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Abstract

Reaction diffusion models provide a plethora of intensively studied non
equilibrium many body systems. One of the simplest, yet nontrivial
example, is the diffusion limited pair annihilation process A + A — 0,
where the particles diffuse in space and annihilate on contact. The
system is known to be dominated by fluctuation effects below the critical
dimension d. = 2, whereas the fluctuations are not influential enough to
change the law of mass action qualitatively above the critical dimension.
In this thesis we investigate the pair annihilation process for the case
where the particles perform anomalous diffusion inside a cubic lattice. The
anomalous diffusion is realized via Lévy flights that are characterized by
long range jumps and lead to super diffusive behavior. As a consequence,
the critical dimension depends continuously on the control parameter of
the Lévy flight distribution. This instance is used to study the system
close to the critical dimension by means of the non perturbative renor-
malization group theory. One crucial result will be that the law of mass
action is corrected by additional non analytic terms above the critical
dimension. We found that these corrections are universal functions of the
non universal macroscopic reaction rate. As the number and influence of
these corrections grows close to the critical dimension they are interpreted
as a hallmark of the breakdown of the law of mass action. The results are
confirmed by computer simulations.

We conclude with a discussion on the ternary annihilation process 3A — 0
and argue why corrections to the law of mass action are less important in
this case.
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1 Introduction

Some of the most successful theories in physics of the last century are formulated in the math-
ematical language of (quantum) field theory (QFT). Field theories are suitable to describe
many body problems and are thus predestinated for particle physics and statistical physics.
Before we outline the non perturbative renormalization group (NPRG) treatment of (quan-
tum) field theories, we follow the historical chronology and briefly sketch the perturbative
treatment. After the description of perturbation theory, we will appreciate the advantages of
NPRG even more.

A famous example for the perturbative treatment of QFT from the area of particle physics
is quantum electrodynamics (QED). Perturbative QED predicts the anomalous magnetic mo-
ment of the electron up to an remarkably high precision of accuracy [1]. Despite its success,
the concept of perturbative QFT was considered controversial due to the occurrence of ul-
tra violet (UV) diverging integrals. To make sense out of these divergences, the theory is
regularizedlﬂ by the artificial UV cutoff A and the resulting divergences of the limit A — oo
are absorbed by counter terms. The cancelation of each primitive divergence is only defined
up to a finite part. The remaining ambiguities are fixed by making physical measurements.
This procedure goes under the name of renormalization prescription. Importantly, as every
primitive divergence requires a physical measurement, the number of primitive divergences
ought to be small (especially finite), in order for the QFT not to lose its predictivity. If
the number of primitive divergences is finite, the theory is called renormalizable. Renor-
malizability is spoiled by the so called non renormalizable couplings. A byproduct of the
renormalization procedure is the fact that the couplings become scale dependent, expressed
by the perturbative renormalization group (RG) equation a.k.a. Callan-Symanzik equation.

A beautiful analogy of this scale dependence, which is not plagued by
infinities, goes back to Sidney Coleman [2]. Imagine a light ping pong
ball of volume V' and mass mg which happens to be under water. As-
sume the ping pong ball’s mass is equal to mg = 1/20p V', where p is
the water density. Besides the gravitational force mg g, the ping pong
ball experiences the buoyant force of 20mgg in the opposite direc-
tion. Naively using Newton’s equation, the net effect is an absurdly
large acceleration of 19 g (roughly speaking, this is the analog of the
diverging integrals in QFT). The solution to this puzzle is the following hydrodynamical ob-
servation: When the spherical ping pong ball moves with velocity v through water, parts of
the fluid are forced to move along with the ball which contributes an additional momentum
of 1/2pV v = 10mgv to Newton’s equation [3]. The momentum of the total system (ball
and fluid) is thus given by 11 mgv and the ping pong ball is accelerated by 19/11 g and not

!There are other regularization schemes, such as the dimensional regularization. For the sake of concreteness
and due to the fact that the discussion is independent of the particular regularization scheme, we restrict
to the UV-cutoff-regularization.



2 1. Introduction

by 19¢. In the words of renormalization theory, the bare mass mg becomes renormalized to
mpg = 11 mg because of the interaction with the fluid.

In the simple ping pong ball toy model, one is able to calculate the renormalized mass, by
making use of the underlying microscopic physics (i.e. Newton’s law, hydrodynamics, the bare
mass mg and the volume V' of the spherical ping pong ball). The situation is more subtle in
the case of the renormalizable QFT, as there is usually no additional deeper physical insight
into the microscopic nature than the QFT itself. Speaking in terms of Coleman’s ping pong
ball analogy, QFT is not in the position to know about hydrodynamics or the spherical shape
of the ping pong ball. The only way to determine the renormalized mass mp in this case,
is to measure the acceleration @experiment ~ 19/11 g and conclude mp &~ 11mg. This is what
the renormalization prescription in QFT does. Against this background, a renormalizable
QFT should be viewed as a coarse grained, phenomenological theory, depending on a few
phenomenological parameters that need to be fixed in experiments [4]. The number of those
parameters is given by the number of primitive divergences.

The phenomenological character of perturbation theory is the result of the fact that all non
renormalizable couplings were neglected right from the beginning, whereas true nature is not
restricted to renormalizable couplings only. If non renormalizable couplings were included in
perturbation theory, an infinite number of measurements would be needed for the renormaliza-
tion prescription. Of course, since it is impossible to perform infinitely many measurements,
it is impossible to go beyond phenomenology with any perturbative approach. The reason
why e.g. QED is successful, in spite of neglecting all non renormalizable couplings, is that
the non renormalizable contributions are not relevant for the description of the long distance
physics [5]. Let us point out two related consequences of the phenomenological character of
perturbation theory: First, there will be a microscopic length scale A~!, where the coarse
grained, phenomenological picture is too rough and new physics is observed in experimentsﬂ
The divergences for A — oo can be interpreted as the inaccessibility of the phenomenological
perturbation theory for this new kind of physics. Second, the perturbation theory is only
able to calculate universal quantities, i.e. quantities that do not depend on the (unknown)
microscopic physics [6, [7].

Compared to perturbation theory, the non perturbative renormalization group (NPRG) is
a rather recent development of the 1990s [8] which is inspired by Kadanoff’s block spin trans-
formation [9, [I0]. The NPRG formalism is described in detail in chapter |4 of this thesis. One
main difference, compared to perturbation theory, is that NPRG does not distinguish between
renormalizable and non renormalizable couplings [5]. The idea is to start with a given mode]ﬁ
at some microscopic scale A. In contrast to perturbation theory, the scale A is taken seriously
and the limit A — oo is not an issue. This prevents the occurrence of divergences. The NPRG
formalism prescribes how the microscopic theory looks on a coarse grained macroscopic scale
by means of an exact flow equation. This flow equation is conceptually much easier than the
analogous Callan-Symanzik equation in perturbation theory. As the NPRG flow equation is
exact, the macroscopic theory goes beyond phenomenology and incorporates non universal
properties depending on the microscopic model.

2For example, the new physics of quantum-gravity is expected to show up at the planck scale A = 101°GeV.
3Finding an appropriate model for a certain physical purpose requires as always good intuition. There is no
general recipe.



In this thesis, we investigate the chemical reaction between two identical particles denoted
by the capital letter A. This type of problem has a long-standing tradition and theoretical
considerations were started in 1917 by Marian Smoluchowsk: [11]. When it comes to the
question of modeling, we have to face three interrelated questions:

1. What are the relevant intrinsic properties of the A particles?
2. How do we describe the dynamics of the A particles?
3. How do we model the reaction between two particles?

Without further physical or chemical justification, the answers to the questions are given in
chronological order. We represent the A particles by idealized, structureless point particles.
Nevertheless, to account for the spatial extend of real particles indirectly, we restrict the point
particles’ positions to the sites of a d dimensional lattice a Z¢ with lattice spacing a. Hence,
the purpose of the lattice is not to model the physical space, but rather to model the particle
extension. Moreover, the lattice provides a natural UV cutoff. The A particles are assumed to
jump randomly through the lattice. One possibility to specify this random movement is given
by the random walk and leads to diffusive behavior. Instead, this thesis concentrates on Lévy
flights which give rise to super diffusive behavior. The reason why Lévy flights are considered
to be interesting is rather theoretical than practical: Compared to the diffusive case, Lévy
flights lower the critcial dimension d. such that d. becomes a manipulable parameter. This
allows to investigate the system very close to the critical dimension. A precise definition of
Lévy flights is given in chapter 3| If two point particles happen to be at the same lattice site,
they react with a certain rate \. After a reaction took place, both particles are taken out of
the system. Schematically, this reads

A+ANp

and is called the pair annihilation process for obvious reasons.

Whether or not this model is in agreement with a real physical system, it phrases the
interesting theoretical question how the particle density p(t) decays in time. Known results
for diffusion (d. = 2) are

Bm) Y212 ford=1<d. [17]
(8m) "'t llogt ford=2=d, [13]
Agsg, t7! ford>3>d. [13].

t—o00

p(t)

In the case of Lévy flights with Lévy flight exponent 0 < p < 2, we have (d. = p)

Ageq t=4H ford >d.  [14]
p(t) 225 8 Ay t~Vlogt ford=d.  [I5]
Agsa, t71 for d > d. [15].

The dimension d = d. has a critical character: Below the critical dimension fluctuations are
dominant and wash out the underlying microscopic lattice structure. As a consequence, the
decay amplitude Agj<q4, is universal and can be determined by perturbation theory. To the
authors knowledge, no attempt has been made to determine the amplitude Ag~4. above the
critical dimension. The reason is supposed to be twofold:
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1. Above the critical dimension the density decay can be predicted qualitatively by a simple
mean field approach. This is the reason why the case d < d. where mean field is not
applicable, is considered to be more interesting.

2. The amplitude Ag~q, is non universal. Hence, Ag~q. depends on the detailsﬁ of the
underlying microscopic model and cannot be calculated by a perturbative field theory.
We will use NPRG to determine A4~ 4, in chapter @

As the non universal quantities depend on the chosen microscopic model, it is expected to be
difficult to measure them in real experiments. Instead, we will simulate the model on a com-
putational device to test the theoretical predictions. Interestingly, the behavior of A+ A — ()
above the critical dimension is not ‘completely non universal’: We will determine correction
terms which are universal functions of the non universal amplitude Ag~q4.. The focus is set
on the behavior close to the critical dimension d. where the corrections are important as they
hallmark the critical change below the critical dimension.

This thesis is structured as follows. After using the Doi Peliti formalism to map the pair
annihilation process to a field theory in chapter [2| we compare the Lévy flights to the ordinary
diffusion in chapter [3] Chapter [ introduces the NPRG formalism and the non perturbative
flow equation a.k.a. Wetterich equation is derived. The consequences of this flow equation
for the pair annihilation process is described in chapter Subsequently, the density decay
in A+ A — 0 is investigated for d > d. and d < d, in chapters |§| and |7} respectively. In the
last chapter we briefly explain why the ternary annihilation 34 — () cannot be described by
NPRG in the same way as the pair annihilation. We propose an alternative method inspired
by perturbation theory.

4such as the lattice structure or the particle shape
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In order to apply renormalization techniques to a reaction diffusion process, the problem has
to be mapped onto a (classical) field theory. The essential advantage of non perturbative
studies is the possibility to calculate non universal properties and thereby, to go beyond any
phenomenological approach. To achieve this advantage, the field theory should incorporate all
important microscopic details of the model. This rules out the possibility to use phenomeno-
logical methods such as the Martin-Siggia-Rose approach [16] for the mapping. Instead, the
right starting point for the construction has to be the very microscopic level defined by the
master equation.

In this chapter, the mechanism to arrive from a master equation to the field theory according
to Masao Doi [17, 18] and Luca Peliti [19], is reviewed for the pair annihilation process

A+A—0.

Although this is used as an example, the art of reasoning is generic enough to be used for
other processes such as kA — [A [20] or the branching and annihilating random walk [21]
straightforwardly. For pedagogical reviews see [22] 23].

2.1 The master equation and second quantization

Let L denote a set of N points in the space RY. L should be thought of being a lattice
representing the physical space. The canonical choice is a regular cubic lattice L = aZ¢
with lattice constant a. This example suggests that N may also be countably infinite. The

elements of L are called lattice sites and are usually denoted by xi,xs,--- € L. Once the
positions of the indistinguishable A particles are confined to the sites of the lattice, the state
of the system is described by a tupel of non-negative integers n = (nx,, nx,, ...) € NV. The

notation means that there are ny, particles at the lattice site x;, nx, particles at the lattice
site xo and so on. For a probabilistic treatment P(n,t) is defined as the probability that the
system is in the state n at time ¢, normalized such that > P(n,t) = 1.

Assuming that particles can jump from lattice site x € L to y € L with probability p(x,y),
the master equation for the pair annihilation reads

9, P(n,1) :% S p,y) [(nx+1) P m+ Ly — 1,1 8) — ny P(n, 1) ]+
X, yeL (2.1)

AD [ (x4 2)(nx + D P nac + 2, }1,8) — nxc(nge — 1) P(m, ) .
xeL

The first line of describes the particle jumping with respect to the probability distribution
p(x,y) by means of gain and loss terms. The constant 7 has the dimension [r] = time
and renders the equation to be dimensionally correct. The constant’s precise interpretation
will become clear in chapter |3| It turns out to be the characteristic, microscopic time scale



6 2. The Doi Peliti Formalism

between two consecutive jumps. The second line of is responsible for the particle reaction
A+ A — 0 and couples sectors with different particle numbers. This coupling makes the
problem a nontrivial essential many particle problem. A is the microscopic reaction rate with
the dimension [A] = time™!. The numerical factors composed out of occupation numbers in
front of each gain and loss term, are the combinatorial numbers of ways how a particular
reaction can happen.

The suitable formalism to treat many body problems is second quantization. The profit
of second quantization is to organize the couplings between the sectors in a more efficient
way with less bookkeeping. Starting from the normalized vacuum state |0) corresponding to
the empty lattice, the fock space is built up by using the bosonic creation and annihilation
operators a;r( and ax at each lattice site x € L. The ladder operators fulfill the usual canonical
commutation relations

[ax,a;] =xy , lax, ay] = [ai,a;ﬂ] =0 and ax|0) = 0. (2.2)

In this manner, the vector

n) =[xy, s, o) = [ ] ol |0) (2.3)
xeL

represents the state n = (nx,, nx,, ...). Using (2.2)), the scalarproduct between two different
states |m) and |n) is calculated:

<m‘n> = H nx! 5nx,mx' (24)

xeL

Let [¥(t)) = > _,, P(n,t) |n) be the ‘generating function’ for the probabilities P(n,t). With
this definition, the master equation (2.1)) can be rewritten in the disguise of second quantiza-
tion as

0, [W(t)) = —H |U(t))
> p(xy) (alax —alay )+ XD (1-af? )al (2.5)

X, yeL xeL

H=

N =

‘jumping’ part reaction part

The simplicity of this ‘wick-rotated Schrédinger equation’ compared toA is convincing.
Despite the correspondence to quantum mechanics, the ‘hamiltonian’ H does not need to
be hermitia Consequently (U(t)|¥(t)) = ||¥(¢)||* is not conserved in the case of pair
annihilation. Given some initial condition |¥(t = 0)) = |¥y), the master equation is
formally solved by

1T(t)) = exp (—t ﬁ[) W), (2.6)

Once solved, the probabilities P(n,t) = (T[;n:!)"" (n|¥(t)) are recovered by making use
of the orthogonaliy relation (2.4]) (the product of factorials accounts for the fact that the
particles are indistinguishable).

"Hermiticity would be an indicator for detailed balance [24], which is not the case for the non equilibrium
process A+ A — (.
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2.2 Measuring observables
The following question arises: How does the mean value of an observable A: NV — R evolve

in time? Le., we are looking for a way to compute the quantity (A(t)) = >, A(n) P(n,t).
To rephrase the question in the framework of second quantization, the vector

|sum) = exp (Z a;-r> |0)

is defined. The vector has the property (sum| (), cnln)) = >, ¢n, which explains the choice
of naming. Using this property of [sum), yields

~ 2-6) —~ ~
(A(t)) = (sum|A|¥(1)) (sum|A exp(—t H)|Vy), (2.7)
where A is obtained from A(n) via replacing nyx — nx = a;r(ax, e A= A/(\a;rqax1 , a;rQ Axyy - )

Moreover, without loss of generality, it is assumed that the operator A is given in normal
ordered form, which means that all creation operators aL are commuted to the left. Note that
the ‘hamiltonian’ H is normal ordered. The time dependence of the physical observable
appears indirectly through the time dependence of the time evolved state |¥(¢)). This
is structurally similar to the fact that the temperature dependence of any thermodynamic
quantity sneaks in through the Boltzmann factor in equilibrium statistical physics.

As mentioned above, the time evolution does not preserve the norm (W(¢)|W(t)).
However, it conserves the total probability (sum|¥(¢)) = > P(n,t) = 1, which can be

verified by calculating (sum|d; ¥) = 0 using 1) and (sum|ak = (sum| for all x € L.

2.3 Coherent states and field theory

The similarity of and to quantum mechanics allows to calculate (A(t)) by means
of coherent state path-integral, analog to quantum mechanics [25]. This paragraph sketches
the path integral formalism.

Let ® € CV. The idea is that every lattice site x € L gets attached a particular component
Oy of ®. In this way ® can be viewed as a map ®: L — C, x — ®x = ®(x). The coherent

state
1B) = |B(x)) = exp (; 3 |<1>x|2> exp (Z B, a;> 10) (2.8)

xeL xXEL

is the normalized eigenvector for the annihilation operator ax with eigenvalue ®(x), i.e.
ax |P(x)) = ¢(x) |P(x)) forallx € L.

The dual statement reads (®(x)| ak = (®(x)| (x)*, where the star indicates complex conju-
gation. These coherent states form a resolution of unity

N
1= ol = [ 5w @) (29)

Ilind
CcN

(abusing the notation slightly in the sense that |n) means the state defined in (2.3)), while |®)
denotes the coherent state), as can be checked by performing the integral for each lattice site
in polar coordinates.
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Let us make first use of the coherent states by specifying the initial condition |¥g) =
|¥(t = 0)) in ([2.6). At ¢ = 0, the particles are assumed to be evenly distributed inside the
lattice L with mean occupation number ng for every lattice site. Therefore, the initial state
|Wo) =", P(n,0)|n) has to fulfill the two conditions

(sum|Wp) =1 and (sum|ax|Wp) =mng for all x € L.

Both conditions do not define the state |¥() completely. The remaining freedom is conve-
niently fixed by choosing |¥o) to be proportional to a coherent state (2.8)). In particular

|Wo) = |ng) = exp (— Zn()) - exp (Z no aL) 0). (2.10)

xeL xeL

For this choice the probability P(n,0) is given by the product of Poisson distributions
P(n,0) = [[xer exp(—no) - ng* /nx!.

Starting with the initial state |ng) (2.10]), the idea to calculate |¥(t)), is to perform many
infinitesimal time steps At. This idea is carried out by using the Trotter product formula [26]:

[10)-

(1)) = exp (~ H) |ng) = exp (A ﬁ)t/m

Inserting the unities (2.9) for each time slice at 7 = 0, At, 2At, ..., t, yields

t

[T (@ lexp (~AtH ) @, ar)
T=At

N ~
(A(t)) = lim (H d7r]c\I;T> (sum|A| D) (Po|no)

At—0
cy N T

(2.11)
for the mean value (A(t)). The benefit of introducing the coherent state identity operators is
the relation [26]

(B, | exp (—Atﬁ) 1B, n¢) ~ (| @y ns) exp[—AtH(®:, B, p)] + O(AR).  (2.12)

The H on the right hand side of || denotes the matrix element H(X*, ®) = (X|H|®)/(X|®).
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Using this approximation cum grano saliﬂ in (2.11)), gives (for details see [22])

N
(A1) = Jim (H dﬁf) A(®,)

T

(CN
t t
*¢T x) — P ae(x "
exp [_ZN > Pr(x) &) N 1) _ 3 H(@T,@At)] (2.13)
xeL T=At T=At

exp

D B(x)(1— By(x)7) + > Po(x)*(no — Po(x ))].

xeL x€eL

The last line of this equation can be interpreted as setting up the initial and final constraint
®p(x) = np and 4(x)* = 1, respectively. The A(®;) is obtained by replacing ax — P4(x)
and aI{ — 1 in the normal ordered operator A .

In the limit At — 0, the time index 7 labeling the time slices becomes the continuous
argument 7 € R of the field ®: R x L — C, (1, x) — ®(7,x). Moreover, the limit leads to

Atz — /dT, / (H d ](\I[)T> — /Dq) and Pr(x) = Proni(x) — 0;D(7, %x).
T 0 CN T

At

The time difference of the fields in H will be blurred H(®%, &,_a;) — H(®%, P,) with the
requirement that the ®* field is understood to be slightly later in time than the ® field (this
continuous time ambiguity is discussed in detail in [27]). The infinitesimal time difference in
the ®* and @ field will be crucial for the diagrammatic treatment in chapter

It is convenient to treat ®(x)* € R and ®(x) € R as two independent real degrees of free-
dom, instead of taking ®(x) € C as one complex degree of freedom. Additionally, performing
the Doi shift ®(x) = ®(x)* — 1 while keeping ®(x) unchanged, has the advantage that the
field is expanded around its final value ®;(x)* = 1. Neglecting the initial and final condition

(i.e. omitting the last line in (2.13)), gives

t

/ DS DB A(®P;) exp Z/ x) 0, (1, x) — /dT H(®(7) + 1, 8(7))

x€eL 0 0
(2.14)

2To use the approximation ([2.12)) in , sums are commuted implicitly with the integrals arising from the
resolution of unity [22]:

(/dN—NX|X>(X\> exp (—Atﬁ) (/W—Nq’\@@) = (/dNiNX\xxxo Z AtH (/d 1) q>|)
(/dNXp( X|> |- AtH (/dN 1) ( <1>|> /dNX/dN IX)(X| (1 — At H(X", ®)) |®)(D|

~ [ O [ LT R @ X|#) exp (-ALH(X ).

