r,t) = F LT F( / dt'e“! G(r, 1), (A.115)
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where G(r,t) is the Gaussian function

2
exp (f sgm>

G - A.116
(T’, t) (87‘["19Dt)d/2 ) ( )
and
~ —wt ™ % Kd/ _ T\/m
H(r,t) = FHLT H (K, 5)]] = ;Vm (B; ) (22;)5/27@/21 ) (A.117)

K,(z) being the modified Bessel function of the second kind [224]. The solution U(r, t) in real space
can be therefore expressed as:

BrmA'(1 — €
u(ryt) = 2N (1 + 19)((1 + 19) —¢) Hrt)+
Bum (A + 2B)
2No(1+9)(1+9 —¢)
_ Bum 0*(A" 2B + )
TN I+9)(1+9—€)

Bum 92 (A' +2B' + C'

)
No G+o)iTo—q "t
)
)

Bum V(A" +2B' + '
No A+9)(1+9—¢

F(r,1). (A.118)

v(r,t) ~ H(r,t) + F(r,t),

w(r, t)
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