N

In general, this is not allowed. In a perturbative treatment however, this causes no harm. In a non
perturbative approach, this may lead to serious problems, e.g. for 34 — @ (see chapter . For the pair
annihilation process A+A — (0, the approximation turns out to be valid even for non perturbative purposes

(see section .
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for the mean value of the observable A in the continuous time path integral representation
after the Doi shiftﬂ Note that the space is still discrete, viz. the argument x € L enumerates
the lattice sites. Performing also the spatial continuous limit and thereby, neglecting the
lattice, is an approximation which is postponed to chapter

2.4 The partition function 7

In principle, equation (2.14]) can be used to compute the expectation value for any observable
A. A more skillful way, known from quantum field theory (QFT) [28], is to define the
functional

Z[J,J]E/quéexp— (3, @] +Z/d7 7, X) Tx+2/dT 7,x) J(7,%)

xEL XELR

where S [®, @] Z/dT O(1,%) 0, P(7,%x) + /dr H(®(7)+1,®(7)).

x€eL R R

To abbreviate the notations, we introduce the vector z = (7,x) € R x L inspired by the
notation of special relativity, and write fx = xel fR dr (see appendix. With this notation
the last formula condenses to

Z[7,7] = / DB DS oxp | -5 [®,3] + / (z) J(x) + / B(z) J(z)] |
v v (2.15)
where S [®, @] :/<I>(a:) 07<I>(:U)+/d7‘ H(®(1)+1,8(7)).

T R

According to particle physics, S is called the ‘action’ for this field theory. Once the functional
Z is computed, all observables can be determined by simple differentiation with respect to

the current J: ) 5
W=zt <5J(t,x)> z[J,7]

This is the reason, why the object Z deserves the name partition function. While the cur-
rent J has a simple physical interpretation in terms of particle inputﬂ the current J has no
obvious meaning and therefore, should be regarded as an auxiliary current to be used in (2.16)).

(2.16)

J=0,J=0

30Observe that the observable A(®:) remains untouched by the field shift, because any observable is indepen-
dent of @, if it is given in normal order form.
4Consider the master equation for the particle input § — A with rate Jx at lattice site x € L

o P =Y J(x) DP{...,nx—1,... },t) — J(x) P(n, t).
x€L
In the formalism of second quantization (see above) this reads:
a0 1w (t) = - J(x) (aL - 1) D).
x€L

Performing the Doi shift, this constitutes the term Y __; J(x) - ®(x) in the partition function (2.15).
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2.5 The mean particle density for pair annihilation

To put more flesh to the previous discussion, consider the particle density p as an example
of one of the simplest nontrivial observable p: NV — R, n % >« "x. The corresponding
second quantized operator p = % Y xel akay is already normal ordered. Using to
calculate the mean particle density at time ¢, gives

1 5 ;
v = X700 XZ 57t 2 )

cl J=0, J=0

Assuming an infinitely large lattice N — oo inducing translational symmetry, and defining
w [J, J] =InZz [J, J], the latter equation becomes
SWI[J,J
(p(t)) = W LT, J]
o0J (t, Xo)

J=0, J:O.
The derivative was taken with respect to the current J(¢,xq) at site xg. It also could have

been taken with respect to any other site x € L, since translational invariance ensures that

no site is singled out. In this way (p(t)) = (®(t,x0)) = %

or just
J=0,J=0

(p(t)) = ((t))- (2.17)

In words: the expected particle density (p(t)) for the pair annihilation process A+ A — () at
time ¢ is equal to the one point function (®(t)) of the field theory ([2.15).

Let us draw attention to an important subtlety. As explained in section [2.3] the ®* field
fulfills @ = 1 at the final time ¢ of observation, due to the last line of (2.13]). Consequently,
the shifted field ® = ®* — 1 has to vanish at time t. We conclude
162 [J,J]
- Z §J(t,x)
This crucial result does not follow from the definition of Z [j , J] in 1) and has to be

implemented ‘by hand’. The reason is that the initial and final constraints on the ® and &
field are neglected in the definition of the partition function Z.

(®(1)) =0. (2.18)

2.6 Summary

One of the thesis’ main aspects is to compute the mean particle density behavior p(t) in
A+ A — () for late times ¢. In principle this question would be answered if one could solve the
master equation for this process (actually, any devisable question would be answered if
one had solved the master equation). Solving is way too hard. The Doi Peliti formalism
comes as a rescue and maps the master equation onto a field theory given by the partition
function (2.15). Once phrased in the language of field theory, the problem to determine p(t)
becomes amenable to renormalization group investigations. In particular, we will use the
non perturbative renormalization group (NPRG) approach, described in chapter {44 NPRG
has been proven to be a promising tool of describing a non equilibrium (critical) phenomena
[29, 30, B1]. Therefore, NPRG also seems to be the right concept to gain more insight into the
pair annihilation process. Moreover, as the Doi Peliti prescription is non phenomenological,
we can use the field theory to calculate non universal properties.
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2. The Doi Peliti Formalism




3 Normal diffusion versus Lévy flights

This chapter is organized as follows. In the first section the general approach to include
the random dynamics of the particles in the second quantization formalism (see section
is described. A comparison to hamiltonian dynamics is enlightening and gives rise to the
dispersion relation e. Sections [3.2] and discuss the two concrete examples of the random
walk and the Lévy flight, respectively. Finally, the important results are summarized in
section 3.4l

Before we proceed in this way, we give some historical remarks to motivate the normal
diffusion and subsequently the Lévy flights.

The theory of normal diffusion started its breakthrough in 1827, when Robert Brown ob-
served the erratic motion of suspended pollen with a microscope [32]. To his honor, the
random movement of small suspended particles is called Brownian motion. The first idea,
that this phenomenon originates from life, contradicts the observation that the erratic motion
can also be observed for small pieces of lifeless rocks.

The ingenious insight of Einstein was needed to explain Brownian motion based on the
molecular-kinetic theory of heat in one of his famous Annus Mirabilis papers [33]. Intu-
itively speaking, a pollen is bombarded by a huge number of randomly moving, light water
molecules and consequently, performs the Brownian motion. The random movement of the
water molecules itself is a prediction of the molecular-kinetic theory of heat. In 1905, when
Einstein published his paper, this atomistic theory was strongly debated and the existence of
atoms was not universally accepted. With his paper, Einstein did not only explain Brownian
motion, but also gave crucial evidence for the existence and smallness of atoms. Moreover,
Einstein derived a theoretical prescription to measure the number of atoms. The key idea be-
hind Einstein’s prescription is to realize that the coarse grained movement of many Brownian
particles can be described by a diffusion equationm with diffusion constant D, see also [34] [35].
The diffusion constant, as well as the particle’s radius r, the viscosity 1 and temperature T' of
the liquid, can be measured on macroscopic and mesoscopic scales under a microscope. The
Einstein-Smoluchowski relation

RT 1
D=
Ny b6mnr

allows to connect the mesoscopic measurements to the microscopic, atomistic physics; thereby,
it goes beyond the scope of any microscope. It allows to determine the number of atoms N 4.
In 1909, Perrin’s experiments [36] brilliantly confirmed Einstein’s thoughts.

The upshot of this historical sketch is that diffusion can be viewed most naturally as a
collective, macroscopic phenomenon on the grounds of a microscopic theory of atoms.

In contrast to diffusion, the history of Lévy flights may be less impressive, but its appli-
cations are vast. Unlike the diffusive scaling space? ~ time, nature often exhibits different

In mathematical terms this is the central limit theorem as described in
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scalings between space and time. Those phenomena usually lead to anomalous diffusion.
Extensive review on anomalous diffusion (either super- or subdiffusion) is given in [37, [38].
There are two mathematically motivated ways to circumvent the central limit theorem and
obtain anomalous diffusion [39]:

Fractional Brownian motion extends the waiting time between two random particle steps.
Specifically, the expectation of the waiting time has to diverge. Thus, particles can get
stuck at some point in position space and the resulting dynamics is called subdiffusive.
The scaling relation reads space? ~ time® for some parameter 0 < o < 1.

Lévy stable process extends the step size of the random movement in such a way that the
variance of the step size distribution diverges. The particles explore space more effi-
ciently than in the normal diffusion case, since they can travel large distances from
time to time [40]. Consequently, the dynamics is superdiffusive with spacet ~ time for
0 < p < 2. We will refer to the Lévy stable process simply as Lévy flight, a term coined
by Benoit Mandelbrot [41]. We call the parameter p the Lévy flight exponent.

The crucial difference between both approaches is that the former spoils the Markovity of
the dynamics, whereas the latter does not. More precisely the diverging waiting time forces
the process to be non Markovian. In a Markovian process, the future state of the system
depends on the past only indirect through the present state. This property is tacitly assumed
in the master equation : The master equation describes the change in the probabilities
0t P(n,t) at time ¢ by means of the probabilities P(m,t) at the same time t. Obviously, a
waiting time spoils this feature and the master equation approach becomes clumsy. This is
the reason why the focus is set on superdiffusion, i.e. Lévy flights, in this thesisﬂ

Lévy flights have found to be useful in describing the foraging of different animals [40], 43].
But Lévy flights also appear in the context of lifeless matter, like the energy of a single
molecule inside a solid [44] or the movement of an ion embedded in an optical lattice [45].
The usage of Lévy flights in the pair annihilation process is mainly to reduce the critical
dimension from d. = 2 (normal diffusion) to d. = p. Since the Lévy exponent 0 < p < 2 is a
free parameter, the critical dimension can be tuned by varying the particle’s dynamics. This
is an important new feature compared to the ordinary Brownian dynamics.

Figure [3.1] provides an intuitive picture of the difference between an ordinary random walk
and a Lévy flight.

2In [42] Lévy flights with waiting time were investigated by the phenomenological Martin-Siggia-Rose ap-
proach [16]. As we use the non phenomenological Doi Peliti formalism on the basis of a master equation,
the methods of [42] are not applicable.
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(b)

Figure 3.1: The trajectory of a Brownian random walker is compared to the trajectory of a Lévy
flight with p = 1.5 @ In both cases the first 7000 steps are shown. The picture is
borrowed from [38§].

3.1 The dispersion relation

Recall the form of the second quantized ‘hamiltonian’ (2.5)),
~ 1
H= ; Z p(va) ( a;r(ax - aiay )+)\Z( 1-— af )ai,
x,yeL i

‘jumping’ part f]kin reaction part Hpot

derived in section The constant 7 is a microscopical time scale to set the dimensions
right. Both of the two terms have qualitatively different meanings. The first comes from the
fact that particles can jump from lattice site x € L to y € L with probability p(x,y), whereas
the second term includes the possibility that particles at the same site react with rate A. In
hamiltonian language, the first part is called the kinetic term, being responsible for the force
free dynamics. Likewise, the second part constitutes the potential term of the hamiltonian.
In the following, the focus is set on the kinetic part in order to derive the dispersion relation.

For concreteness, we restrict to the case, where the jumping takes place in a regular, cubic
and translational invariant lattice
L=aZ"

with lattice spacing a in d dimensions. The fourier transform of functions f: L — C on this
lattice L takes the simple form (see appendix |Al)

f: [—g,i}d—ﬂC, pHZf(x)e’xP:/f(x)e”‘p,
xeL X
d ~
fiL>C, xws / (if;d (p)e”‘p:/f(p)e“(p
FeEt T P

Prior to specifying the concrete form of the jump length probability distribution p: L x L —
R, some general physically motivated properties are listed.
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e Normalization:

> plx,y)=1. (3.1)

y€eL

The probability to jump from site x to any other site, sums to one.

e Symmetry: p(x,y) = p(y,x).

e Translational invariance:
p(x,y) =p(x—a,y —a) for ac€c L. (3.2)

e Isotropy: p(x,y) = p(Rx, Ry) for R € O(L).

In the spirit of the Doi Peliti formalism, His only of interest when it is sandwiched in
between coherent states (V|H|®). The sandwiched kinetic term reads

(U] Hin @) = = 3 px,y) (7(x) 2(x) — () O(y) )

x,y€L
D LS w0 (bey — px.y)) 20y)
x,yeL
— [T - a) - 5p.-) Bla) = - (3.8).
p.a

A simple way to obtain the momentum representation in the last line, is to view the double
sum as the quadratic form (¥, Op ®) with the operator K(Op)(z,y) = dx,y — p(x,y), and to
use equation . In momentum space, this operator is called the dispersion relation with
integral kernel K (¢)(p,q) = d(p —q) — p(p, —q).

The dispersion becomes diagonal for translational invariant systems: By a slight abuse of
notation, the translation invariance can be expressed through

p(x,y) =p(x—y) and in momentum space

-~
~, ~,

p(p,q) =p(p)é(p +q).
This leads to

-~ -~

K(e)(p,q) =d0(p—q) — p(p,—a) = (1 - p(p)) 6(p—q)
=e(p)

with the dispersion function €(p). Hence, the kinetic term becomes

(@) = - [ 5 () elp)B(p) = [ 0°(x) (F 1 eF) @) (3.3)

P X

Phrased in words: modes with momentum p contribute to the kinetic energy by e(p). This
justifies the convention of calling e the dispersion relation. Note that despite this interpreta-
tion, the dispersion e is dimensionless.

The normalization condition for the probability p(x —y) induces two important prop-
erties for the dispersion function €(p):
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e Long range modes require no energy: ¢(0) =1 — p(0) = 0.
e Positivity:

> p(x)e P

X

e(p)=1- Z p(x)e P >1—

>1-) p(x)=0. (3.4)

The energetic contribution for any mode p is positive. Expressed in mathematical terms,
the dispersion relation is a positive operator. The positivity will be used in sections
and [3.3]in the computation of the propagators.

Using the finding (3.3) in the action (2.15)), yields

S[®, ] = /<I>(a:) <8t~|—i}'_1e}'> <I>(a:)+/)\-(\112—|—2\11) w2, (3.5)

T

=So[®,®] reaction A+A—0

The free action Sy includes a time derivative, rooted in the coherent state path integral
prescription, and the kinetic part of the hamiltonian. It accounts for the free dynamics of the
particles inside the lattice. This will be demonstrated in the following sections for the two
cases of normal diffusion and Lévy flights. The second part of stems from the potential
and is responsible for the particle reactions, in this particular case A + A — (.

3.2 Normal diffusion

The most prominent choice for the jump length probability distribution p(x —y) is that of a
random walker, which can only jump to its neighboring sites

px—y) = { ol e (3.6
The dispersion function is
1 d
e(p)=1-pp)=1- p ;COS(GM) (3.7)

in this case [46]. Figure shows the plot of the dispersion function for two dimensions
d = 2. The corresponding multiplication operator € acts on functions W: L — C as

d
(FleF) w(x) = / (1 - §Z<p>> U(p) €™ P = U(x) — o5 D U(x+y).

P J ly|=a

The right hand side is proportional to the discrete version of the Laplace operator on the
lattice L = a Z%, namely
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(note that [Vz] = length~2), and thus,

a2
(F7leF) (x) = ~57 V2 U(x). (3.8)

This connection between the dispersion relation of a random walker and the discrete Lapla-
cian is no coincidence. Roughly speaking, on a diffusive scale, the random walker becomes
the Wiener process (central limit theorem), which is generated by the continuous Laplace
operator.

Figure 3.2: The dispersion relation e(p) = 1—1/2 [cos(apy) + cos(a p2)] for the two dimensional lattice
aZ? is plotted on the first Brillouin zone p € [~ /a, 7/a)’.
In the neighborhood around p = 0 the dispersion relation is spherically symmetric: e(p) =
2—1d (ap)? for p < 1/a. The spherical symmetry results from the fact that the distribution
of lattice sites becomes isotropic for large distances.
On the other hand, as depicted by the contour lines, the isotropy is lost for larger momenta
p. It is the consequence of the anisotropy of the square lattice visible at short distances.
The dispersion relation is sensitive for the underlying lattice structure for not too small p.
Indeed, different lattice types lead to different dispersion relations by altering the Fourier
transform (see appendix [A]). However, the invariance of ¢(p) under rotation by /2 will
be valid for all p, as long as the lattice respects this symmetry.
In the proof of the central limit theorem the lattice shrinks and gives birth to the isotropic

continuum R%. As a result, the dispersion has to be isotropic for all momenta p € R% in

this limit and becomes the continuous Laplacian e(p) /7 9T p p2.
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Central Limit Theorem

To be more precise, one random walker on L = aZ? is considered to start its walk at the
origin. Due to the jump length distribution , the random walker can only jump to one
of its 2d neighboring sites every time step 7. Each jump is independent of any previous
jump (figure [3.1(a)| shows one possible trajectory). The process is modeled by a family of
independent, identically distributed jump length random variables {v;};—o, 7 2r, .. with v; € L.
Since the v;’s are distributed according to , they have vanishing mean (v;) = 0 and finite
variance (v?) = 0% = a?.

The random walker is restricted to the microscopic world defined by the microscopic time
scale 7 and the microscopic lattice spacing a. We are interested in leaving the microscopic
scale and tell how the particle position is distributed on a macroscopic time scale ¢ after an
(almost) infinite number ¢/7 of random steps were performed. For this purpose the scale
separation parameter € < 1 is introduced [47]. The diffusive scale is obtained by shrinking
the microscopic time scale 7 and the lattice spacing a according to

Trye-T and a— +e-a, (3.9)

while leaving the macroscopic time ¢ of order one. The different treatment of space and time
in (3.9) is characteristic for diffusion and leads to the celebrated central limit theorem (CLT).
The CLT states that the probability density function (PDF) of the random variable

t/eT

XEE\@ZW € Vel
i=0

converges to the universal Gaussian distributionﬁ [48]

2
PDF(X$)(x,t) =% (4r D)~ Y? exp (—413; t) , x € RY, (3.10)
where
1 a? . 9 ... 1
=57 with  [D] = length® - time (3.11)

denotes the diffusion constant. The random walker, living in the microscopic realm, peeks
into the macroscopic world through the diffusion constant D (note that D is invariant under
the diffusive scaling (3.9)). Equation (3.10]) fulfills the famous diffusion equation

2
Oy ®(t,x) = DV?®(t,x) where ®(t,x) = (47rDt)_d/2 exp (—4; t) (3.12)
with initial condition ®(0,x) = d(x). Thus, the probability density function ® is the funda-
mental solution or heat kernel for the diffusion equation with diffusion constant D.
A quick proof of the CLT , neglecting converging issues, is relatively easy and elu-
cidating. Translational invariance in the spatial dimensions suggests to look at the Fourier
transform a.k.a. the characteristic function:

t/et
lim PDF(X:)(p’t) = lim (exp (—Z Xg . p)> = lim <e—i EVi-p>
e—0 e—0 e—0 Pl
2 t/eT
=1 _to0 2 _ _ 2
_lg?)(l 2dp> exp( Dtp)

3Note that R? replaces the lattice V€ L as the microscopic scale fades out of focus in the limit € — 0.
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(at the second equality sign, the definition of X¢ and the independence of v; was used). This
is the Fourier transform of . O

The crux in this proof is that only the second moment (v?) = o2 of the jump length
distribution survives the limit ¢ — 0. This shows the insignificance of the precise form of the
v;’s probability density. Hence, the central limit theorem demonstrates par excellence, how
universal macroscopic properties can emerge from microscopics.

A different perspective on the CLT

A second, more physical (but less precise), way to view the central limit theorem, is to start
with a master equation for the random walker [49]. The free action Sp[®, @] is used to
set up the idea. By using the notation of the discrete Laplacian V? and the definition
of the diffusion constant D , the action takes the simple form

So[®, @] :/CID(x) <8t+ i]—"%]—') B(z) = /@(x) (8, — DV?) (a).

x x

The classical equation of motion is obtained by forcing the functional derivative with respect
to ®(t,x) to vanish. We arrive at

Oy ®(t,x) — DV?®(t,x) = 0.

Although the notation reminds of the diffusion equation in the continuous space R ,
the spatial coordinates x are still confined to the discrete lattice a Z¢.

The connection to the central limit theorem is established by looking at the fundamental
solution (a.k.a. Green‘s function) of the operator (0; — D V?). In physical language one is

-1 -1
interested in the propagator (%) = (Sé@) (z,y) = (&5 — DVQ)—l d(x —y). The

calculation is most efficiently done in momentum space with (B.1]):

-1 1 ~
(532)> (Pg)=——7-—=0p—q)-
i+ Le(p)
Finally, to perform the inverse Fourier transform in the temporal direction, one uses the
residue theorem. The positivity of ¢(p) > 0 guarantees that the pole is always below the real
axis. This yields

e—it1w+it2w . 1

/.1 6(p—q) =O(t1 —t2) - exp [—6(1)) - (t1 — t2)
S —iw + ~e(p) T

Up to now, no scale separation between the microscopic and the macroscopic scale took place,

and the propagator still lives in the microscopic world. The scale separation is carried out by

expanding the dispersion function €(p) around p = 0:

d
B2 1 1
e(p) 1- p E 1 cos(ap;) ~ 24 a’p?.
1=

In this way the ‘macroscopic propagator’ reads

2

-1 i !
(S7) (11— t2,p) = O(t1 — t2) exp [-DP? - (h —12)] . with D = = =
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On the macroscopic scale, the propagator takes the universal form predicted by the central

limit theorem (3.10)).

Some words of warning are necessary.

e The arguments used above are rather handwaving. Nevertheless, the main idea is cor-
rect: In the scaling limit, the rough knowledge of €(p) in the vicinity of p = 0 suffices
to lead to the universal macroscopic description.

e The action Sy describes the random walker on a microscopic scale. It is naive to obtain
a macroscopic picture by using this action and merely restricting to small momenta p

-1
in (S(()2)> . In chapter 4| an improved formalism is introduced to define an effective,

macroscopic action I' [i), <I>] on the basis of some given microscopic action S [@, <I)].

3.3 Lévy flights

Contrary to the diffusion case (3.6)), another choice for the jump length distribution is (x,y €
aZ?)

(lx_y|>7d7# for x £y
N a ’ with 0 < p < 2. (3.13)
0 ,forx=y

p(x—y)=

The parameter p is called Lévy flight exponent (in short Lévy exponent or Lévy parameter).
N denotes the right normalization, such that holds. For the simple one dimensional
case d = 1, it is explicitly given in terms of the famous Riemann ¢ function {(s) = o2, ¢ ™%,
viz. N = [2¢(p+1)] "

The main reason to expect new interesting behavior beyond diffusion, is the fact that the

second moment
2—pu—d

P -
a~d-n "’

x€L\0

diverges for 0 < p < 2. The divergence is due to the slowly decaying power tail o |x — y|7d7“
for long jumps. This long jump length characteristic has influence on the dispersion function
¢(p) for small momenta: We split up the Fourier transform p(p) into a short and long jump
length contribution:

p(p) = Z p(x) e "XP + Z p(x) e " XP, (3.14)

xEL xeL
rx<ca x=ca
short jumps long jumps

The separation into short and long jumps is performed by an artificial constant c. Any
reasonable result has to be insensitive to c. Let us concentrate on the long jumps. For large
distances |x| > ¢ - a, the distribution p(x) is slowly varying. Therefore, the sum can be
approximated by an integral:

—ix- d'x —ix- d —d—p —ix-
Zp(x)e P / Fp(x)e P=N.a" / dz |x|”H e XP

XeL [x|>c-a |x|>c-a

xr=c-a

Z:£’|XN' (a ’p‘)u ddz ‘Z‘—d—u e—i\z\~cos(<1p,z),

|z[>c-alp]
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<(p,z) being the angle enclosed by p and z = |p|x. In order to shed light onto the long
range jumps, it suffices to know the integral for small |p|. The form above already suggests
e(p) « |p|". To be more precise, the integral is expanded around |p| = 0 to obtain

e(p)=1-p(p) ~ Da - (alp)) + O
72T (—p/2) (3.15)

where Dy = —
4 on T (L9

Comfortingly, this form is independent of the unphysical constant c as described above. Notice
that the form of |p|" is non analytic at p = 0 for u # 1. Nevertheless, it is created in the
Fourier series , which is analytic if one restricts the sum to be finite. Therefore, any non
analytic term has to be a consequence of the infinitely extended space, perceived by the long
distance jumps. In contrast, short range jumps can not grasp the infiniteness of the system
and thus can only lead to analytic terms. This is the case for the diffusion described above
where the dispersion is analytic.

The finding in (3.15) motivates to generalize the discrete Laplace operator V2 (3.8) to
define the discrete fractional derivative operator V#

(FLeF) W(x) = —Da - a* VF ¥(x) (3.16)

(note that [V*] = length™#). In contrast to V2, the operator V# acts on functions ¥: a Z¢ —
C non locally due to the long jump length statistic.

Figure shows the dispersion function e(p) for d = 1.

Figure 3.3: The dispersion relation ¢(p) = 1 — p(p) for the d dimensional lattice a Z¢ is defined on
the first Brillouin zone p € [—7/a,x/a]®. The plot shows d = 1 for different . In
the neighborhood around p = 0 the dispersion function can be approximated by ¢(p) =~
Dy lap|" for p < 1/a (compare eq. ) Consequently, the curvature of the dispersion
function changes sign at p = 1.
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Series expansion of the one dimensional dispersion function

We derive the series expansion (3.18]) of €(p) in powers of p for d = 1. This expansion is an
essential ingredient for the numerical considerations in chapters [ and
The analytic part of
p)=1-) p(x)e"*P (3.17)
xeL

cannot be obtained by approximating the discrete sum by an integral as the integral ignores
the crucial lattice structure. However, for the one dimensional lattice L = aZ', the infinite
sum over the lattice sites x € L can be computed exactly by formally expanding €(p) in
powers of the momentum p € [—7/a,7/al:

p)=1- Zp(x) eTXP =1 2N Zcfl*“ cos(cap)

xelL c=1

=1-2N Z —imm Z
(;n)' Zcflfu+2n (ap)2n

cap

c=1
> ((14p—2n)
00
= a a .
p)" Z ‘ 1+u) (ap)

n=1

~Y

The calculation involves three grains of salt, indicated by the modified ‘equality signs’ 2.
The naive interchanging (first grain of salt) of the two sums in the third line, leads to the
formal expression Y oo, ¢ 17#T2"  Although the sum > oo, ¢ 17#T2" diverges for n > 1, it is
formally substituted by the analytic continuation of the Riemann zeta function (1 + u — 2n)
(second grain of salt). This is where the magic happens and a formal power series in p
appears. At the same time, any non analytic part of €(p) is lost. Therefore, the non analytic
term D4 (a|p])¥ is included by hand in the last line (third grain of salt).
The result

[e.9]

e(p) = D4 (ap)” Z —Hj_lu)zn) (ap)®™ ford=1 (3.18)

is exact for p € [—m/a,m/a]. Equation (3.18) can be derived mathematically rigorous by

applying the expansion Liji1(e?) = T'(—u) (—=p)* + > g (1 + 1 — k) p* /K! [50] of the Poly-
logarithm Li, 11 =), 2F /kP+1, In contrast to , the expansion converges fast
(especially for small p) which is important for accurate numerical considerations.

In the special case of u = 1, the sum in (3.18) becomes finite, as ((2 — 2n) = 0 for n > 2.

Using ¢(2) = 72/6, ¢(0) = —1/2 and D4 i 3/m (3.15) in (3.18), yields

3
e(p) = ;ap -

5.2 (ap)? ford=1, p=1. (3.19)

We do not know of an expansion of ¢(p) in p analog to (3.18|) for d # 1.
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Generalized Central Limit Theorem

Let us appreciate the result €(p) o< |p|* for small |p|. Similar to the discussion above, we look
at a random flyer on L = a Z¢, starting its flight at the origin. Every time step 7, the random
flyer moves independently to a randomly chosen direction v; € aZ? (figure shows a
possible trajectory). However, the movements are not restricted to the nearest neighbors,
but are distributed over the whole lattice according to the probability p in (3.13]). Hence the
variance (v?) does not exist and prevents the central limit theorem to hold.

As in the case of diffusion, we are interested in the macroscopic behavior of the random flyer
after an (almost) infinite amount of steps have been taken place. To get the coarse grained
picture, one has to separate the microscopic model, given by the microscopic time 7 and the
lattice constant a, from the macroscopic world by scaling. In contrast to diffusion, the right
scaling form is given by

Tr>e-T, are/tog (3.20)

and the macroscopic position of the random flyer at some macroscopic time ¢ is modeled by

the random variable
t/eT

Xi = '/ Z v;
i=0

as € — 0. The special scaling of space and time (3.20) is the essence of the generalized central
limit theorem. It states that the probability density of X§ universally converges to

PDF(X{)(p,t) <% exp (~Dat |p|"), (3.21)
where
~ Iz
Da=Dj- L with [Da] = length” - time™" (3.22)
T

is called the anomalous diffusion constant. Because the constant D, is invariant under the
scaling (3.20)), it will maintain its value as ¢ — 0 and have an impact on the macroscopic
regime.

The proof of (3.21]) is as simple as the proof of (3.10]):

lim PDF (X$)(p, t) = lim (exp (—: X{ - p))
e—0 e—0
t/eT
= Tim [ (et vy

=0

(at the second equality the definition of X§ and the independence of v; was used). O

The last line makes use of equation . It is this step in the derivation which motivates
the scaling . The scaling guarantees that only the non analytic term o |p|" survives
the limit € — 0.
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A different perspective on the GCLT

We copy the discussion above and look at the free action, describing one random flyer

So[®, @] :/CID(x) <8t+i}'_1e}'> () :/cp(x) (0 — DA V") D(2)

T x

(the equality is obtained by the use of equations (3.16]) and (3.22)). The classical equation of

motion

6 S
5P
is an anomalous diffusion equation with fractional spatial derivative in discrete space. As in

(2)\

1
the diffusive case, the propagator (SO ) is calculated in momentum space

=0 = 0;P—-—DyuVFd=0

(552)) - (p,q) = M 3(p—q)

With the help of the residue theorem one transforms back in the temporal direction.

e—itlw—l-itgw ;5\ @ 1
—————p—q)=0O(t1 — t ——e(p) - (1 —t
/—iw—i— (o) (p—=a) = Ot —t2) exp | ——e(p) - (11 — 1)

Using the asymptotic behavior €(p) ~ a* D A-|p|", to make the transition from the microscopic
model to macroscopic world, yields

(So ) (t1 —t2,P) = O(t1 —t2) -exp[=Dap" - (t1 —t2)], with Dy =Dy - —

This coincides with the generalized central limit theorem (3.21)).

3.4 Summary

This chapter concentrated on the random dynamics of (non interacting) particles inside the
lattice L = a Z¢%. The randomness of the particle’s movement is incorporated by defining the
probability p(x,y) to jump from site x € L to another site y € L at a certain rate.

In section some general properties of p: L x L. — Ry were listed. In the hamilto-
nian way of speaking, the dynamics is captured by the kinetic term. The dispersion rela-
tion €(p) expresses how much kinetic energy is contributed by the modes with momenta p.
The connection to the randomly jumping particles is established by ¢(p) = 1 — p(p) and
(U|Hyin|®) = 1 (\I/,e@).

The preceding sections [3.2] and dealt with two concrete examples for the jump length
distribution p(x — y): The random walk and the Lévy flight. Both of these microscopic
models lead to a stable law describing the walker’s (flyer’s) position on a macroscopic scale.
The transition from the microscopic to the macroscopic scale is the content of the (generalized)
central limit theorem. Based on the randomly moving particles, the macroscopic impression
of (super) diffusion is obtained. In the case of the Lévy flight, the crux is a slowly decaying
power tail for large jumps leading to a super diffusive scaling between space and time and
gives rise to the (discrete) fractional derivative operator V#. As described in section the
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mathematical reason for this is the divergence of the second moment, which circumvents the
central limit theorem and enforces the generalized central limit theorem. The following table
summarizes the main differences and similarities between normal diffusion and Lévy flights.

Normal diffusion | Lévy flights

jump 1, |x—y|= x —y| 91 else
distribution plx—y)oc] x—y|=a p(x —y) o x =l ’

0, else 0, X=y

— 1. a — Do

diffusion D=5 | Da=Da-%
constant [D] = length? - time™! | [D4] = length# - time ™!

length? ~ time | length” ~ time, 0 < p < 2
scaling diffusive | superdiffusive

dispersion L(F1eF) U(x)=-DV2U(x) | 2 (F1eF) U(x) = —Dy V* U(x)

asymptotics %E(I)) ~D- \P|2 %E(P) ~Da-|p|”

—_

propagator  exp (—;e(p) . t) A exp (—D p?- t) exp (—%e(p) . t) ~exp(—Dy|pl*-t)

Let us finish this chapter by briefly arguing why the problem of determining the macroscopic
behavior of randomly moving particles becomes tremendously more difficult, when those
particles react with each other. Without any reactions, the particles move independentlyﬁ
from each other and the problem is reduced to a one particle problem. As described in sections
and it is given by the (generalized) central limit theorem.

Imagine the pair annihilation reaction A+ A — () is introduced among the random walkers
(flyers). Due to the interaction, it is less likely to find a particle in the adjacency to another
one. In this way, the dependence among the particles and the resulting (anti) correlations are
serious difficulties in solving the pair annihilation process.

There are two prominent ways to account for (anti) correlation effects in the macroscopic
description. The first method goes back to 1917 when Smoluchowski devised a phenomeno-
logical model [I1]. As in every phenomenological theory, a lot of physical insight and intuition
is necessary to account for the correlations ‘by hand’. The second possibility uses the ideas
of statistical field theory and renormalization group theory to include fluctuation effects sys-
tematically. In this thesis the latter way is chosen and the following chapter prepares for this
path.

4For a realistic physical system, this independence is a nontrivial assumption, based on the ansatz of molecular
chaos.



4 Non perturbative renormalization group
(NPRG)

Whenever a physical question is formulated with the help of a field theory, one can hope to
get some insight into the problem via making use of the powerful technique of perturbative
renormalization group (RG) theory. Two prominent areas in physics, that have profited by
this strategy, are statistical physics and particle physics (see any textbook on QFT or many
body physics such as [26, 51]). In both cases, one is interested in the partition function.
Schematically this writes

Z[J] = Tre (ef,%%TH[@H@-J) and Z[J] = Tre (6%5[¢]+¢>.J>

for statistical physics and particle physics, respectively. The trace is over all degrees of freedom
represented by the field ® coupled to an external source J. However, despite the success of
perturbative RG, any perturbative study is doomed to fail if one of the following situations
is encountered:

e There is no small parameter for which a perturbative expansion is meaningful [52]. In
the special case of an € = (d — d.) expansion, the physically interesting dimension d
might be far away from the critical dimension d..

e The quantities of interest are non universal [5].

e The properties of the investigation rely intrinsically on non perturbative features that
are not captured within a perturbative approach [29] 53].

The framework of non perturbative renormalization group (NPRG) [§] has the potential to
circumvent these difficulties. Using this technique, new progress in investigating critical phe-
nomena in statistical physics has been made [54 [55].

In addition to equilibrium statistical physics and particle physics, the NPRG formalism was
also established for out of equilibrium physics, first done by Canet et al. [29] [30, B1]. This
thesis deals with non equilibrium physics. In particular, with the focus on the pair annihilation
process. With this application in mind, the current chapter introduces the theory of NPRG.
Extensive reviews are given by [52] [].

4.1 Macroscopic behavior emerging from a microscopic model

As described in chapter [2] the physical space for the pair annihilation process is modeled by
a lattice L. For the sake of concreteness, we restrict to the canonical, translational invariant,
cubic lattice

L=aZ"
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with lattice constant a in d dimensions. Spacetime R x L is defined by adding a continuous
temporal direction to the spatial lattice. We denote spacetime points by z = (t,x) € R x L
and points in momentum space by p = (w,p) € R x [-7/a,7/a]” (see appendix [A)).

The field theory for the pair annihilation A+ A — () is obtained by the Doi Peliti formalism
and is given by the partition function (|2.15|)

2(7.9) = [ P2 exp [_s[é@“/aﬂ/é.j} (4.1)

Characteristic for the Doi Peliti formalism are two fields: The @ field with the physical inter-
pretation of a particle density (compare eq. ), which couples to the auxiliary current
J, and the so called response field ® with less physical content coupled to the particle input
J. Both, the fields, as well as the currents, are defined on spacetime, i.e. ®: R x L — R and
analog for ¥, J and J. The microscopic action functional S directly carries the information
of the reaction diffusion process given by the master equation. It is crucial to mention that
no approximations were made in order to derive the field theory . Thus, the field theory
is essentially non phenomenological and all the microscopic details (such as the reaction rate
A or the lattice structure L) are included.

The main task for solving any reaction diffusion process, is to leave the microscopic realm
of its master equation and to investigate what happens on a macroscopic scale. As known
from equilibrium statistical physics, this is a highly nontrivial task. Although the microscopic
model happens to be simple (e.g. all reactions are short ranged), the emerging macroscopic
behavior is likely to show a higher complexity:

e Correlations between distant space points can build up and lead to effectively long range
interactions, although no long range interaction was present in the microscopic model.

e Critical phenomena with a diverging correlation length may occur (either in equilibrium
[56] or in non-equilibrium [57] physics).

e Criticality is linked to a sudden change in the typical macroscopic behavior when cer-
tain microscopic parameters are changed only slightly. This intriguing curiosity, called
phase transition, is difficult to predict quantitatively. It is a purely macroscopical effect
without a counterpart in the microscopical world.

Mathematically, the macroscopical world is described by the partition function (4.1]). There-
fore, computing Z [J s ] is expected to be difficult as new macroscopical features will originate

from simplicity. Once Z is computed, the model is considered to be solved and any macro-
scopical observable is cheaply obtained using (2.16]).

Comparing the microscopic model given by S with the emerged macroscopical outcome
given by Z, faces two problems.

1. The microscopic action S enters into the partition function Z as the argument of the
exponential function.

2. The functional S depends on the fields ® and ®, whereas Z is a functional of the currents
J and J.
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In this way, S and Z are poorly compatible. To resolve the first problem, define the Helmholtz
free energy functional

WI[J,J]=mZ][J],J]

to be the logarithm of Z. Moreover, defining the effective action

F[\If,\I/}:—W[J,J}+/\II-J+/\IJ-J,

SW[J,J] SW [J,J] (42)

where ¥(t,x) = ST(E.%) and U(t,x) = —=—"—=

to be the Legendre transform of W, solves the second difficulty. Since ¥ and ¥ are derived
from the macroscopical object W, they are be interpreted as macroscopic fields and I is the
macroscopic action. In the terminology of statistical physics, I' is also referred to as the
Gibbs free energy. Notice the similarity between the macroscopic fields ¥(x), ¥(x) and the
one point functions

oW J,J] and (®(t,x)) =

dt,x) = —tr 4 T o :

The one point functions (®) and (®) are obtained by evaluating the macroscopical fields ¥
and W at vanishing currents J = J = 0. This property will be used in the derivation of the
Wetterich equation in section

Going from Z to I', obviously preserves all the information and Z can be reobtained from
I' again. The reason why I' is preferred over Z, is because S and I' are on the same footing.

4.2 The idea of coarse graining

In nuce, the underlying idea of NPRG is to perform the transition from the microscopical
to the macroscopical scale not at once, but peu a peu in an interpolating manner. For this
purpose, a new parameter k with dimension [k] = length™! parametrizes the path from the
microscopic world £ = A to the macroscopic world at & = 0 (A can be thought of as the
inverse lattice spacing). Roughly speaking, at an intermediate mesoscopic scale 0 < k < A,
all short ranged degrees of freedom with p > k are included in the formulation, while the long
range modes p < k are cut off. Therefore, k is also called the infrared (IR) cutoff. If k = 0, all
physical degrees, especially the infrared ones, are integrated out and the macroscopic physics
is obtained.

The idea is related to the block spin transformation according to Kadanoff [9]: At the
mesoscopic scale k the ultraviolet lattice structure cannot be resolved any more. Instead, the
lattice is blurred, showing a coarse grained image with the smallest resolvable blocks of size
k~?. Being incapable of seeing all the microscopic details has the advantage of sharpening the
view for the fluctuations that coherently add up to form new mesoscopic physics. Macroscopic
physics is obtained when all fluctuations are included as k& — 0. Metaphorically speaking,
this coarse graining is similar to look at the details of brush strokes in a painting and, while
going back, step by step, to finally recognize, how the single color patches blur and coherently
create the big picture.
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To quantify this coarse graining concept, the IR-cutoff operator Ry is used to define the
cutoff term

ssioa-H{ B! "] @

Ry 0 (4.3)

_ / B(—q) Rulq) Blg) = / B(z) Ry(x — ) ®(y).
q

:1:7y

Equation (4.3]) makes use of the fact that Ry is diagonal in momentum space (see appendix

, i.e.

K (Ry)(p1,p2) = Ri(p1) 3(p1 — p2)-
When the cutoff (4.3)) is added to the action, the partition function becomes scale dependent,

Zi [J,J] :/DQJDCI) exp [—S [@,®] — AS), [@, D] +/<I>-J+/<i>-j] : (4.4)
The interpretation is as follows: Being proportional to the product ¥ ¥, the term AS), gives an
additional contribution to the dispersion function € such that the total ‘energy’ of the p mode
becomes 7! ¢(p) + Ry (p). The propagation of the high energy modes is suppressed compared
to the low energy modes. Hence, the artificial energy term ]/%k can be used to control how
the fluctuations are integrated in. This is the key to implement the coarse graining described
above. We require the following properties (recall ¢ = (w, q)):

o limy ﬁk (q) = oo for all g, to guarantee that all fluctuations are frozen at the scale k =
A. This is important in order to connect the macroscopic physics I' to the microscopic

model S (see section [4.4)).

o lim;_,g ﬁk(q) = 0 for all ¢, as the cutoff ﬁk is artificial and has to be absent in the
physically meaningful, macroscopic limit Zy—g = Z.

o Ry (q) ~ 0 for |g| > k: The modes with high momentum q compared with the considered
scale k are included and remain untouched.

° ﬁk(q) ~ ‘large’ for |q| < k: The modes with small momentum g compared to the
considered scale k are given a large artificial mass in order to damp their propagation.
In other words, the cutoff Ry regularizes the IR behavior of the propagator.

° }A{k is independent of w: There is no coarse graining associated with the temporal
direction.

° ﬁk (¢) > 0 is non negative. The property is essential to guarantee causality (see section

53).

Analogously to section[d.1] we define the scale dependent Helmholtz free energy and effective
action (Gibbs free energy) as

Wi [J,J] =InZ [J, J]
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and

Iy [0,0] = W [J,J] +/\IJ-J+/\I/-JASk 0w,

where W(m)zw and \Ij(gg):

S Wi [7.7] (45)

60J(z)
respectively. Note that the additional ASy, term spoils (4.5)) to be a true Legendre transform.
Nevertheless, the right physical limit I'y—g = I' is recovered. As shown in section the

term is necessary to establish the connection between the microscopic action and the effective
action in the sense I'p—p = S.

To further elaborate the investigation, a flow equation for the family of effective actions I'g
is derived (section [4.3]), and the initial condition I'y—5 = S is proven (section [4.4)).

4.3 The derivation of the Wetterich flow equation

The flow equation in the context of NPRG characterizes how the effective action 'y, behaves
under the change of scale. Substituting the definition (4.5)) of I'y, the flow equation is

O Ty [0, W] = — 0, Wy [J,.J] / OWe 1. T] o e / OWe l1.7] 5 7y

6.J(x) 5.J ()
+ / (x) OpJ () + / U(z) O J (x) — O ASy, [¥, U] (4.6)

= OW, [ 7. ] — 0, ASy [, 0]

(in the last line, the definition of the macroscopic fields ¥ and ¥ was used). The drawback
of this equation is however, that the right hand side still depends on the functional W}, and
not on the appropriate functional I'y. The remaining task is to massage the expression

HW, [J,J] = (0 ASy [, 9])

into a more suitable appearance, which depends on I'; only. Note that the deﬁnitiorE] of the
averaging bracket (-) differs slightly from the one introduced in section
In the first step, the following matrix notation

0 Ry

R, = , (‘P(")(x)>n€{l ’ = (\Il(:v),\ll(:c)) and (J(”)(:n)>n€{1 2 = (j(:c), J(ZL'))
R, 0 ’ ’

is used to define two important operators:

'The average of the functional A[®, ®] is defined as

(A [@,@]Eﬁ/mmu@,@] exp |5 [3,0] — AS, [3, 0] +/r1>J+/<T>J]



32 4. Non perturbative renormalization group (NPRG)

e The operator Gy, [j ,J ] = Wg) [j ,J }, defined through the integral kernel

) . S2Wy [J,J
K(Gy [J, J]) (1, 29) = Gy [J, J] (21, 22) = <5J(")(x1l)€<£z7(m)]($2)> 7
n,me{1,2}

is called the full field dependent propagator. As W = In Z, the useful representation
G [J,T] (@1, 22)ny i = (D7) (1) D) (5)) — (B (1)) (22 (2))

4.7
= (&) (27) D2 (25)) — W) (1) W) (). (47)
is obtained.
e Next, the operator (F,(f) (U, 0] + Ry;) with kernel
(1“(2) [0, U] +§k) (21, 72) = O°L, [V, ¥] + K (Rp)nm (@1, 72)
k ’ 3 5\I/(n) (361) 5\Ij(m) (.1'2) n,m )
n,me{1,2}
is defined.
Both operators are inverses of each other:
- _ N1
G [7,7] = (0 [9,9]) + Ry) (4.8)
A quick calculation reveals the claim
Wy [J,J 82Ty [0, U ~
Z/ k ] - [ ] + R (Y — 22)m,ns
§J1) (1) 5T (y) \ W) () §W(m2) (25)
M) (y) (6 JM2)(x5) 52 ASy, [0, U] ~
= - R - m,n
Z/ 5T (1) \ SV (g) GO () Gl () Y T 2
) o J("2>( 2)
Z/Mm P () Ome O —2)
(in the second line 5‘\35(’;) =g — g@a’g is used).
Let us proceed with the plan to massage 0y W}, into a form depending on I'j:
- _ 1 ~
—OWi [, ] = (0 A [2,0]) = 5 [ D OcBi(1 — w2)ny o () (21) 2 (2)
x1,T2 ni,n2
(4. 1 ~ ¥ n n
3 Z O Ry (21 — 22)ny g (Gk [T, J] (21, %2) gy + ) (1) 0 2)(362))

zy,ap T2

_ %Tr (ak Ry Gy [J, JD + OpASy [T, 1] .

Plugging this into (4.6) and using (4.8)), leads to the Wetterich flow equation

0p Ty [T, 0] = %Tr [ak Ry (rﬁf) [0, W] + ﬁk>_l] . (4.9)
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It remains to show ['g_p [\il, \If} =S5 [\I/, \IJ] . Pretending this equality holds, the strategy is set:
Solving the Wetterich equation with this initial condition, forces I'y—g to describe the coarse
grained macroscopic physics connected non phenomenologically to the microscopic model S.

A selection of remarks concerning the structure of the Wetterich equation is listed:

e The Wetterich equation is an exact functional partial differential equation for the family
of effective actions I'j.

e Going from a scale k to a scale k — Ak, involves only integrating over the degrees
of freedom belonging to a narrow momentum range around p = k: For p > k the
property Rk( ) ~ 0 turns dy, Ry, into an ultraviolet (UV) cutoff. On the other hand,
infrared (IR) modes with p < k are damped by the propagator due to the large Ry,
term in the denominator. In this way, the fluctuations on different scales are taken
into account separately. This can be anticipated to be profitable for the description of
critical phenomena, where fluctuations on all scales are important and have to be taken
care of systematically [5].

e The syntactic structure of (4.9) motivates to represent the flow equation by a Feynman
diagram:

1 ~ 2 ~\—1 1
8kl“ = iTI‘ I:ak Rk <P](€ ) + Rk> :| = 5 . (4~1O)

Conveniently [5], the cross denotes the term O Ry, and the line represents the full

propagator (F;f) + ﬁk)_l. The trace is depicted in a Feynman diagrammatic fashion by
the fact that the propagator closes to form a loop. In contrast to perturbation theory,
this one loop structure is exact due to the fact that the full field dependent propagator

_ ~ -1
(F,(f) [\IJ, \If] + Rk> is used. The topological structure of the one loop diagram turns

out to have important implications for the renormalization of the couplings in A+A — ()

(see section [5.3)).

We conclude the chapter with the

4.4 Proof of I'y = S.

Rewriting the partition function Zj (4.4)) in terms of 'y, leads to (omitting the arguments
for a condensed notation)

Zk:eW’“:exp {—Fk—ASk—F/J\P—i—/J_\I’] :/exp[—S—ASk—F/J(I)—F/j@].

Notice that the exponent on the left hand side is the macroscopical mirror image of the
exponent appearing in the ‘Boltzmann factor’ on the right hand side. This symmetry is the

essence of coarse graining. Making use of J = N L4 ‘SAS & (and similarly for J) and performing
the field redefinition y =® — V¥ and Yy =& — ¥, glves
_ B 0 F _
exp(—Fk [\I/,\I!]): Dx Dx exp —S[\II+X,\II+X (le—i- 6‘1/ — ASE [, x| -
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The x field measures the difference between the microscopical field ¢ and the macroscopic

field W. In the limit Ry k20 5o the —AS) [X, x] term forces x and Y to be zero (this

is a functional integration analogon to Laplace’s method of the steepest descent)ﬂ Thus,
the difference between the macroscopical and microscopical fields vanishes as k& — A. All
fluctuations that lead to deviations from the microscopical picture are frozen by the cutoff
J/%A. Neglecting unimportant factors, completes the proof of:

exp (=T, [0, 0]) 228 exp (=5 [T, 0]) = T, [, 8] =5 [®,].

2This rather handwaving argument can be made more waterproof by reintroducing the complex degree of
freedom @, resulting in the fact that AS; becomes quadratic in the real and imaginary part of the field.
See the appendix in [27] for details.
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The previous chapters had a preliminary character and provided the tools for the investigation
of the pair annihilation process. Chapter [2| introduced the Doi Peliti formalism and mapped
the reaction diffusion process A+ A — ) to a field theory given by the action (compare eq.
(2.15))

$18.9] = [ 8(2)(0: - DaV")(a) + U (B(2), 2(0)) (5.1)

where )
—DaVH = %J—"’le}" and Upr(®,®) =\ (B2 +20)D%.  (5.2)
Integration is performed over the whole spacetime R x L, i.e. fx = fR dt Y ycr and x =

(t,x) € R x L. For concreteness, we choose L = a Z¢.
The action (5.1]) consists of three different terms.

e The first term f ® 0,® includes a time derivative and results from the coherent state path
integral prescription (compare section [2.3]). It indicates the non equilibrium character
of the process.

e The second term — [ ® D4 VF® encodes the random movement of the particles. As
explained in chapter |3 the dispersion function ¢(p) = 1 — p(p) is defined in terms
of the jump length probability distribution p(x — y). In the case of Lévy flights one
has p(x —y) « |x — y| ¢+ which leads to the fractional derivative (5.2). The
anomalous diffusion constant D4 is defined by .

e The third term of 1) is the potential [ U A(¥, ), which incorporates the reaction
A+A— 0.

Because the action ([5.1]) can be derived directly from the master equation , i.e. from the
microscopic model, the action is understood to be part of the microscopic world. In contrast,
the physical observables are macroscopical and are derived from the macroscopic partition
function Z . The computation of the partition function Z can be viewed as the transition
from the microscopical to the macroscopical world. A skillful way to perform this nontrivial
transition is by the idea of coarse graining (see section[4.2): The IR cutoff AS}, is introduced
and the family of scale dependent partition functions is defined to be

Zi [J,J] :/D@Dé exp [—S[é,(ﬂ — AS; [(i),(l)]+/<I>J+/<i>J}

The scale 0 < k < A parametrizes the transition from microscopics (k = A) to macroscopics
(k = 0). In the limit ¥ — 0, the IR cutoff vanishes and Zy—y = Z is recovered. The
corresponding Gibbs free energy I'y is defined as the Legendre transform of the Helmoltz free



36 5. The local potential approximation (LPA)

energy Wi = In Zy. T'y is interpreted as an effective action, which describes the physics on
an intermediate scale (see section 4.2)). In particular, I'y_p = S and I'y—( are the microscopic
and macroscopic extremes, respectively. In section the Wetterich equation

O Ty [0, 0] = %Tr [ak Ry (rﬁf) [0, 0] + ﬁk)_l] (5.3)

was derived. If the initial condition I'y_y = 5 is given, relates the microscopic action S
to the corresponding macroscopic action I'y—y. The flow equation is exact and generally
impossible to solve exactly. Nevertheless, the Wetterich equation is the right starting point
for approximations [5§].

Two famous methods to approximate the solution I'j, of are the vertexr expansion and
the derivative expansion [5]. The idea common to both approximations, is to truncate the
space of possible functionals I';, on which the flow equation is solved. In the following
section, the local potential approximation (LPA) is introduced. The LPA is the simplest
form of a derivative expansion. In the subsequent sections and we derive important
consequences for the pair annihilation process.

5.1 The flow equation in LPA

Instead of solving the Wetterich equation 1) for I'y, [\1!, \I'] exactly, the solution is approx-
imated by restricting the space of functionals. In the simplest truncation, called the local
potential approximation (LPA), the approximated solution is predicted to be of the form

Iy [0,0] = / [U(z) (9 — DAVH) U (x) + Up(¥(z), ¥(z))] . (5.4)

T

This particular ansatz is intended to mimic the action and has the same ‘dynamical
part’ [W¥(z) (8; — DaV*) ¥(z). In contrast to S however, allows for a general local
potential Uy that needs to be solved for. As we will see in section the ‘dynamical part’
cannot be renormalized for the pair annihilation process, which justifies the ansatz . In
the following, the constraints imposed on Uy by the Wetterich equation are examined.

We start with the computation of the propagator (F,(f) + Ek)_l. The integral kernel of I‘,(f)
formally reads

(2) 0 O — DAVH ldzm IQLU )
07 (2,y) = oz —y) + (T, 0) 6z — 1)
—0y — DAVH 0 U}El,l) U}gog)
U (Y, W)

in position space (U™ (¥, ¥) being the derivative ). To compute the inverse of

ovn gum
(F,(f) + Ry), it is tempting on one hand to do calculations in momentum space, because the

cutoff Ek as well as the ‘dynamical part’ in Fl(f) become diagonal. On the other hand, the

‘potential’ part of F](f) is diagonal in position space and therefore, acts as a convolution in
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momentum space (compare appendix. To by-pass this difficulty, the fields ¥, ¥: Rx L — R
are chosen to be constant in space and time, such that FS) is diagonal in momentum space:

0 —iw+ 2e(p) | U,gQ’O) U,gl’l) .

' (p,q) = 3(p—q)+ (T, ) 3(p — q).
iw+ L €(p) 0 ot U

We introduce the abbreviation
) 1 ~
Q(p) = —iw + —e(p) + Ri(p),

to ease the notation in the propagator at constant fields

-1

=~ ~ (B6) k k =
T + B~ (0, q) 5(p — q)
Q. (—p) + U U

_ [(Qk(p) 1 Ulgm)) <Qk(—p) i U}gm)) _ U}gz,O) UISO’Q)}_I (5.5)

_Uk(:U,Q) Qk(p) + Ulgl,l) R
5(p — q)-
)+ g

Finally, the Wetterich equation for the ansatz (5.4)) at constant fields, reads
-1

2
0Ty, = TV 0, Uy, — %5(0) / W+ (U,El’” + Ru(p) 4+ e(p)) ~uP0y?)

=
V4
~ (0,2) (1,1)
0 Rulp) _u! Qu(p) + U}
tr O .
Ri(p) 0 Q(-p)+ oM U0

with 5(0) = [ exp(i0-x) = [ 1 = TV being the spacetime volume. Performing the w
integration (this is easy, because Ry (p) is assumed to be independent of w), yields

O Ri(p (U( D4 Ru(p) + 2 G(P))

:/ 2
V(U8 4 Rt + Letw) - 00 U0

O Uy, = (5.6)

Compared to the original Wetterich equation , being a functional partial differential
equation for I', is a significantly easier, partial differential equation for Ug. The price
to pay for this simplification is the loss of exactness. Let us emphasize the approximation
character of the flow equation . Assume the flow equation for the potential Uy is
solved exactly. Using this solution Uy in the ansatz (5.4]) gives a functional I'y, which does
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not need to solve the full Wetterich equation . The crucial point is that was derived
under the assumption of constant fields W(z), ¥(x) = const. Therefore, even though
might be solved exactly, it is highly questionable whether this solution is still valid for non
constant fields. The assumption of constant fields in the derivation of is important to
get a consistent flow equation for U, while the ansatz does not need to solve the full
Wetterich equation.

Remarkably, the derivation of does not require to specify the microscopic model yet.
Also, a particular choice for the cutoff function ﬁk(p) is not necessary (besides imposing
independence on w). Consequently, the flow equation is capable to describe any one
particle species, reaction diffusion process. The specific model enters the stage through a
back door in fixing the initial condition Ug—A. In the case of A+ A — (), the initial condition
is

Upp (T, W) = X\ - (02 +20) 02,

In the following sections [5.2] and the crucial consequences of this particular initial condi-
tion are derived.

5.2 Causality

We evaluate the propagator (5.5)) at vanishing fields ¥ = 0 = U:

. . . 0 o))
G l0.0) (o1 p2) = (T2 0.0+ B)  (p1.po) = P S

Q(p1)~* 0

(recall Qy(p) = —iw + Le(p) + Ri(p)). The temporal Fourier transform of this operator is
performed by making use of the residue theorem. By abbreviating ¢ = 2 €(p1) + Ry, (p1) > 0,

dw1

/Q(pl)_l e—z‘wl(tl—tz)g(pl _ p2) — _/27ri (w1 + Z-C)—l e twi(ti—t2) g(pl _ p2)

w1

~

= 0O(t; — ta) -exp[—c- (t1 — t2)] d(p1 — P2)

is obtained (since the Fourier transform is applied to an operator, equation has to be
used and results in the minus sign in the second argument t3). Because ¢ > 0 for every
p1 € 15'B.Z. and 0 < k < A, the residue is always located in the lower half plane and entails
the important Heaviside function O(¢; — t2). The result

R 0 O(ta —t1) |
Gr[0,0] ((t1,p1), (t2, p2)) d(p1 — p2) (5.7)
Oti—t) 0

sets up causality: It shows that the propagator connects only ¥ fields to later ¥ fields.
Furthermore, the U and ¥ fields cannot be connected among each other, as the propagator
is off diagonal.

In a diagrammatic treatment, the propagator is represented by a straight line that connects
a V¥ toa VU field
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v - .

Causality is denoted by the arrow. As a convention, time always flows from the right to the
left. Therefore, a ¥ field has to be attached at the right hand side of the propagator (earlier
time) and the ¥ field, to which it connects, is on the left (later time).

5.3 The hierarchy of vertex functions

The scale dependent vertex functions Fén’m) are defined as the coefficients in the functional
taylor expansion of I'y, around ¥ =0 = ¥ [59],

Ly [\P’\I/] - / / I‘(”m (x1) .. U(n) U(y1) - U(ym),

n‘m'
n,m= 0 T1,.Tn Y1,

srtm [\1;7 \II]
SU(21) ... 0W(2y) U (y1) ... 6V (ym)

where

Flgn,m) _

U=0=V¥

In this sense, the effective action I'y is the generating functional for all devisable vertex
functions. The momentum space analogon is given by the functional fk [\TJ, \TJ} =TIy [\Il, \If]:

fk[xf/,xﬂ: / /r“””)xf/ DT (pn) Uqr) - B(gm),

n'm'
Pl,--Pn qls--Gm

[E

—~
ot
co

—

gmtm T, [@ 7

SU(p1)...00(pn)0W(qr) ... 00 (gm)

where

flgn,m) _

T=0=T

The vertex functions F,in’m) and f]inm) are interrelated by Fourier transform
plm) oy o (plem))
k (p%an) - k ( p’La QJ)
(notice the minus signs in the arguments).

Within the framework of the LPA, the vertex functions are directly related to the local
potential Uy. Formally, by making use of (5.4), m > 2

0 as5) = U 0,0y [ 301— ) [ 01— )

~

where U™ = 9n+m (U, U) /0" W 9™ ¥ denotes the derivative. In the LPA, the momentum
dependence of the vertex functions is only due to the momentum conservation. This feature is

induced by the fact that the effective action I'y is expanded around homogeneous (especially
zero) fields.
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Assuming that Uy, is analyti(ﬂ

Up(2,0) = > Gi(n,m) " o,

n,m

and calling the Taylor coefficients G (n,m) the coupling constants, the vertex function is
proportional to the coupling

~

T (pr, q5) = nlml Gi(n,m) 8( pi + i 41). (5.9)

To relax the way of speaking (and writing), we call Gi(n,m) the (n,m) coupling and F,gn’m)
the (n,m) vertex. The vertex functions are illustrated in a Feynman diagrammatic form:
(choosing (2, 3) as an example)

o——— U

.

Their naming results from their vertex like, geometric structure. As a convention, we always
draw the associated W fields on the right hand side and call these the ingoing legs, whereas
the outgoing legs, associated to the W fields, are drawn on the left hand side (recall that time
flows from right to left). The terminology of ingoing and outgoing comes from the fact that
the W fields of one vertex are infinitesimally earlier in time than the ¥ fields due to the Doi
Peliti formalism (see also the explanation in footnote [2 on page . Note that the factors n!
and m! in appear naturally in the diagram as the combinatorial number of ways how
the legs can be attached to the knot.

o

The Wetterich equation induces flow equations for each vertex function. The common
feature which all of these flow equations share, is their one loop structure inherited from
the original Wetterich equation (4.10)). In what follows, we will make productive use of this
instance.

At the microscopic level, the only non vanishing couplings for pair annihilation are GE\M)

and GSXLQ). We deduce two important properties:

P1. For any non vanishing vertex function stn’m), the number of ingoing V fields is greater
than or equal to the number of outgoing W fields: m > n.

P2. From Uy = A (2U + ¥2)¥? it follows GA(1,2) = 2 - Gx(2,2) = 2\ and therefore,

T —o. 72

Remarkably, both symmetries, initially only present at k = A, are preserved along the flow
and subsequently hold on all scales 0 < k < A.

1t is still possible to derive non analytic results from this ansatz.
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To prove the symmetry (P|1)) on all scales, it suffices to show that no vertex with more
outgoing than ingoing legs can exist. The proof goes by induction. Assuming the absence of
vertices with more outgoing than ingoing legs on some scale k, we have to show their absence
on the scale k — Ak. New, contradicting vertices at scale k — Ak are created through the
Wetterich equation out of the present vertices at scale k. The claim follows from the
topological constraint imposed by the one loop character: Starting with any selection of N
(ni,m;) vertices (i = 1...N) with n; < m; by induction hypothesis, the total number of out-
going legs trivially cannot be larger than the total number of ingoing legs: > . n; < Y. m;.
Forging a one loop diagram out of these building blocks by linking vertices with propaga-
tors, reduces the number of free outgoing and ingoing legs. As described in the previous
section a propagator can only connect a ¥ (i.e. outgoing leg) to a ¥ (i.e. ingoing leg).
To complete a connected, irreducible one loop structure, N propagators are needed. Hence,
the total number of ingoing and outgoing legs is reduced by the same amount N. We have

To prove the second symmetry ( on all scales, we look at the precise diagrammatic
structure of the (1,2) and (2,2) vertex flow. As explained above, one has to obey the rule
to use only (n,m) vertices with n < m in building up the one loop flow. This topological
limitation restricts the valid one loop structures to a simple form. Figure shows the only
allowed Feynman diagram for the (1,2) and (2, 2) vertex ﬂowﬂ Both diagrams differ only by
one vertex: The flow of the (2,2) vertex is obtained from the (1,2) vertex flow by replacing

the (1,2) vertex by another (2,2) vertex. At k = A one has F%’z) =2 F§\272) and thus

O F}(€1,2) ‘ B = 2° O I‘,(€2’2) ‘ w—p- Lherefore, the symmetry becomes inherited to the lower scale
A — Ak. By induction, I‘,(gl’Q) =2- F,(f’2) holds for every 0 < k < A. O

The two preceding symmetries ( and ( already reveal some features of the vertex
structure. We proceed by investigating the vertex scheme further and prove the following
additional properties:

P3. It is not allowed to connect two legs of the same vertex with a propagator.

P4. The propagator does not become renormalized: 0O FS’I) = (0. This is the justification
for the LPA ansatz ([5.4]).

2The reason why the flow for the (2,2) vertex does not contain the following skull diagram

lies in the Doi Peliti prescription. As described in chapter [2, the hamiltonian H(®;, ®;), appearing in the
action and giving birth to the couplings, was obtained by blurring the time difference in H(®;, ®;—a¢) as
At — 0. This means, the ingoing ® fields of a vertex are slighly earlier in time than the outgoing ® fields.
The causality characteristic that the propagator only connects earlier ® fields to later ® fields, prohibits
the connection of legs of the same vertex. Hence, the skull diagram is excluded.
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O 0

(b)

Figure 5.1: The proof of (, I‘S’Q) =2- 1"2’2): shows the flow O 1"21’2) of the vertex 1"21’2) in a
diagrammatic way. Similarly, |(b - )| depicts the flow O I‘(2 2,
Both diagrams differ only by the vertex on the left. Replacmg the (1,2) vertex in @by
a (2,2) vertex, gives the second diagram |(b)l Consequently, the initial condition Iy
2. I‘f ) i inherited to all scales 0 < k < A by the flow equations.

P5. The flow of any vertex cannot depend on vertices, of which the difference between
ingoing and outgoing legs is more severe. In other words, the flow of the (n,m) vertex
with m —n =1 > 0 cannot depend on a (n,m) vertex, whenever m —n =1 > [.

P6. The flow equation of any (n,m) vertex cannot depend on a (n,m) vertex, with more
than m ingoing legs.

P7. With the exception of the (2,2) vertex, the flow of all other vertices (n,m) is linear in
F,(Cn’m). Moreover, the only diagram in the flow dy Gi(n, m) which contains the (n,m)

vertex, contains exactly one additional (2,2) vertex.

P8. The flow of the (n,m) vertex always contains a diagram which is build out of (1,2) and
(2,2) vertices only. The total number N of vertices and internal lines in this particular
diagram is N = m.

The rule (P_3 ID was already used in the proof of I', (12) _ 9. I‘,(f’2) ( As explained in
the footnote |2/ on page (P) is a consequence of causality (section |5.2)) and the Doi Peliti
prescription (see chapter [2)). O

The fourth property (PH) was first realized by Peliti [60] in the context of perturbative RG
theory. As shown in figure the propagator cannot be dressed by loops without contradict-

ing (F[) or (P). O

To prove property (, assume that the flow of the (n,m) vertex contains a loop with
N vertices of the form (n;,m;), ¢ = 1...N. As argued in the proof of property (P[l)),
(n,m) = (3>_,ni — N,> ,m; — N). Therefore, | = m —n = > ,(m; —n;) = >;l;. Since
all [; > 0, this necessary condition fails if one of the [; > [. O

(P@ follows by similar means: If the flow of a (n,m) vertex is created by a loop with
N > 1 vertices of the form (n;, m;), the condition m = >, m; — N has to hold. Every m; > 2,
because ( excludes the (1,1) vertex. Finally, pretending there is a m; = m > m, we obtain
m=m+3,,;mi—N2>2m+2(N—-1)—N >m. A contradiction. O

Looking at the flow of the (1,2) coupling in figure |5.1(a)| explicitly, confirms the claim (F[7))
for this instance. Moreover, figure [5.1f(b)| shows that the flow of the (2,2) vertex is quadratic
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in F,(CQ’Q), which manifests the exceptional character of the (2,2) coupling. To prove the rest
of (F[7)), it remains to concentrate on (n,m) vertices with m > 3. Assume the flow of (n,m)
contains at least two (n,m) vertices (this spoils linearity). Using m; > 2 and N > 2, one
hasm =Y ,mi — N >2m+2(N —-2)— N < m < 4— N < 2. This contradicts m > 3
and proves the absence of diagrams containing more than one (n,m) vertex. Further assume,
the diagram contributing to the flow of the (n,m) vertex is build out of (n;,m;), i=1,... N
vertices with (n1,m1) = (n,m). Asm =%, ;mi— N =m+ >, _om; — N and m; > 2,
we conclude N = 2 and mg = 2. Similarly, no = 2. The corresponding diagram is shown in

figure O

Property ( is easily confirmed by drawing a circle and attaching sufficiently (1,2) and
(2,2) vertices without contradicting the properties (HI]) to (P[7). As we have m =Y, m; — N
with all m; = 2, we get N = m. The condition n = > ,n; — N = Y . n; —m < m on the
number of outgoing legs can always be fulfilled by choosing the right number of n; =1. [

(a) (b)

Figure 5.2: The proof of the absence of propagator renormalization (P4): Hypothetical one loop
diagrams, that dress the propagator, are shown in @ and [(b)l Both diagrams have to
be ruled out, since they contradict property ( and (, respectively.

/ Figure 5.3: Property ( ensures that the flow
\ LA | Ok Gr(n,m) of any (n,m) # (2,2) vertex
/ \\Vt is linear in the coupling constant G (n,m).
The typical diagram which gives the term
proportional to G (n,m) is shown in this

n- 2:[ figure.

The backbone underlying all proof leading arguments used for ( to (, is the topology
of the one loop structure in the Feynman diagrams imposed by the Wetterich equation
and the causality of the propagator . Equipped with the initial condition G (n,m) for
the couplings, the properties ( to ( follow. In principle, all the results could be derived
without ever using any diagrammatic technique and just expanding the Wetterich equation
in the fields by setting Uy (¥, ¥) = > nm Gr(n,m) Un Y™ Equating coefficients, leads
to a hierarchy of ordinary differential equations (ODEs) for the couplings G (n, m) with initial
condition GA(2,2) = 1/2- Gx(1,2) = X and Ga(n,m) = 0. All the properties (HI) to (Pg)
are then read off in an algebraic manner.

Seen this way, Feynman diagrams provide a powerful topological tool to exploit the alge-
braic structure of the Wetterich equation ([5.3).
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The upshot of this section can be summarized with the help of the diagram in figure
The arrows denote the dependence in the flow of the couplings. The flow of any coupling
(n,m) can only depend on the couplings prior (with respect to the arrows) to (n,m). The ar-
rangement of the arrows expresses properties ( and (P@ The resulting hierarchy implies
a crucial property: Starting at the (2,2) coupling and including all couplings along the path
in the direction of the arrows, up to an arbitrary coupling (n,m), gives a closed system of
flow equations for the couplings (i.e. coupled ODEs). In general, this system is too difficult
to be solved analytically.

outgoing
legs
4 + —> (4,4) (4,5)
A
3 4 —> (3,3) (3,4)
| \
2 T (232) (2’3) (274)
S
I (1,2) — (1,3) — (1,4) —
| | | | - ingoing
I I I I legs
2 3 4 5

Figure 5.4: The structure of the vertex hierarchy for pair annihilation in the LPA approximation:
All non vanishing vertex functions are placed according to their number of ingoing and
outgoing legs (notice the absence of (1, 1) and all vertices with more outgoing than ingoing
legs). The arrows show the dependence among them, imposed by the Wetterich flow
equation: The flow of the vertex (n,m) can only depend on vertices prior to it. A special
link between the vertices (2,2) and (1,2) indicates the symmetry FS’Z) =2 F,(f’Q). The
shaded region marks the vertices with direct physical relevance. They determine the
particle density (see chapter [6).



6 Corrections to the law of mass action in
d > d,

We concentrate on the description of the process A + A — () where the A particles perform
Lévy flights (see section inside the lattice L = aZ®. As in chapters [4] and 5| spacetime
points are denoted by = = (¢,x) € R x L. The main goal is to predict the particle density
p(t) as a function of time.

In a simple mean field approach, where correlations between particles are neglected, the
probability for two particles to collide is assumed to be given by the product of the particle
density p(t) - p(t). If the reaction A+ A — () occurs at the rate A, the rate equation

3y p(t) = —2X p(t)” (6.1)

describes the particle decrease for pair annihilation in the mean field approximation. The
solution of predicts the power law decay p(t) ~ (A t)*1 for late times t. We refer to (|6.1))
as the microscopic law of mass action, which states that the reaction rate is proportional to
the concentration of the reacting particles [61,[57]. This mean field law is justified for systems,
in which the particles are well stirred and consequently, the correlations between particles are
absent or at least sufficiently low. The stirring is the result of the particle’s random movement
[62]. The antagonist of the random stirring is the reaction, which leads to (anti) correlations
[63] between the reacting particles. Therefore, the validity of the mean field approximation
depends on the balance between the dynamics of the particles and the particle’s reactions.
For Lévy flights with Lévy exponent p, we will show in section that the law of mass
action is qualitatively correct up to the leading order if d > d. = p. The spatial dimen-
sion d., where the law of mass action breaks down, is called the critical dimension. The fact
that the critical dimension is lower for small Lévy exponents is conform with the intuition:
For small Lévy exponents, large jumps happen more frequently and the particles stir more
efficiently. Consequently, the law of mass action remains valid on a larger domain.

In this chapter we go beyond the mean field calculation by means of field theoretical
NPRG in d > d.. After discussing the fluctuation improved law of mass action in section
we focus on the correction terms to this law in sections and The theoretical findings
are compared to computer simulations in section The following two sections are intended
to make contact to the NPRG formalism in the local potential approximation.

6.1 Macroscopic rate equation

As described in section the mean particle density p(t) is given by (2.17))

W [J.]]

p(x) = ((x)) 6J(x) |70, 7=0

(6.2)
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and the one point function (®) fulfills the constraint (2.18))

W [J,J]

@) = 57 x0) =0

J=0,J=0

Rewriting both equations in terms of the effective action I’ [‘il, \II] (see section , yields

ST [0, V] ) — o ST [0, V]
6¥(x)  |y—(a),0=0 =J@)=0 d S (x)

Solving the equations for (®(z)) is equivalent to calculating the one point function
(®(z)) by means of (6.2). The advantage of the equations is the fact that they phrase
the problem of determining the mean particle density (®) in terms of the effective action
I'. Consequently, the framework of NPRG theory described in chapters [4] and [5] becomes
applicable.

We give two related interpretations for .

= J(z)=0. (6.3)

T=(D),T=0

e AsT'p—o =T, the equations (6.3)) can be viewed as the macroscopic extreme of

T [0, U ol [0, U
k[7 ]:0 and k‘la ]:O
o¥(x) oV (z)
The microscopic extreme is the microscopic (classical) equations of motion
55 [v, v 55 [V,
—— =0 and — =
IV (x) oW (z)

Against this background, equations (6.3)) are called the macroscopic equations of motion.

e As known from statistical physics, the equations of state describing the system in ther-
modynamic equilibrium are obtained by minimizing the Gibbs free energy I'. In this
way, (6.3) could be called the equations of state despite its non equilibrium character.

Replacing the effective action I' in (6.3) by the LPA ansatz (compare section

Ty [0, 0] = / [B(2) (8 — DaVH) U(z) + Up(¥(x), U(2))] |

yields the macroscopic rate equation for the density p:

A p(t) = ~US " (0, p(t)) (6.4)

(Uél’o) being the first derivative of Uy with respect to the first argument). Note, that the
microscopic rate equation

e p(t) = ~U (0, (1)) = —2A p(t)?

is equivalent to the mean field equation (6.1)).
With the results derived in section the Taylor expansion of Up is known to be of the
form
Uo(T, %) = > Go(n,m) T"y™

n,m>2
n<m
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with Go(1,2) = 2Go(2,2) (see properties (Pfl)), (P2) and (PH) on pages [40] and (P41]). Con-
sequently, expanding (6.4)) yields

Orp(t) ==Y Go(l,n) p(t)" = =2Go(2,2) p(t)> =D Go(1,n) p( (6.5)

n>2 n=3

law of mass action

corrections

The first term is the macroscopic analogon of the microscopic law of mass action . The
only quantitative difference is the fact that the macroscopic reaction rate Go(2,2) replaces
the microscopic reaction rate A. The subsequent terms — ) -5 Go(1,7n) p(t)" are corrections
to the macroscopic law of mass action. This shows that the couplings Go(1,m > 2) effect
the particle density directly. The vertex hierarchy, visualized in figure indicates that it is
nontrivial to compute the couplings Go(1,m) for large m since they depend on many previous
couplings in the hierarchy.

As long as Go(2,2) # 0 the first term of (6 . ) dominates the behavior for sufficiently small
densities p(t) and the scaling p(t) =~ (2Go(2,2) )" is valid for large ¢. The exponent of this
power law is exact and was investigated for diffusion [20, [12] and Lévy flights [15]. However,
less effort was made to determine the amplitude Go(1,2) or the corrections beyond the law
of mass action.

In what follows, we will make use of the LPA flow equation (see section

) Ri(p (U(l Dy Ry(p) + %ﬁ(P))

:/ ; ’
O+ Ao + L) - U000

O Uy, = (6.6)

to determine the macroscopic coupling Go(2,2) (section |6.3]) and the effect of the corrections

in (6.5) (sections and 6.5)). Prior to this, the following section defines the yet undetermined
IR cutoff function Ry, in (6.6)).

6.2 The cutoff function

In section a list of properties of the cutoff function ]/%k is given. The properties are
motivated by the idea of coarse graining. However, most of the properties are not mandatory.
There are only two indispensable requirements:

e limy_,q ﬁk (p) = 0 for all p, in order to guarantee that the true, physical limit

is obtained macroscopically.

e limy ﬁk (p) = oo for all p to connect the initial microscopic action S to the effective
action: (see section .

Since the Wetterich equation is an ezxact flow equation for 'y, these two inevitable conditions
guarantee that the flow connects the initial condition I'y—x = S to the final outcome I'y—o =T,
independent of the concrete choice for Ry. The remaining freedom in Ry can be used to
simplify the flow equation without changing the macroscopic outcome. Only the intermediate,
mesoscopic functionals 'y are sensitive to the cutoff. In the limit & — 0, where all degrees
are integrated out, the unique physical limit I" is obtained without ambiguities [64].
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Things are different as soon as approximations such as the LPA (see chapter [5]) are used.
The loss of exactness leads to spurious, unphysical dependences of I'g on the IR-cutoff
[64, 54 ©65] and T'y # T is not unique. A ‘good’ choice for Ry can improve the results,
whenever approximations are used.

We do not follow the line of finding an optimal cutoff function ﬁk, but choose a form, which
keeps analytic calculations simple. A convenient form, proposed by Litim [64], is

Rela) = Bila) = © (& — (@) - Oex — (@), (67)

At a given scale k, the Heaviside step function separates the physical modes into two regimes.
The low energy (long ranged) modes with €(q) < €, and the high energy (short ranged) modes
with €(q) > €. Hence, the ¢ functions as a energy reference. The precise dependence of the
reference €, on the scale parameter k is given in equation .

Using the cutoff in the effective propagator at scale k and vanishing fields, yields

(wr +Lep) ™ fore(pr) < &

7(1,1) 5\ -3
(Fk [0,0] + Rk) (p1,p2) = 6(p1 — p2) {(iuﬂ + %e(p1))_1 for e(p1) > €.

In the case of ¢(p) < €k, the propagator is independent of the momenta (apart from the
momentum conserving delta function) and all the low energy modes propagate the same way.
The property that the propagator can not distinguish among the low energy modes is intended
by the construction of and simplifies the analytic considerations. The propagation of
the high energy modes with €(p) > € is unaltered, because ﬁk(p) = 0 in this case. Conse-
quently, as soon as €(p) > €, the p modes are included completely into 'y, and do no longer
contribute to the Wetterich flow. Algebraically, this fact manifests in the factor O ]/%k(q) of
the Wetterich equation (4.9, which becomes zero for the high energy modes €(p) > ey.

The energy reference € is chosen to fulfill the following properties.

e In the limit £ — 0 all modes are integrated out. Hence , which is equivalent
to Rp—g = 0.

° to guarantee Ry_p = oo.
e The positivity of €(q) |D implies for all 0 < k < A.
e ¢; is monotonically increasing in k.

The remaining freedom is fixed by the choice
ex = Dy (ak)”, A =00 (6.8)

where D 4 is given by 1} The form is proposed to mimic the dispersion relation e(p)
for small |p|, i.e. €(p) &~ D4 (a|p|)* for |p| < 7/a [46].

The above properties of ¢, lead to a momentum scale £* which separates the onsite fluctu-
ations from long range fluctuations. We define the cross over scale k* by

max €(p) = €=, (6.9)
P
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where the maximum is taken over all momenta p € 15°B.Z. (see figure[6.1). In the case of one
dimensional Lévy flights, the maximum of ¢(p) is obtained at the boundary of the Brillouin
zone and k* can be determined exactly:

1 (2 —27m\'/*"
k== <~> for Lévy flights in d = 1. (6.10)
a\ Dy

For k > k*, all momenta p € 15'B.Z. are treated as low energy modes (¢(p) < ¢) and
contribute to the Wetterich flow. The fluctuations being integrated out for k > k* are
extremely short ranged (smaller than the lattice spacing) and therefore, called onsite [46].
On the other hand, if k& < k*, the first Brillouin zone splits up into two parts. The first
part corresponds to the low energy modes with €(p) < €; and the second contains the high
energy modes with €(p) > €. Since the high energy modes are already included into I'
completely, they no longer contribute to the flow. In the limiting case k < k*, only a small
neighborhood around 0 € 15°B.Z. contains the remaining low energy modes. For p in this
small neighborhood the dispersion function is approximated by €(p) ~ D4 (a|p|)* and the
flow cannot be distinguished from the continuum case [46]. The fluctuations integrated out
for k < k* are long ranged and propagate through the whole lattice.

d=1, p=0.5
1.6 | ' i
12 | e
0.8 + ]
04 | e(p) —
€k
0
0 ak* T

ap,ak

Figure 6.1: Schematic plot of the dispersion relation ¢(p) and the energy reference ¢, for Lévy flights in
aZ' and p = 0.5. The energy reference ¢, is chosen to approximate the dispersion function
e(p) for small momenta |p| =~ 0. The characteristic momentum scale k* is defined as the
smallest & such that €5 > e(p) for all p € 15'B.Z.. An explicit expression for k* in the
one dimensional case is given in . k* separates onsite fluctuations from long range
fluctuations (see eq. and the discussion thereafter).



50 6. Corrections to the law of mass action in d > d,

6.3 The leading term
For the Litim regulator (6.7)), the flow equation of the local potential becomes

%ak €k (Ulgl’l) + %ek)

2
\/(Ulgl,l) I % €k> _ U}gz,o) U}goz)

oL U, = %V(kﬁ) , (6.11)

where

V(k) = /@(ek —€(p)), with dimension [V(k)] =1
P

denotes the percental fraction of the Brillouin zone belonging to the low energy modes with
e(p) < €. For k > k* we have V(k) = 1 as discussed in the previous section. Moreover,
the fact that e was chosen to approximate the dispersion function ¢(p) for small momenta

(compare eq. ), gives the useful scaling

vV (B(1

k—0 ( ( )) (ak)d,
(2m)?

where V (B%(1)) = 7#2.T(d/2+1)""! denotes the volume of the d dimensional ball with unit

radius.
Equation (6.11)) imposes the flow equation

O Gr(2,2) = 7L V(k) 8, (—elk) (rGi(2,2))* = >Q< (6.13)

for the coupling G(2,2). The right hand side is quadratic in G(2,2) and does not depend
on any other coupling as shown in the Feynman diagram (see section and figure [5.1j(b)|
therein). The solution of (6.13) with initial condition G (2,2) = X is

-1

Gr(2,2) = i+¢/Adk’V(l~c’) O (— ! ) : (6.14)

(9%
k

Figure plots the dependence of G(2,2) on k for d = 2 and p = 1.5. To calculate the
macroscopic coupling Go(2,2), the flow is divided into two regimes (compare the discussion

in section and the definition of k* in eq. (6.9)).

@ k > k*, V(k) = 1: The fluctuations are short ranged and the whole lattice contributes
to Gk(Q, 2).

V(k) (6.12)

@ k < k*: The fluctuations are long ranged and can propagate through the lattice. Some
small scale details of the lattice no longer contribute to Gi(2,2). In the limit k < k*
the lattice structure has no influence on the flow.

Consequently, the integral splits up into

*

O/A Ak V() D <—;> _ /A K V() D (-i) + 0/ Ak V() O <—;>

® ©)
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and each part is investigated separately.

A
1 1 1 1
D= [avon (- 1) ==L
(9% €L+ EA €+
k*

0= [ fo o (2)=f () ()
0 P p

The monotonicity of €, was used to give @(ek/ — e(p)) =1k > E;&)) in the last line.

Combining @ and @ in equation , yields

-1 -1

1 1 o0
Go(2,2) = AJFT/dp) Moy 1+)\7/
p | o

e (6.15)

As long as Gy(2,2) > 0, the macroscopic rate equation reads

O p(t) = —2Go(2,2) p(t)* (6.16)
up to the leading order as p — 0 (6.5). We call (6.16]) the macroscopic law of mass action.
Equation (6.16]) has the same mean field characteristic as the microscopic law of mass action
(6.1)). For Go(2,2) = 0 the macroscopic law of mass action breaks down and the corrections
take over the leading position (see chapter . In order for Gy(2,2) to vanish, the integral
fp e(p)~! in equation 1' has to diverge. As the domain of integration is finite and e(p) > 0

for p # 0, any possible divergence has to originate from the IR behavior of e(p)~! in the
vicinity of p = 0. Using €(p) ~ D4 (a|p|)* for small a|p| < n in the integrand, leads to

3 finite d>p
-1 —d d (alp))™* s . . . -
e(p)” =~ (2m) d*(ap) 5, + finite = < logarithmically divergent d = pu
P alpl<n A divergent d < pu.

Hence, the criterion for the macroscopic law of mass action (6.16)) to be valid is
Go(2,2) >0 <<= d>d.=p. (6.17)

The dimension d. = p separates the regime Go(2,2) > 0 from the regime Gy(2,2) = 0 and
is called the critical dimension. The interpretation was already mentioned at the beginning
of this chapter. The crux is the competition between the stirring of the particles and the
tendency to build up correlations. On the one hand, the mixing property of the particles
originates from the Lévy flights. On the other hand, reactions tend to build up correlations
and thereby, work against the stirring. In the case of A + A — () anti correlations between
the particles makes it less likely to find particles close to each other [63]. Mean field assumes
perfect stirring and neglects the correlations completely. For d > d. = p the stirring dominates
upon the correlations. Hence, the mean field result is only altered quantitatively in
(6.16). This is justified for d < d. = p where the stirring is less efficient, as the Lévy
jumps are small and the correlations become strong enough to break down the law of mass
action. More precisely, the fluctuations which are responsible for this breakdown are infinitely
extended in space. This is rooted in the fact that G(2,2) vanishes due to the IR divergence
of [ e(p)~! at p = 0. The discussion of the fluctuation dominated regime d < d.. is postponed
to chapter [7]
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T Gg(2,2)

d=2, p =15 A =00
2.5

2 | @ il

1.5 8

0.5 | @ 4

0 ak* 2
ak
T
[ ][e][e] @
-7

Figure 6.2: The running of the reaction rate Gy(2, 2) 1) is demonstrated for the process A+ A 20

on the lattice a Z? with Lévy exponent pu = 1.5 and Gx(2,2) = A = co. The plot shows
the last piece of flow for 0 < ak < 2 before the macroscopic limit at & = 0 is reached.
The square images below indicate the fraction of the Brillouin zone [—7/a, 7/a)® which
contributes to the flow at the certain scale k indicated by the corresponding arrow.

The p modes (colored in black), which contribute to the flow at the scale k, are low
energetic with respect to the reference energy, i.e. e(p) < € (see section . Each of
these low energy modes contributes the same amount to the flow at scale k in the sense
that the they propagate the same way. The scale ak* ~ 1.417 (see eq. (6.9)) separates the
regime of short range fluctuations k£ > k* from the regime of long range fluctuations k < k*.
At the scales k > k*, all modes are treated as low energy fluctuations and consequently,
the whole Brillouin zone influences the flow. However, at a coarse grained scale k below
k*, the Brillouin zone splits up into a high energy part with e(p) > e, (white) and the
remaining low energy contribution (black). The high energy (small distance) modes are
completely included into G (2,2) and no longer influence the flow. The short scale details
of the lattice corresponding to this part of the Brillouin zone cannot be resolved at this
coarse grained scale k. Just below k*, the low energy part is anisotropic, which reflects
the anisotropy of the lattice aZ? at small distances compared to the lattice spacing a.
For k£ — 0 the flow behaves as if the space was continuous, because the lattice structure
approximates the continuum R? at large distances > a.



6.3 The leading term 53

Macroscopic vs. microscopic reaction rate

This paragraph discusses the dependence of the macroscopical reaction rate Go(2,2) (6.15))
on the microscopic rate A and on the Lévy flight exponent u for d > d.. The microscopic time
scale between two jumps 7 is used to render the reaction rates Go(2,2) and A dimensionless.
Equation can be written in terms of the dimensionless rates as

-1

7G(2,2) = Tl)\+/€(1)) for 7 # 0. (6.18)

p

This rescaled equation demonstrates the feature of data collapse in the sense, that the di-
mensionless macroscopic coupling 7 Gy(2,2) depends only on the product A7 and not on the
microscopic parameters 7 and A individually. The following list of properties can be extracted

from (6.18]) and is visualized by the plot in figure
P1. Go(2,2) < oo forall 0 < u < dandall 0 <\ < 0.

P2. Go(2,2

)
) =
2,2) < X, as €(p) > 0 (see eq. (3.4)).
)
)

o( 0forall 0 <p<dand Aand Go(2,2) =0 & A=0.
of

P4. G((2,2) is monotonically increasing in \.
Go(

P3. G

P5. Gy(2,2) is monotonically decreasing in pu.

P6. Go(2,2) 229, X and the rate Go(2,2) becomes insensitive to .

P7. Go(2,2) x Dy as A — oo.

P8. Gy(2,2) £ (1/>\—|—7')
P9. Go(2,2) <1/t forall0 < p < dandall 0 <A< oo.

P10. The macroscopic reaction rate obeys the power law
7Go(2,2) = A- (d— p)’ (6.19)

as the critical dimension approaches y — d. In the d = 1 dimensional case, the ampli-
tude is given by A = 3.

The three properties (, ( and ( can be interpreted in terms of coarse graining:
For the sake of concreteness, the microscopic reaction rate is considered to be infinite, A = oc.
This means that two particles react immediately when they collide, i.e. if they meet at the
same lattice site. Two nearby particles separated by a finite, microscopic distance (at least
of the size of the lattice spacing) do not react. In the process of coarse graining, there is a
scale k at which the small distance between the close particles is not resolvable (at the order
of k ~ a~!). At this mesoscopic scale, it looks as if the particles are colliding, but no reaction
occurs. Thus, Gx(2,2) cannot be infinite. This interpretation also suggests that Gy(2,2) is
monotonically decreasing with k, such that Go(2,2) < Gr(2,2) < co. The monotonicity can

be verified algebraically in (6.14) and is illustrated in figure
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7 Gp(2,2)

0.1 1 10 100
TA=7G\(2,2)

Figure 6.3: The macroscopic reaction rate 7Go(2,2) = 7A(1 + 7\ fp 1/€)~! is plotted against the
corresponding microscopic rate 7 A for different p in one spatial dimension d = 1. The
solid black line represents the mean field result G¢(2,2) = A. The dotted black line marks
the upper limit 7 Go(2,2) = 1, which is only reached for u = 0 and A = co (see property

The property (P2)) was already discussed during the derivation of the criterion (6.17)).

1'is monotonically increas-

Property ( is equivalent to the fact that the integral fp e(p)”
ing in p. As already mentioned above, the integral fp e(p)~! gets its main contribution from
the neighborhood |p| < n/a around p = 0 where ¢(p) is small. Using the asymptotic behavior

e(p) ~ Dy (alp])* (see eq. (3.15))) leads to

V(s 1

d—p
= n + const,
(2m)4 Dy d—p

[ewrtxen [ aan) (Baelp)*) "+ const -
p alpl<n
(6.20)
where V(5971) = 27"/2/T'(n/2) is the surface of the (d — 1) dimensional unit sphere. Assum-
ing that the dependence of D, and the remaining constant on p is weak, this supports the
claim of ( From a physical point of view, ( is obvious: For small pu, particles perform
large jumps more frequently and the particles stir more efficiently. As a consequence, the
effective reaction rate is large in this case (see figure .

(P6) states that the mean field result Go(2,2) = X is recovered in the limit A — 0. Recall
that the mean field approximation relies on the thought that the particles are perfectly mixed
due to their random movement and that correlations caused by the reaction A + A — () can
be ignored completely. In the weak coupling limit A — 0, the correlations are insignificant,
as they are washed out by the dominant random movement. The limit A = 0 is rather dull,
as the particles do not react and the particle density is conserved: 9; p(t) = —2A p(t)? = 0.
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The statement ( focuses on A — oo. Although ( follows directly from , let us
emphasize how it can be obtained by simple dimensional analysis. If A < oo, there are two
microscopic time scales, viz. the characteristic time scale 1/\ for a reaction to happen and
the time 7 between the two jumps of a particle. Writing the macroscopic coupling G(2,2) as
a function of all possible dimensional microscopic parameters, yields Go(2,2) = f(1/A, 7, a).
As Gy(2,2) has the dimension of inverse time, and the lattice spacing a is the only parameter
with dimension of length, G(2,2) cannot depend on a. Moreover, using 7 to gauge the units
of time, we obtain

Go(2,2) = %f(M) .

The dimensionless product 7 reflects the competition between stirring (enforced by the ran-
dom jumps at every time step 7) and correlations (due to the particle interaction given by A).
The remaining dimensionless function fcannot be determined by dimensional considerations.
However, things simplify in the limit A — oc:

Aooo. 1 =~

1
Go(2,2) 22 — f(0) ox —.

By performing the limit, we assume that fis continuous [66]. The time scale 7 is expressed

as 1/7 o< Dy/a* (3.22). Therefore,

D
Go(2,2) x =4 for A — oc.
atM
This is the content of (P7]). Using (6.18), the dimensionless proportionality factor takes the

form
-1

15A/e(p)—1 with D4 given in (3.15) (6.21)
p

and encodes the microscopic details, such as the lattice structure and the dynamics of the
particles. In his seminal paper [I1], Smoluchowski devised a phenomenological model to deter-
mine the proportionality factor for the case of spherical particles diffusing in the continuum R?
and reacting immediately on contact (A = o). His result takes the form Go(2,2) = D 4w r?,
where r denotes the particles’ radius. We do not know of any phenomenological way to obtain
the factor for Lévy flights in a ‘Smoluchowski fashion’. This emphasizes the power of
NPRG.

The crux of property ( is that the limit 4 — 0 enhances the particle’s tendency to stir
and subsequently, to wash out correlations. For p = 0, the probability for a jump of length
x| to happen decays as p(x) o |x|~ (compare eq. @) At the same time, the number of
possible target sites at the distance |x| grows o |x|*. Consequently, the probability to jump
to any lattice site becomes homogenous in the limit g = 0. In this sense, every lattice site is
equally well connected to any other site and the lattice structure is lost. As a consequence,
the dispersion function is flat e(p) = 1 (this can also be seen algebraically, at least for d = 1).
The macroscopic coupling becomes

-1
Go(2,2) = <i + 7'> for p=0. (6.22)
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The interpretation of is straightforward: The microscopic reaction rate A gives a typical
time scale 1/ for a reaction to take place. A second time scale is given by the mean time 7
between two jumps of a particle. As the particles have to meet before a reaction can happen,
both time scales have to be added. The reciprocal of this sum gives the new effective reaction
rate Go(2,2) = (1/\+7)~!. The fact that particles are spatially separated and have to meet
in order to react is neglected in the mean field approach. Only if the time between two jumps
vanishes, 7 = 0, mean field is recovered.

(P@ is a refined version of property ( As a consequence of the monotonic dependence
of G(2,2) on the microscopic rate A and the Lévy exponent y (see properties (P and (P)),
the maximum of Gy(2, 2) is attained for 4 = 0 and A = co. The claim follows by setting ;=0

and A = oo in ([6.22)).

To prove the last property (P|L0]), we use the fact that the main contribution to the integral
fp e(p)~! is given by the small momenta a|p| < n < 1. Using 1 in l} for A = oo,

gives

d—1
7Go(2,2) = /G(p)—l ~ (‘;(de 521 diu
p

n®F 4 const

In the limit 4 — d, we can approximate n¢# — 1 for fixed n < 1 and neglect the second
term in the square bracket. This proves the power law 7Go(2,2) = A - (d — p)! (6.19). In

particular for d = 1 we have Dy LmaNg: /7 by 1' and get A = 3. Figure confirms this
result by plotting the exact numerical data of 7 G¢(2,2) in d = 1.

d=1, A=00
11 -
0.5 i
) 0 . ’ |
8 0 0 05 1
=)
O 7
=
0.01 } numerically exact ]
TG(2,2) =3 (1 — p) oo
0.001 0.01 0.1 1

I—p

Figure 6.4: The macroscopic reaction rate Go(2,2) is plotted against (1 — p) for the microscopic
rate A = oo in one spatial dimension. The dotted black line represents the power law
Go(2,2) = 3 - (1 — p) which is approached in the limit @ — 1 (see property ( and
equation ) The red graph is obtained by using the expansion of e(p) in
and computing the integral numerically. The lack of an analogous expansion in two
dimensions makes the integration numerically unfaithful for d = 2.
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6.4 Analytic and non analytic corrections

In the previous section, the leading coupling Gy(2,2) of the macroscopic rate equation

Dh plt) = —2Go(2,2) p(t)? = 3 Go(1,m) p(t)" (6.23)

n>=3

was computed by solving the flow equation for the running coupling G(2,2) imposed
by the Wetterich equation . The renormalization of the macroscopic reaction rate
Go(2,2) was discussed in the properties (Pl to (P[L0)) (see also figure [6.3)). As p(t) — 0, the
macroscopic rate equation can be replaced by the macroscopic law of mass action 0 p(t) =
—2Go(2,2) p(t)?, as long as d > d. = p. In the present section, we go beyond this leading
order and try to include the correction -5 Go(1,7n) p".

The cascade of subordinate critical dimensions

Proceeding in the same way as for the Gy (2,2) coupling in section the LPA Wetterich
equation induces coupled ODEs for higher coupling constants G (n, m). The depen-
dence among the couplings was derived by general topological arguments in section (see
figure [5.4). In the concrete case of the (1,3) coupling, this means that the flow of G(1,3)
depends on the (2,2), (3,3) and (2,3) couplings. The coupled ODEs in the hierarchy up to
the G(1, 3) read explicitly

Gr(1,2) = 2G(2,2)
Ok Gi(2,2) = 7 V(k) Oper €, 2 TG (2, 2)?

O Gr(3,3) = 771 V(k) Opey, [ — 86,2 TGL(2,2)° + 6¢;, 2 TGL(2,2) TGk (3, 3)] (6.24a)

Ok Gr(2,3) = 771 V(E) Opey, [ — 126, 7Gx (1,2) TGx(2,2)? (6.24b)
+ 36,2 7Gr(1,2) TG1(3,3) + 4 €, 2 TG(2,2) TGL(2, 3)}

O Gr(1,3) = 771 V(k) Opey, [ — 462 TG(1,2)* TGR(2,2) (6.24c)
+ 6,2 TGR(1,2) TG(2,3) + 3¢, 2 TG (1, 3) TGy (2, 2)] .

This is too complicated to be exactly solved, but the structure is easy. An accessible way
to extract the structure out of is by Feynman diagrams (see chapter . To this end,
the algebraic flow equations are translated into its pictorial representation by applying the
following Feynman rules.

e The factor 7-'V(k) Oex, common to each flow equation, is represented by the one
loop structure of each diagram. As in ordinary field theory, the loop originates from
an integration in momentum space. The integration over the momentum p hides in
V(k), whereas the integration over w is only indirectly given by €x/7 (the reason for
this indirect appearance is the fact that the w integration was already performed in eq.
(5.6))). In addition, the derivative 0 is characteristic for the Wetterich approach. As in
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(4.10)), this derivative is usually indicated by a cross appearing in the diagrams. In the
following, we do not draw the cross but understand the derivative J to be part of the
loop.

e The coupling Gi(n,m) appears as a vertex with m ingoing (right hand side) and n
outgoing (left hand side) legs.

e Each factor elzl contributes one propagator, i.e. a line connecting two different vertices.
The propagator can only connect an outgoing leg of one vertex to the ingoing leg of
another vertex.

e The resulting diagram has to be irreducible. Consequently, all vertices lie on the loop.

e The numerical factors appear as the combinatorial number of ways to draw the diagram
and to attach the term Oger to one of the propagators. We draw only one diagram
representative for all possibilities.

The pictorial version of (6.24)) is

0 G(2,2) = >©<

0 G(3,3) = & + A K (6.25a)

O G(2,3) = Q + Q< + >Q< (6.25)

O Gr(1,3) = _©< + 4<>< + Q : (6.25¢)
~

Compared to , the notation is crucially simplified. One essential property which is
apparent in this graphical representation is the fact that the flow of G (n,3) depends solely
linearly on the (n,3) vertex. In section this feature was proven to hold for any coupling
Gr(n,m) except Gi(2,2) (see property (P[7) on page . Hence, if all couplings prior to
Gr(n,m) in the vertex hierarchy are known, the flow equation of G(n,m) is a linear, first
order ODE.

A second advantage of the Feynman diagram notation is to organize the power counting
of k in the flow 0y Gx(n,m) as k — 0. As described in the previous section, the reaction
rate Go(2,2) is finite for d > d.. Hence, any (2,2) vertex scales as ~ k% in the limit k — 0.
An internal line of some Feynman diagram represents elzl and therefore, scales as ~ k™#
(see eq ) Lastly, the one loop structure, encoding the term 771 V(k) Oxe, gives three
contributions: First ~ k¢ from the momentum integration in V(k) (see equation ),
second ~ k* from the w integration and third ~ k! from the derivative dy. Summa
summarum, a loop contributes k4T#~1 as k — 0. Using this scaling behavior, the flow

equation (6.25al) is written as
O Gr(3,3) ~ kIHHL =30 o gdtn=l =20 . (3, 3) (6.26)



6.4 Analytic and non analytic corrections 59

in the macroscopic limit & — 0 (constant factors are omitted). We are going to use a simple
lemma about linear, first order, ordinary differential equations.

Lemma. Let f:(0,¢e] = R be the solution to the differential equation

az f(x) :Cl $Oz1—1 + 02 ;L‘a2_1 + .4 Cn :I;Oén—l + Cﬂj’a_l . f($)

. o 5 (6.27)
with the initial condition f(e) = fe € R,

where a;, a, C;, C € R\{0}, such that
ap<ag < - <ap<a and a>0.

e Ifay >0, f(x) approaches the finite value f(0) and behaves asymptotically as
f(x) 220, 20,

o If a; <0 for some i, then a; <0 and f(x) diverges in the limit x — 0 as

f(x) 220, pon

This means, that the term Ciz® =1 in (6.27) dominates the behavior of f(x) as x — 0.

e In the marginal case of aq = 0, the divergence is logarithmic

z—0

f(x) —= log(x).

Proof. The solution of (6.27]) is given by the sum of the homogenous solution
~ C
Jo(@) =C-exp [oz xa]

and a particular solution of the non homogenous equation, given by

1

foh = —exp {g fL’a] -/df (Cré 4 4 Cr™ ) exp [—Zfa} : (6.28)

xT

The remaining free coefficient C is determined by matching the initial condition f(z =€) =

fu(e) + fun(e) = fe. As a > 0, the homogeneous part obeys fi(z) 220, 20, Any deviation
from 2° has to come from the non homogenous contribution fu,(x). For o > 0, the integral
in (6.28)) remains finite, as the lower boundary x goes to  — 0. For «; < 0, the term C7 !

dominates the asymptotic behavior of the integral and leads to fun(z) 220, g, Likewise,
fan () 220, log(z) is obtained for ay = 0. O

Applying the lemma to (6.26) gives

k—o | kT2, for p > d/2
Gr(3,3) —
#(3,3) {kﬂ, for i < d/2.
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Using this finding in the power counting of (6.25b|), yields

k21 > d)2

+ kAP T2 GL(2,3
O, u<d)? #(2:3)

O G (2,3) ~ kAT |30 4 ptn =20 {

Again, this is a linear, first order ODE and the lemma is applicable. It gives

ko | KT for p>d/2
Gr(2,3) —
#(2:3) {kﬂ, for ju < d/2.

Analogous results hold for Gk(1,3). In summary, we extract the asymptotic behavior of the
G (*,3) couplings in the macroscopic limit & — 0 above the critical dimension d > p:

) ' (6.29)
Kk’ — finite, for p < d/2

Ga(%3) k—0 {kd_2“ — o0, for u>d/2
[ ANOR) ?

(the asterisk stands for 1, 2 or 3). The drastic change in the behavior of Gj(%,3) from
diverging to converging at pu = d/2, is analogous to the change of G(2,2) at u = d. = d (see
eq. ) In this sense, p = d/2 is a critical Lévy flight exponent for the Gy (%, 3) couplings.
In other words, d = 2u is a second, subordinate critical dimension. At the transition of this
second critical dimension, the macroscopic rate equation keeps the form of the macroscopic
law of mass action 9; p(t) = —2Go(2,2) p(t)?, as the leading coupling G(2,2) is not affected
by the critical change of G (*,3). Hence, the effect of the second critical dimension can only
be observed in the corrections to the law of mass action.

The following theorem generalizes and gives rise to an infinite cascade of subordinate
critical dimensions.

Theorem (see figure(6.5)). Above the critical dimension, i.e. for d > p, the coupling constant
Gr(n,m) scales as

o kd=m=Dn 5 0o, for p>d/(m —1)
Gr(x,m) == { log(k) — oo, forp=d/(m—1) where m > 3 (6.30)
kO — finite, for p<d/(m—1)

in the macroscopic limit k — 0. The critical value pn = d/(m — 1) separates the regime
Go(n,m) = finite from Go(n,m) = infinite.

Proof. The proof is given by induction with respect to m. The base case m = 3 was proven
in above. Let us proceed with the inductive step.

The crucial observation is the fact, that the flow Oy Gg(n,m) of any coupling constant
Gr(n,m) with m > 3 contains the following two important diagrams.

e Property ( on page 42| guarantees the existence of the diagram which contains only
(1,2) and (2,2) vertices has m internal lines. In the limit & — 0, this diagram gives a
contribution ~ k#r—1 g=mr = pd=(m=Du=1 t, the flow of Gy(n, m):

~ kA m=1u=1, (6.31)
Im—2
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e Property (P[7) on page guarantees the existence of the diagram which is propor-
tional to Gg(n,m). Besides the (n,m) coupling, the diagram can only contain one
additional (2,2) vertex and has two internal lines. As k — 0, this diagram contributes
~ kTP =20 Gy (nym) = kTP Gr(n,m) to the flow of Gy (n, m):

M kAL Gr(n, m). (6.32)

anI

Usually, the flow of Gi(n,m) consists of more than those two diagrams. The additional
diagrams do not contain the (n,m) vertex and have strictly less than m internal lines. We
write (omitting constant factors)

O Gr(n,m) ~ kA=m=Du=l . NP pead g =il Gy (n, m) (6.33)

where the first and the last term represent the diagrams (6.31)) and (6.32]). The intermediate
sum y_, k%=1 accounts for the remaining diagrams. Although we do not know the exponents
«; exactly, we can estimate a;; > d— (m—1) u. To prove this lower bound on «;, we start with
the diagram consisting of (*,2) vertices as a raw model for the i*" diagram. This prototype
scales as ~ kTH#=mH=L (see eq. (6.31)). The ith diagram is obtained from the prototype by
contracting some of the (x, 2) vertices to a (x, 1) vertex with [ > 3. This contraction reduces the
number of internal lines by (I—2). As the vertex (x,[) is prior to (*,m) in the vertex hierarchy,
we can use the induction hypothesis Gy (*,1) ~ k¢ (=D # in the case u < d/(I — 1) (which is
the worst case). Hence, any contraction adds at most a factor k(—2utd=(=1u — pd=p to the
prototype. For d > p this gives a; > d— (m—1)u+d—p > d— (m—1) p. This lower bound
on the a; allows to apply the lemma on page |59 to (6.33). The claim follows. O

The exponent of the first non analytic correction

Let us use the knowledge about the couplings Gj(*,m) condensed in the theorem of the
previous paragraph to calculate the first correction to the law of mass action. The deviation
from the law of mass action is given by the sum

> Go(1,n) p(t)" (6.34)

n=3

(see eq. (6.23)). The theorem (|6.30) states, that most of the couplings Go(1,n),n > 3 are
6.34)

infinite. Nevertheless, the sum (| still converges to a finite, meaningful resultﬂ A simple
way to extract meaningful and finite results out of (6.34]) is by using a scaling argument.
We split the sum (6.34) into n < |1 + d/p] for which Go(1,n) = finite and use Gi(1,n) ~

'Consider exp(—1/k) = >, _,(—k)~™/n! as a simple toy example. Even though each individual summand
diverges in the limit k — 0, the divergences cancel in the sum.
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d > d. d < d.
Go(2,2) > 0 Go(2,2) =0
Go(*,3) < 00 Go(%,3) = 0
Go(*,3) = 00
Go(*,4) < o0 (x,4) = 00 Go(*,4) = 0 Go(*,4) = 0
Go(*,5) = 00
Go(*,5) < o0 a (%,5) = 00 Go(*,5) = o0 Go(*,6) = 00
Go(*,6) < 0o = *,6) = 00 Go(*,6) = o0 :
T
8
- dd d d d >
65 4 3 2 d a

Figure 6.5: Schematic diagram of the critical dimension d. = p (6.17) and the cascade of subordinate

critical dimensions at u = d/2,d/3,... . The critical dimension d. = p separates
regime of Go(2,2) > 0 (¢ < d) from the regime where Go(2,2) = 0 (1 > d). The significant
consequence of Go(2,2) = 0 is the breakdown of the law of mass action (see chapter [7)).
The critical value p = d/n (n = 2,3,...) separates the regime of Go(x,n + 1) < oo from
Go(*,n+ 1) = oo (see equation[6.30). The change in Go(n+1) at 4 = d/n is not relevant
enough to change the leading term in the macroscopic rate equation. However, the critical
character of y = d/n is visible in the corrections to the law of mass action.
In general, nontrivial values for the macroscopic couplings Go(n, m) encode some coarse
grained, non universal information about the microscopic model at £k = A. For u > d all
couplings Gg(n,m) are trivial. Consequently, the microscopic details of the model (such
as reaction rate A or lattice structure) are lost (see chapter . Contrary, for u < d, the
macroscopic reaction rate Go(2,2) survives the limit ¥ — 0 and carries information about
the microscopic reaction rate A or the lattice structure to the coarse grained macroscopic
scale. The lower the Lévy exponent p, the more couplings Go(n, m) will take finite values
and encode (different) coarse grained aspects of the microscopic theory.
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k4=(=Dr for n > |1 +d/u] (here |2 denotes the largest integer smaller than z):

S Gen) " =S Y GLmp)” + > Gr(1n)p(t)"

n>3 n=3 n=3
n<|1+d/ ) n>|1+d/p)
E : n d+ p(t) "
n=3 n=3
n<[1+d/ ] n>|1+d/p)
=f(k~+#p(t))

We interpret the last sum as a unknown function f of k~#p. Demanding a nontrivial, macro-
scopic limit k — 0 of k%t . f(k="p), enforces f(k~#p) ~ p' ¥/~ Using this finding in (6.23),
yields

dip(t) =—2Go(2,2)p(t)> — > Go(Ln)p(t)" — Ap(t) T/ — . (6.35)
—_—— ~ _
law of mass action n< ﬁii m analytic non analytic

corrections

Let us discuss this result.

e The correction to the law of mass action term consists of an analytic part and a non
analytic part. The number of analytic correction terms depends on the Lévy exponent
i. Whenever p drops below the critical value d/n, a new analytic correction Go(1,n +
1) p"*1 is frozen out.

e The exponent 1+ d/u of the non analytic correction is always greater than the largest
exponent |1+ d/u] of the analytic corrections.

e Non analytic terms can only be created in the renormalization group flow as k£ — 0, i.e.
in the macroscopic limit. We will see how this is linked to universality.

e For ;1 > d/2, the analytic corrections in (6.35]) are absent and the non analytic term is
the leading correction

A p(t) = —2Go(2,2) p(t)> — Ap(t)FT4/m — | (6.36)

law of mass action corrections

where 2 < 1+ d/u < 3.

The amplitude of the first correction
We compute the amplitude A of the correction term
A p(t)Hd/n (6.37)

in (6.35)). For the sake of simplicity, let us assume that d/2 < p < d, so that the rate equation

takes the form of (6.36)). As described in the previous paragraph, the correction (6.37) is
obtained by approximating the flow

e
n—2
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by the diagram which contains only (%, 2) vertices. The approximation is justified, as it gives
the dominating contribution for £ — 0 (see the lemma on page [59)). The fact that the (x,2)
vertices give the essential contribution to the correction ~ p!*%# motivates to approximate
the local potential by

Up(T,0) = Gr(2,2) U2 U2 + 2 GL(2,2) U U2 (6.38)

This is a crude approximation in the sense, that all Feynman diagrams are now forced to
be build out of (x,2) vertices only. Nevertheless, those Feynman diagrams are sufficient to
generate the correction term A p1+d/ ® exactly.

Using the ansatz in the Wetterich equation leads to

(rGi(2,2))° W2
[Ek + 4TGk(2, 2) \If}g

= 2
Or U (O = 0,9) =2 V(k) D e

(+Go(2,2))” ¥ (6.39)

[Da (ak)" + 47G(2,2) 9]

e, 20 V(BY(1)

T (2m)d pDa (ak)™HH!

(the definition of e and the asymptotic behavior of V(k) (6.12) was used in the last
line). Since the correction (6.37)) is created at k& — 0, it is sufficient to start the integration
of l) at some arbitrary small &

ak 9
(1,0) _ 00 2V(BUL)  ~ ) (ak)di—1 (1Go(2,2))" ?
Up 7 (0,%) = U T 2n) D4 0/ol( k) (ak)®tH B (a4 4-Go2 7 T

The correction term (6.37) is created in the integral of the right hand side. We extract the
correction A p'+/# with the help of a computer algebra system and determined the amplitude

to be
273 v(BY1) d

T (@2md d+up
(where ¢ is given by ¢ = 47G0(2,2)/D4). Two important properties of (6.40) are:

A= D2+ d/p)T(—d/p) Dy - (6.40)

e The only dependence of A on the microscopic model at k = A is indirect through the
macroscopic coupling 7 Gy(2,2). In other words, A is a universal function of Gy(2,2).
This crucial feature is a direct consequence of two things: Firstly, the non analytic
correction are created at k = 0. This leads to universality in the sense that
non analytic terms can only depend on the microscopic model indirectly through the
renormalization flow as k — 0. Secondly, the Feynman diagrams, which substantially
contribute to the correction A p't%/#  consist of (x,2) vertices only. Since Gy, (x,2) takes
the finite value Gy(x,2) for k£ — 0, A depends universally on Gy(2,2). In this way, non
analytic terms are related to universality. Schematically,

microscopic details

macroscopic data d, u
6.40 6.18
AED 7 \
7Gp(2,2) T

[ e(p)
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shows, how the amplitude A depends on the microscopic details only through the real
numbers 7 Gy(2,2) and p.

e The gamma function I'(—d/u) in leads to divergences of A at u = d/n for
every n € N, n > 2 (see figure . The divergences are explained by the following
observation: At y = d/n the exponent of A p'+%* becomes the integer (n+ 1) > 3 and
the non analyticity is lost. Consequently, the amplitude A has to incorporate also non
universal contributions for y = d/n. The divergence of A at u = d/n is an artifact of
the fact that these non universal contributions are neglected in the derivation of .

Metaphorically speaking, the divergences of the amplitude A at p = d/n is the for-
malism’s way to warn about the loss of universality which is linked to the loss of non

analyticity.
d=1, A=00
le+06 !
; 4 T T T
1 .
00000 5 | |
10000 9 L 11
- 1000 : 1t 15
= 0
100 . 1 1 1 1 |
4 06 0.7 08 09 d
10
1
01 Eiiii | ; :
.4 d d
4 3 2
o

Figure 6.6: The corrections to the law of mass action are given in . This plot focuses on the non
analytic correction term A p't%/#. The modulus of the amplitude |A| is plotted
against the Lévy flight exponent p for the microscopic reaction rate A = oo in d = 1
dimensions. The divergences at u = d/n with n € N, n > 2, mathematically originate
from the poles of the gamma function I'(—d/u) in . The physical interpretation is
the loss of universality of A at u = d/n (see the discussion after eq. (6.40)). Note that
the divergences occur at the critical values g = d/n where the non universal couplings
Go(1,n + 1) attain finite values (compare figure .
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6.5 Further non analytic corrections

The non analytic correction A p'T%# was discussed in the previous section. A p'*+#/# origi-
nates from the flow given by Feynman diagrams consisting only of (x,2) vertices, where each
vertex is treated as Go(x*,2). Mathematically, this corresponds to using

Ur(¥, W) = Go(2,2) U2 4+ 2G(2,2) U202 (6.41)

as an ansatz in the Wetterich equation . The flow of the macroscopic reaction rate
Go(2,2) is ignored completely in this approach. In the following, we will refine the ansatz
in the sense that we include the k-dependence of Gy (x*,2) for small k. This will lead
to further non analytic corrections which give important contributions close to the critical
dimension.

The flow of the (2,2) vertex revisited
The solution to the flow equation (6.13)) of G(2,2) is given by (6.14])

-1

Gr(2,2) = i+7/Adkz’V(k:’) Ot (—1) (6.42)

€t
k

The flow of G(2,2) is separated into three regimes (in section the distinction between
@ and @ was omitted).

@ k > k*: The flow of Gi(2,2) is driven by fluctuations with momenta in the whole
Brillouin zone. The boundary k* is defined by such that V(k) = 1 for k > k*.

Using V(k) =1 in (6.42)), gives

1 -1 1 ~ -1
Gr(2,2) = [A + ;] = [A +7 D3 (ak)™H for k > k* |. (6.43)

@ k < k < k*: The onsite fluctuations are completely included into G(2,2) and conse-
quently, some short scale details of the lattice no longer contribute to Gx(2,2). However,
the lattice structure has still significant influence on G(2,2) and cannot be replaced by
a continuum. Characteristic for this intermediate scale is the fact that the low energy
modes (e(p) < €) are treated different to the high energy modes (e(p) > €):

-1

P

This equation is actually valid for all 0 < k& < A. For k > k*, (6.43) is recovered and
k =0 yields (6.15].

@ k < k: The short range fluctuations are integrated out. The remaining long range
fluctuations are not affected by the lattice and the flow behaves as in a continuum
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model. In contrast to k£*, the boundary k is not shar p. The boundaryzi: is chosen such

that the estimate V(k) ~ V(B%(1))/(2m)¢ (ak)? (6.12) is valid for k < k. Thus,

-1

d _ -1
=G7(2,2) - {1 +7G; V((ir)(j)) 151,4 v £ L ((ak)d*ﬂ _ (ak)dﬂ>] :

Expanding in (ak)?~# and matching the term oc (ak)? with Go(2,2), gives a condition
which can be solved for the intermediate coupling G(2,2). We arrive at

1 pwo V(k
-7
GO(Qa 2) d— no €k

)] - fork <k |. (6.44)

Gk(2,2) = [

The similarity to (6.43) is charming. Expanding (6.44) in powers of (ak)4™*, yields

Gr(2,2) = Go(2,2) i [c (ak:)d_“]n for k < F,

n=0 (6.45)
n V(BUD) TGo(2,2)

d—n @07 D,

where C =

Figure demonstrates the validity of formula (6.44)).

Non analytic corrections induced by the flow of G(2,2)

Using the ansatz Uy = Gj(2,2) U202 + 2 Gy (2,2) U2¥? in the Wetterich flow equation (6.11)),
leads to )
(TGr(2,2))" U2

ler +47GR(2,2) \11]2.

The idea is to use the macroscopic approximation (6.44) of the flow of G(2,2) to generate
non analytic corrections in the course of integrating

= 2
O U (T = 0,9) = ZV(k) Oy e

(rGr(2,2))” w2
[Ek + 47’Gk(2, 2) \11]2‘

k
2
Uél’o)(o,\lf) _ UE(I’O)(O,‘I’) -z /dk V(k) Ok €k
T
0

The first non analytic correction reads A p'*%/# and is obtained by setting G (2,2) = Go(2,2)
in the last equation (see section [6.4). Using (6.13)), the above integral is rewritten as

k

—2 /dk O Gr(2,2)
0

\1,2
[1+47Gk(2,2)/er, ¥

(6.46)

It is tempting to use the expansion (6.45) of Gr(2,2) in (6.46) to get more non analytic
corrections. However, there is a crucial caveat to this strategy: If the denominator of the
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T G(2,2)

16.44)|

exact low ———

16.44)|

2‘2 I pw=0.99 |
LE e |
0.5 k:* exacm ---------- |

0 6.5 1 1I.5 2 2I.5 3

Figure 6.7: The flow of G (2,2) is plotted against 0

< k < 3in d =1 with the initial rate GA(2,2) =

A = oo for different p. The two vertical dotted lines at k* and k separate three regions:

First, k£ > k*:

the whole Brillouin zone contributes to the flow, second, k < k < k*:

short range fluctuations are integrated out, but the lattice still affects the flow, and third,
k < k: the lattice is blurred and the continuum becomes a good approximation. While k*
is exactly defined by , the deﬁmtlon of k is fuzzy. In the plot, we choose k to be the

scale, at which the relatwe

larger than 1%. It is shown that k decreases as i;

of p very close to d = 1 the approximation (|6.44

error of (6.44)) compared to exact value of G(2,2) becomes

increases. Nevertheless, even for values
) applies on a notable domain 0 < k < k

(see the plot on the bottom). The fact that the approximation (6.44)) does not hold for all
0 < k < A, marks the breakdown of scale invariance due to the lattice.

integrand (6.46]) contains terms with different powers of k, the scaling argument which leads

to non analytic power law corrections, is not applicable.

Gr(2,2) ~

Let us demonstrate this by using

Go(2,2) + Go(2,2)C (ak)¥* in the denomlnator of ((6.46} - Schematically (i.e. by

omitting constant factors), the integral in becomes (¢ = 47Go(2,2)/D4)

\112

7
/ d(ak) (ak)™r—!

dz (ak)d—H z4—r=1

o _

[1+cW (ak)~# + c VU (ak)d—20)?

\112

~ ~ 2
[1 F e (ak)h 21+ e U (ak)d20 zd_Qﬂ}

02 (ak)H F (c\II (ak)™", c W (a%)d—%) ,
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where F(x,y) = fol dz 2411 [1 +xzH4 yzd_Q"] ~?. Non analytic corrections are indepen-
dent of k. There is no unique way to obtain this independence by conjecturing the scaling
form F(xz,y) ~ x% y®. This makes it impossible to extract universal power law terms.

The conclusion is: In order to guarantee that the non analytic corrections created in the
integral of are of the form of a power law A, p® with some non integer exponent «, we
have to replace Gi(2,2) in the denominator of the integrand by Go(2,2). Hence, we
compute

k 72
—2/ﬁkmcmzm -
/ [1+47Go(2,2)/e; V]
ak 42
G _, Go(2,2) Z /d(ak:) (ak)™(d=m)—1 5
oo / [1+c(ak)=+ U]

The non analytic power law terms, being independent of E, are extracted with the help of a
computer algebra system:

S o4, v" (3‘1)“, (6.47)
n=1

where the amplitudes A,, are given by:

Ap = —2Go(2, 2)n(d_l)cncn(d/u—l).r{g_kn@l_l)} F[—n(d— )}’

Gi-1+2 (6.48)
with C= dL V%f:)(j)) TGZ%(j’Q) and c= %ﬁf’g).

The non analytic corrections (6.47)) are added to the macroscopic reaction rate (6.35)):

+2
O p(t) = —2Go(2,2) p(t)* — g Go(l n) g Ay p(t) ) ... (6.49)
~—
law of mass action n< ﬁiz / analytlc non analytic
1)

corrections

Some properties of A,, are listed.

e Formally, performing the limit n — 0 in (6.48)), yields Ay = 2 G(2,2) and gives the law
of mass action term Ag p?.

e For n = 1, the power law A p't%/# is recovered (see eq. 1D and its discussion).

e The amplitudes A,, are universal functions of Go(2,2). This is a consequence of the
fact that the non analytic corrections are created by Feynman diagrams build out of
(%,2) vertices as k — 0.

e The amplitude A,, diverges at p = dn/(m + n), m € N due to the gamma function
['(—n(d/p—1)) (see figure[6.8)). The reason for the divergence of A, at = dn/(m+n)
is that the exponent of the correction term becomes the integer (m+2). The loss of non
analyticity is linked to the loss of universality and hence, the derivation of becomes
incorrect. The divergences are an artifact of this instance (see also the discussion after

eq. (6.40)).
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e As yi — d, the exponent of the n*® correction, n (d/p — 1) +2 ~ 2 (for n not too large),
becomes comparable to the exponent of the law of mass action. Hence, close to the
critical dimension (p — d), we expect the non analytic terms to give significant
corrections to the law of mass action. This is an indication for the breakdown of the
law of mass action below the critical dimension d < p (see chapter [7)).

e For 1 — d all amplitudes A,, — 0 (see figure . This decrease is compensated by the
fact, that many correction terms with similar exponents add up coherently.

d=1, A=o00
le+06
100000 A -
| A2
10000 As| -

1000
100

10

correction amplitudes

R
wla.
(NJ[SW
Tl
S8

Figure 6.8: The first three amplitudes A; to A3 of (6.47) are plotted against u (compare the plot
of figure . The divergences of A, occur at the values p, where the corresponding
exponent n(d/u — 1) + 2 becomes an integer and the non analyticity is lost.

On the validity of the amplitudes A,

As the corrections ([6.47)) are expected to be important for u — d, we assume p > d/2. By
the theorem on page the macroscopic behavior of G(1,n) is given by

Ok G(1,n) 20 _CEI — Gr(1,n) k=0 (G%(ig)y pd—(n—1)u
n—2

(6.50)
There are two ways to go beyond this approximation.

A The flow of the (x,2) vertices is included into the analysis, i.e. Go(*,2) is replaced by

B More diagrams with other vertices than the (x,2) vertices are considered.
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In the last paragraph, we followed the first prescription A by using the expression
Gr(2,2) =~ Go |1+ C (ak)H + ... (6.51)

(compare eq. (6.44))). Let us have a look at the second possibility B and argue why it gives
only a minor contribution for 4 — d. Adding a diagram with one (x,3) vertex to the flow of
Gr(1,n), yields

_ —
Ok Gr(1,n) "320 QI + ~ +....
n—2 In_4
®

®

The second diagram is obtained from the first diagram by contracting two (1,2) vertices to
one (1,3) vertex and thereby reducing the number of internal lines by one. Approximating
Gr(1,3) ~ Go(2,2)3 k%2# (6.50) in the diagram @ shows that the difference between the

diagrams @ and @ scales as

@ N Go(2,2)3 ka2 _ Go(22) pd—p
(1) Go(2,2)?%¢," Da

Hence,
2.2)\"
Gi(1,n) ~ (GOE)) fd—(n=1) [1 + G022 pou g } . (6.52)
Dy A

This is the analog of (6.51)) of the approach B. The fact that the corrections in (6.51f) and (6.52))
ions?

both scale as ~ k% # shows that approach A and B lead to the same non analytic correct
This challenges the calculation of A,, in (6.48)), which relies solely on the prescription A and
ignores the corrections of the type B. Nevertheless, the result (6.48]) remains valid in the

limit g — d, where Go(2,2) NS (d— ) (see iroperty 'i on page . Accordingly,

the prefactor Go(2,2)/D4 of the correction in (6.52) becomes arbitrarily small, whereas the
prefactor C in (6.51]) remains of order O(1) in the limit p — d.

6.6 Comparison with simulations

In 1976, Daniel Gillespie proposed an exact method to simulate stochastic processes defined
by a master equation on a computational device [67]. We apply the Gillespie algorithm to

2This can be verified explicitly by a scaling argument

n (6.52) , g4 wr 2d v
S Gy wr G ey Syt

n

~ldd/ ~2d/p

Therefore, the correction term in (6.52)) also contributes to the amplitude Az (6.47).
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the process

1/7

A—— A Lévy step (6.53a)
A+ A0 pair annihilation (6.53b)
0L A homogeneous particle input J. (6.53¢)

The role of the particle input J (6.53c) is twofold.

e For vanishing particle input J = 0, any initial particle configuration reaches the ab-
sorbing state of zero particle density p = 0. To guarantee that correlations build up
before the absorbing state is obtained, the simulations have to start with a huge initial
particle number on a large lattice. Hence, a lot of computational effort and memory is
required for the simulations. A positive particle input J > 0 has the consequence that
the particle density p(t) fluctuates around its equilibrium steady state value p after some
relaxation time. This reduces the computational effort and improves the numerical data
without neglecting correlation effects.

e A positive side effect of J > 0 is that the simulations become directly comparable to
theoretical considerations. Using the LPA ansatz in the equations of motion (|6.3))
for J > 0, gives the relation

U0 (0,p) = J (6.54)

between the particle input .J and the stationary density p. As the corresponding pairs of
J and p can be measured in simulations, the relation (6.54) is used to test the theoretical

prediction ((6.49):

d_
U005 = 26022+ Y Gollmp+ S A R L (esn)
n>3 n=1
n<|14+d/ ]

Go(2,2) and A, are explicitly calculated in (6.15)) and (6.48)), respectively.

The Lévy step accounts for the possibility that a particle at site x € a Z¢ jumps to a
site y € aZ¢ with probability p(Jx — y|). In the simulations, the infinitely large lattice a Z%
is replaced by an finite lattice with periodic boundary conditions. We varied the size of the
lattice from a minimal size of 10% to a maximal size of 10° lattice sites. We found that the
simulations are insensitive to the lattice size and therefore finite size effects can be excluded.
The target site y of a Lévy jump starting at x is determined by giving the 10 nearest sites of
X a weight o [x — y|~¢# and making a random choice according to this distribution.
This is an approximation in the sense, that the maximal jump length is bounded, whereas
‘true’ Lévy flights are characterized by unbounded jump lengths (see section . We found
that this approximation is valid, as long as p 2 0.3, such that long jumps occur sufficiently
seldom. We improved the runtime of the simulations by storing the particle positions in a
skip list [68].

Simulations in 1D

Figures and compare the theoretical prediction (6.55)) to the simulations for the
initial reaction rate A = oo and 7 A = 1, respectively. In addition to the law of mass action



6.6 Comparison with simulations 73

J ~ 2Go(2,2) p? (dotted line), the first N = | (d/u — 1)~! | non analytic correction terms
Zgzl Ap p4/8=D+2 ar6 included in the blue graph. N is chosen in such a way that the non
analytic exponents n(d/u — 1) + 2 are below 3 for n < N.

The simulations of A = oo (figure differ from 7A = 1 < oo (figure for large
densities p: Due to the fact that each lattice site cannot contain more than one particle in the
case of A = 0o, the largest density is obtained when statistically every second site is occupied
by one particle. Consequently, the particle input J diverges at p = 0.5. This divergence does
not occur in the case A < oo since the sites may contain more than one particle.

For small densities p the two cases of A = co and A < oo are qualitatively alike. Hence,
the following description of the low density regime applies to both figures and As
long as the critical dimension p is not too close to the spatial dimension d =1 (i.e. p < 0.9),
the non analytic corrections are small and give only marginal contributions to the law of
mass action. In this case, the simulations are fitted well by the simple law of mass action
J =~ 2Gy(2,2) p%. For u = 0.9, the correction terms give a crucial contribution to the law of
mass action. The closer the critical dimension d. = p is to the spatial dimension d = 1, the
larger is the discrepancy between the law of mass action and the correction improved law of
mass action. For = 0.999, a remarkably large number of | (d/u —1)"! | = 999 non analytic
terms A, p™(@/#=1D+2 correct the law of mass action. The amplitude A, of each individual
term becomes arbitrarily small for u — d (see figure . At the same time, the number N
of terms increases and thereby compensates the smallness of A,,. If the non analytic correc-
tions are included, fits the simulations well for u 2 0.9. The largest possible value is
= 0.999 until the calculation of G¢(2,2) becomes numerically unstable. Even for this
u the plot is satisfying.

In nuce: For sufficiently low stationary densities p < 0.1, the theoretical calculation
agrees well with the simulations. For small x4 < 0.9, the non analytic corrections are small
and the law of mass action U& (0, p) &~ 2Go(2,2) p? describes the system well. Contrary, for
i = 0.9, the corrections have a significant impact on the law of mass action and cannot be
neglected. This confirms the interpretation that the corrections indicate the breakdown of
the law of mass action for > d .
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Figure 6.9: The validity of the law of mass action J ~ 2 G¢(2,2) p? (dotted line) is tested for different
Lévy flight exponents p and initial reaction rate A = oco. In addition, for u > d/2, the non
analytic corrections 25:1 A, p4/p=1+2 are included in the blue graph. The number of
non analytic correction terms N is chosen such that the exponents n(d/u —1) + 2 are less
than 3 for n < N. The deviation from the law of mass action for x 2 0.9 indicates the
importance of corrections when the critical dimension g is close to the spatial dimension
d = 1. Figure shows an analogous plot for finite initial reaction rate.
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Figure 6.10: The validity of the law of mass action .J ~ 2 G(2,2) p? (dotted line) is tested for different
Lévy flight exponents p and initial reaction rate 7 A = 1. In addition, for p > d/2, the non
analytic corrections ZnN:1 Ap pM@/p=1+2 are included in the blue graph. The number of
non analytic correction terms N is chosen such that the exponents n(d/p—1)+2 are less
than 3 for n < N. The deviation from the law of mass action for u 2 0.9 indicates the
importance of corrections when the critical dimension p is close to the spatial dimension
d = 1. Figure shows an analogous plot for infinite initial reaction rate.
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Simulations in 2D

In contrast to the one dimensional case, we did not succeed to compute the macroscopic
coupling G(2,2) with high accuracy as p = d. — d = 2. The reason is the lack of an
expansion of €(p) in powers of p which makes the numerical integration of fp e(p)~! difficult.
Consequently, we were not able to test the validity of the non analytic correction terms in
close to the critical dimension. Figure demonstrates the validity of the law of
mass action for various Lévy exponents p sufficiently less than 2 such that the numerical
computation of G¢(2,2) is reliable. We performed the simulations on a cubic and on a
hexagonal lattice. As the results for the two lattice geometries are barely distinguishable,
figure shows only the data for the cubic lattice a Z2.

d=2, A=
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Figure 6.11: The validity of the law of mass action J ~ 2G¢(2,2) p? is confirmed for different Lévy
flight exponents p and initial reaction rate A = oo in d = 2 dimensions.

6.7 Summary

In this chapter we used the NPRG formalism in the simple local potential approximation to
describe the pair annihilation process A + A — () above the critical dimension d > d.. In the
case where the A particles perform Lévy flights inside the lattice a Z%, the critical dimension is
given by the Lévy flight exponent d. = 1 and becomes a manipulable bolt. The rate equation
describing the decay of the particle density p was found to obey the law of mass action
known from the mean field treatment. In contrast to mean field, the amplitude of the law of
mass action gets renormalized and can be computed exactly. The amplitude is given by the
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macroscopic reaction rate Gg(2,2) which depends non universally on the microscopic physics
(such as the microscopic reaction rate, the particle dynamics and the lattice structure).

Corrections to the law of mass action are given by analytic and non analytic terms. The
analytic corrections being non universal, are represented by vertices with more than two
ingoing legs which are created along the renormalization flow. The analytic corrections lead
to the concept of subordinate critical dimensions (see ﬁgure: As i drops below the critical
value d/n, the coupling Go(1,n + 1) attains a finite value and the correction o< p"*! is frozen
out. Computer simulations suggest that these corrections play no significant role for small
densities p < 1.

Close to the critical dimension, i.e. for u — d, the fractional exponents of the non analytic
correction terms are close to 2 and thus give important contributions to the law of mass
action. These terms are created in the last part of the renormalization flow as & — 0. The
corrections originate from the most divergent Feynman diagrams which are build out of the
(*,2) vertices. As a consequence, the correction amplitudes are universal functions of the
non universal macroscopic rate Go(2,2). The correction terms are interpreted as a hallmark
of the breakdown of the law of mass action for p > d. The theoretical predictions match the
simulations excellently.

The following chapter concentrates on the density decay below the critical dimension d < d..
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7 The breakdown of the law of mass action in
d<d,

In chapter [6] the density decay was investigated for the pair annihilation process A + A — ()
above the critical dimension, d > d.. Each A particle performs a Lévy flight and p denotes the
Lévy flight exponent (see chapter . The density decay was shown to fulfill the macroscopic
law of mass action

O p(t) = —2Go(2,2) p(t)? + correction terms, for d > d. = p, (7.1)

where the macroscopic reaction rate Go(2,2) is given by . The critical dimension d, = p
separates the regime where Gy(2,2) > 0 is finite from the regime where Gy(2,2) = 0 and the
law breaks down. As derived in section[6.3] the vanishing of Gy(2,2) for d < d, is caused
by the IR divergence of fp e(p)~!, and we have

Gr(2,2) ~ k2% 00 ford < d, = p. (7.2)
The other couplings behave as
Gk, m) ~ kP (m=Dd E20 i m >3, d < d, = p, (7.3)

(note that p — (m —1)d < 0 because d > 1 and p < 2). Equation is the analogon of
for d < d..

Equations and demonstrate that the values of the coupling constants Gy (*, m) are
solely determined by the macroscopic physics at £k — 0. This has two important consequences:

1. The microscopic lattice loses its influence on the macroscopic scale. The interpretation
is that the long range fluctuations are strong enough to blur the lattice structure.
Consequently, the pair annihilation should be described appropriately by a continuum
model for d < d.

2. Related to the above mentioned is the implication that the macroscopic particle decay
is universal for d < d.. Mathematically, this universality is realized by a RG fixed point
in the space of dimensionless coupling constants (see section [7.2)).

This chapter is structured as follows. In section the transition from the lattice model
to the continuum model is performed. Subsequently, we prove the existence of the IR stable
fixed point in the space of dimensionless coupling constants. Sections and deal with
the rate equation for the density decay in d < d. and d = d., respectively. The chapter
concludes with the comparison of the theoretical findings to the simulations.
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7.1 The continuum model

Recall the Wetterich equation in the local potential approximation ((6.11))
b (01 + )

\/(U,El’l) n % Ek)2 B U}gQ,O) U’io,g)

DABkk:N( L )+D k:“)

. .
\/ (U + Dakr) = U0 U0

1
O U, = §V(k)

(7.4)

The only sign of the microscopic lattice a Z? is hidden in the factor V(k) = fp O(er — €(p)),
where the integration is performed over the Brillouin zone [~ /a, 7/a]?. The continuum model
is obtained by approximating a Z¢ by R? as the lattice spacing a vanishes. The Brillouin zone
becomes R? and the Fourier series on the lattice is replaced by the Fourier transform on the
continuum (see appendix :

[-r=lfe e

x€aZ4
P
and

[/}zlﬂ[/]zlengthd [/}zlﬂ[/]zlength—d.
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Moreover, the dispersion relation €(p) is replaced by (compare the discussion of the generalized
central limit theorem in section [3.3))
—0 =
e(p) = e(p) = Da(alp))* (7.5)
and the discrete fractional derivative operator V# (3.16]) becomes the continuous fractional
derivative

a—0

—VH = 1521 a P Fle(p) F £ —vr = F L ptF.
Using 1} and the new meaning of fp in V(k), yields

V(k) =% / O(ep — € V((l;j)( ) k4, [V(k)] = length™, (7.6)

which is used in the flow of the local potential . This gives the continuum flow equation.

A result of the continuum limit is the fact that the previously dimensionless V¥ field acquires
the dimension [¥] = length~®. The reason for this change is that ¥ measures ‘the number
of particles per lattice site’ in the discrete case, whereas ¥ measures ‘the number of particles
per unit volume’ in the continuous case. The ¥ field remains dimensionless. A formal way to
see this, is to look at the dimensionless action functional

S[¥, U] = /\Iz(at — DAV + Up (T, 0),

x
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and use [[ ] = time - length?. In addition, [U] = time™! - length™ is observed. In order to
find the advertised fixed point, the flow equation ([7.4)) is rephrased in the dimensionless form.
The dimensionless fields and the dimensionless potential are defined by

=17, x=k 4w and up(%,x) = (DA kM) L e UL(T, W), (7.7)
respectively. Equation ([7.4)) induces the flow

(1,1)
) % Bd 1 u + 1
kO uk(%x) = dxu™ = (n+ d)ug + 4 (@w)(d)) (1,1) : (2,0), (0,2)
\/(“M 12—y

of the dimensionless potential ug. The crux in the definition of the dimensionless quantities
is to use the running length scale k! and the running time scale (D4 k*)~!. This
rescaling is chosen in order to ‘keep eye contact’ during the coarse graining procedure. The
idea is related to Kardanoff’s block spin transformation [9] and it is essential to find fixed
points [5].

(7.8)

7.2 The IR stable fixed point

The dimensionless coupling constants gi(n,m) are defined as the coefficients in the taylor
expansion of the dimensionless potential

ue(%X) = Y, ge(n,m) X" X™.
m>=2
n<m

The definition (7.7) relates gi(n,m) to the dimensional couplings via
Gr(n,m) = D4 k”_(m_l)dgk(n, m). (7.9)

Comparing (|7.9) to equations ((7.2) and ([7.3) suggests that the dependence of gx(n,m) on k
becomes weak as k — 0. In other words the dimensional couplings gx(n, m) flow to the fixed

point values limg_,o gx(n,m) = ¢g*(n,m). The interpretation is the following: Even though
the dimensional couplings G (n, m) flow to trivial values (either zero or infinity), the scaling
in functions as a microscope and allows to extract the nontrivial information g*(n, m).
Intriguingly, is the result of simple dimensional considerations.

Let us calculate the nontrivial fixed point values g*(n,m). The PDE (7.8) imposes ODE’s
for the dimensionless couplings gi(n, m). The flow equation of the gr(2,2) is closed:

V(B(1))

—@EnT ar(2,2)% (7.10)

k Ok gr(2,2) = (d — 1) gr(2,2) + p
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For the initial value g(2,2) = DZI AN > 0, the

coupling g (2, 2) flows into the IR stable fixed point g*(2,2) = d=1, p=15
p—d _ (2m)? 0ask — 0 -~ 02 F ‘ ‘
wov(si) 0 ' Sl il IR stable /|
To compute the other fixed point values g*(n,m), we ’0
proceed inductively along the vertex hierarchy (see figure Qm: 01

5.4). Assume all g*(x,*) prior to g*(n,m) in the vertex
hierarchy are known. The flow equation of the gx(n, m)
coupling reads 9x(2,2)

0 0.5 1

where the term F' stands for the terms resulting from the one loop Feynman diagrams. Due
to the property ( on page , the expression F' is linear in gg(n,m). We write F' =
c1 95(2,2) gr(n, m) + c2, where ¢; > 0 is a numerical constant and co depends on the vertices
prior to gi(n,m) in the hierarchy. Since the couplings g (*,*) depend only weakly on k as
k — 0, we may replace the couplings in ¢y by its known fixed point values. Thus, takes
the simple linear form

k Ok gi(n,m) = ¢1 gi(n,m) + ca, where ¢1,co € R constant.

As the prefactor ¢; is positive, the fixed point g*(n,m) = —cy/¢; is IR stable and the math-
ematical induction closes. The first couplings obtained in this manner (with the help of a
computer algebra system) for d = 1 are summarized in the following table.

g (n,m) | m=2 m=3 m =4

_ o (u—1) | 1672 (u—1)3 1273 (u—1)*(192—704+ 82912 —3094.3 )
n= p (5u—4)pu? (5u—4)2 3 (18—49u~+3312)

_ m(u—1) | 2472 (u—1)3 1873 (u—1)*(384—1408+1667u2 —629,%)
= T (Gu—4p? | (5pu—4)? i3 (18—49u+3312)

3 82 (u—1)3 1273 (u—1)*(240—5200+2632)
n = —_— =
(bu—4)p? (11p—9)(5pu—4)?p?

373 (u—1)* (2405200426312
(11p—9)(5p—4)2p3

The analytic expressions quickly become complicated due to the nested nature of the vertex
hierarchy.

The table suggests that

G52~ (u—d)  and

Fem) o~ (—dy, ms3 oW D=0 (7.12)

We prove ([7.12)) by induction along the vertex hierarchy. Assume (7.12]) holds for m < m.
Let us look at the Feynman diagram contributing to k 9y g(*, m), which consists of (n;, m;),
i=1,...,N vertices. The one loop structure forces m =), m; — N. For the diagram which
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contains only (x,2) vertices, we have m; = 2 and N = m. By the induction hypothesis, this
diagram scales as (1 — d)™. By the same argument, the diagram where only M < N of the
N vertices are (x,2) couplings, scales as (i — d)N~M+™_ 1In this sense, the diagram which is
exclusively built out of (x,2) vertices, gives the leading contribution to the flow of g(*,m) in
the limit (p — d) — 0. Using this finding in the flow equation (7.11)), proves the claim (7.12)).
O

7.3 The density decay in d < d,

The previous section explained how the renormalization flow drives the dimensionless poten-
tial ug(x, x) into the IR stable fixed point

u* (X, x) = Z g*(n,m)x" x™. (7.13)
m>=2
n<m

In principle, the fixed point couplings g*(n,m) can be computed exactly. Let us derive some
implications of the fixed point for the density decay.

The exponent of the leading term

The macroscopic rate equation describing the density decay is

O p(t) = ~U™ (0, p(2)) -

The existence of the fixed point (7.13) has the consequence that the rate equation is universal,
independent of microscopic details. We compute

2 r(1,0) @D . dip, (1,0) 0 .—d
lim Uy (0, p) =" lim D k%7 07 (0, k7% p)

lim D4 k%tH Z g (1,m) (k=% p)™ = lim D4 k% f*(k=4 p),
k—0 k—0
m=2
where f*(x) = >_,,_09"(1,m)x™. In the last line, gi(1,m) is replaced by the fixed point
value g*(1,m). This is valid, because the fixed point is reached sufficiently fast as k& — 0.

In order to guarantee the existence of a nontrivial limit £k — 0 of U,El’o), the scaling form
T—00

ff(x) — Ax!T#/4 is predicted. This leads to
O p(t) = —UM(0,p) = —AD4p(t) M9, for d < d, = p. (7.14)

The dimensionless amplitude A is universal and can be calculated numerically by the require-
ment f*(x) = >.,,_o 9" (1,m)x™ I Ay !td/k. Interestingly, all couplings g*(1,%) are
needed for A. We did not find a way to compute A analytically. An approximation of A for
@ — d is given below.

The large time solution of (7.14)) is
p(t) 2% [WADy -]V = A(Dat)" Ve,

The exponent of this power law is known to be exact [15, [14].
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There is a second, related, way to derive (7.14)) by means of dimensional analysis: The only
macroscopic, dimensitonal quantities that can possibly appear in the rate equation are Dy
and p with [D4] = length* - time™" and [p] = length~¢. Hence,

9 p(t) = f(Da,p).
Since [f] £ lengthd -time™! and D4 is the only quantity containing units of time, we rewrite
0, p(t) = Dap*'* g(p) (7.15)

with some new unknown function g. The requirement [g] . length~¢ leads to g(p) = —Ap
and is recovered. As A is dimensionless, there is no way to determine A by this kind
of reasoning.

The dimensional consideration shows that is the only dimensionally valid form. In
particular, this excludes the possibility of correction terms. The physical reason for the ab-
sence of corrections to can be pinned down to the fact that the particles are considered
to be structureless point particles moving in the continuum. This assumption becomes incor-
rect if the particle density is large. For large particle densities, the particle’s spatial extension
becomes important and introduces a new microscopic length scale a (a can be thought of as
the particle’s radius). The new length has the important consequence, that is replaced
by

de p(t) = Dap*'? g(p,a) = Dap"™/*g(a’ p),
where g(0) = —A. This new form allows for the existence of correction terms as long as
a # 0. Instead of interpreting the length scale a as the particle radius, the spatial extend

of the particles can also be modeled by reintroducing the lattice a Z% and sticking to point
particles.

The upshot is: The universal leading term A D4 p't#/4 in the rate equation is
computed in the continuum limit aZ% — R%. The universal character guarantees that the
microscopic lattice has no influence and the continuum limit is expected to lead to the exact
result. The corrections to A D4 p'*#/4 are important for large densities p, where the contin-
uum limit becomes unfaithful as it neglects the particle’s extension. Hence, the correction
terms still depend on the lattice structure and are non universal. The fixed point is blind for
these correction terms.

The amplitude of the leading term

We derive an approximation for the universal amplitude A in
U0, p) = —A Dy plHHe, (7.16)
. . . : (1,0)
The Wetterich equation li induces the flow equation for U, (0, p)

(2,0) 7+(0,2)
Uk Uk
2
2 (U™ + Do)

0 UD(0, p) = LV(k) Do 0y, k"
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and hence,
A
U(Qvo) U(072)
Um0, p) = UL (0,0) — § / dkV(k) DOy bt — Tk (7.17)
, 2 (U;gl’l) + Dy k“)

where V(k) is given by (7.6). As A is universal, we may use the fixed point potential
Up(U, W) = Dy kF+eu*(x, x) in the integrand of and extract the term after the
integration. The integral is too difficult to be solved exactly and an approximation is needed.
The approximation consists of using Uy (¥, ¥) = D4 k9 (g*(2,2)U2 U2 + 2¢*(2,2)¥ ¥?)
instead of the full fixed point potential. Consequently, only Feynman diagrams are taken
into account which can be build out of (x,2) vertices. We may expect this approximation
to be valid in the limit (@ — d) — 0, because the higher order couplings are suppressed as
g (x,m) ~ (p—d)™ and become negligible. For d = 1, the approximation yields

22 1 m(p—1)
N — D(—p)T(2 *(2,2)H* here g*(2,2) = ———=. 7.18
2W1+M(u)(+#)g(,) ,  where g°(2,2) . (7.18)
For y — d = 1, the dependence of the
. . . d=1
amplitude A on p is a simple power law: .
A =271 (u—d)t. perturbative [14] ——

non pert. (7.18) ——

This is the analog of the power law Go(2,2) o | 0.5
(d—p)t above the critical dimension.
As (d—p) — 0, the result agrees with
the perturbative € = (d — p) expansion to
one loop order [14] (see figure). For large e,
is slightly better than the perturba-
tive result. The divergence of A for u — d 1%

indicates the breakdown of the universal behavior ruled by the fixed point (see chapter @

7.4 The density decay in d = d,

Naively setting d = d,. in , gives the law of mass action. However, at d = d. = p the
fixed point becomes trivial, g*(*,*) = 0 (compare the table on page , and the reasoning
leading to breaks down. This section demonstrates how the rate equation becomes the
law of mass action dressed with a logarithmic corrections factor in d = d..

The starting point is the discrete lattice mode]ﬂ described in chapter @ The solution ((6.14])
of the (2,2) vertex’s flow equation is dominated by the logarithmic term as k — 0:

-1

V(B()) af (ak)| d = p. (7.19)

k—0 .
2,2 fi - —npul
Gr(2,2) —— [finite o) DAM og

'In principal, one could also start with the continuous model described in section The lattice model has
the advantage that it is not plagued by UV divergences due to the natural cutoff.
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As a consequence, the finite, non universal terms in the square bracket are suppressed and
universal behavior emerges. The rate equation is approximated by

O p=—US"0,p) = - lim 2 G(2,2) p* (7.20)

%
Performing the limit £ — 0 in ((7.20)) leads to a coarse grained picture, which is too rough, as
it gives the trivial result G(2,2) = 0. Instead, we claim that the particle density p decreases
in the limit £ — 0, such that
(ak)™%p =1/c = const (7.21)

remains constant. The interpretation is the following. The coarse graining length scale k=1
induces a typical volume k=% which contains (ak)~¢ lattice sites. As p measures particles per
lattice site, (ak)~? p is the number of particles in a typical coarse grained box at the scale k.
Using (7.19) and (7.21)) in (7.20)), yields the logarithmically corrected law of mass action

@2m)? Da  p?
V(B4(1)) a? log(cp)’
The dependence of (7.22) on the arbitrary constant ¢ vanishes in the limit p — 0. In the one
dimensional case d = p =1, we have Dy = 3/7 1' and 1) becomes

Bip=—2 d=p. (7.22)

- - d=pu= 7.23
= oa(a)” p (7.23)
The rate equation (|7.22)) is solved by
o Bi(1)) a? 1
tooo, 1 VIBYL)) of logt =, (7.24)

t
o) 2" @md Da t
For d = p = 2, (7.24)) goes over into the diffusion result p(t) = (87)~! logt/(Dat) [20, 69).

7.5 Comparison with simulations

We use the Gillespie algorithm [67] to simulate the process

1
A ﬁ) A Lévy step
A+ A0 pair annihilation
0 A homogeneous particle input J.

As described in section the stationary density p is measured for each particle input J > 0.
The associated pairs of J and p fulfill

Uélvo)(oa p) = J.
This relation is used to test the theoretical predictions. Figure confirms the power law
Uél’o) (0,p) = ADy p'tr/d for small densities p in d = 1 dimensions. For y < 1.3, the
amplitude A is accurately approximated by . For p = 1.3 the approximation of
A becomes unfaithful and higher vertices have to be included into the computation of A.

In order to test the universality of the power law U(1:0) (0,p) = AD4y Pt/ we performed
the simulations for different microscopic reaction rates A. For sufficiently small densities p
the simulations are insensitive to A due to the fixed point. The different microscopic details
can only be observed by the non universal corrections for large p. These corrections e.g. lead
to a divergence of J at p = 0.5 for A\ = oc.
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10772 ¢
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A DA ﬁ1+;t ]

RSl

1074 102
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1076

Figure 7.1: The validity of the power law U19)(0, p) = A D p't#/ (solid line) is examined in d = 1
for different Lévy flight exponents p and initial reaction rate A = oco. The amplitude
A is approximated by . As long as the critical dimension p is close to the spatial
dimension, i.e. pu < 1.3, the (*,2) vertices give the dominant contributions to .4 and the
approximation is valid. In the case of u = 1.3, we plot simulations with finite microscopic
reaction rate 7 A = 1 in addition to A = co. The two cases coincide for sufficiently small
densities due to the universal behavior at the fixed point.

Figure shows the plot of U1:9(0, p) at the critical dimension d = d. = . = 1. The plot
supports the theoretically predicted form ((7.23)).

d=d, \=oo
103 %

0
I? 10 r d = ILL = ]_ A
5 1078 E
2,
B!
L 1078 b g
=
0
& 1077 simulation + ]

10712 *6ﬁ2/10g/_)
1076 1074 1072

stationary density p

100

Figure 7.2: At the critical dimension the
law of mass action J o p? is cor-
rected by a logarithmic factor

(see eq. (7.22)). The plot sup-

ports the correctness of 9, p =
—6/7p?/log(p) ind=p=1.
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7. The breakdown of the law of mass action in d < d.




8 Trimolecular reaction kinetics

This chapter briefly discusses the case of the ternary annihilation reaction

A+A+AD. (8.1)

In the case where the A particles perform diffusive motion in space, the critical dimensionE] is
known to be d. = 1 [69]. To the author’s knowledge, the process ({8.1) was only investigated
for diffusion in d = 1 at the critical dimension [70} [71] [72] [73], [69]. The main result concerning
the particle density decay in this case is given by

/2 [logt

for late times t. Equation was derived by a perturbative field theory approach in [20]
and can also be obtained by a Smoluchowski argument [69] similar to [11]. The amplitude of
the logarithmically corrected power law is known to be exact and universal [20].

Above the critical dimension, i.e. for d > d., the density is known to be described by the law
of mass action

de plt) = —Ap(t)® (8.3)

for small densities p. Mean field predicts the amplitude A = 3. No attempts have been
made to calculate the renormalized amplitude A = 3 G (3, 3) beyond mean field so far.

If the diffusive dynamics of the particles is replaced by Lévy flights with Lévy exponent
0 < p < 2 (see chapter [3), the critical dimension is reduced and takes the value d. = /2.
In the present chapter, we investigate the ternary reaction for Lévy flights in d > 1
dimensions, i.e. above the critical dimension. In contrast to the pair annihilation process
A+ A — ) (compare chapter @, the NPRG formalism cannot be applied in the obvious way.
We give a possible explanation for this instance and devise two alternative methods. One of
this methods is inspired by the perturbative approach [60].

8.1 The problem of NPRG in 34 — ()

The field theory for the ternary annihilation process (8.1)) is obtained by the Doi Peliti proce-
dure similar to the pair annihilation process (see chapter . The resulting microscopic action
is given by

S, v] = / [B(2) (0, — DaV") U(a) + Un(¥(), U(a)] (8.4)

T

'More generally, the critical dimension of kA 2 [ A with [ < k is given by d. = 2/(k — 1) [20]. This is
obtained by using that the coupling constant A (of the continuum model) is dimensionless at the critical
dimension.
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where

Up(T,0) = X\- (03 + 302 430) 03 (8.5)

is the microscopic local potential. The anomalous diffusion term D4V*#, defined by ,
encodes the Lévy flights on the lattice L = aZ? (recall that z = (¢,x) € R x L and [, =
f dt ZXGL)'

The Wetterich equation imposes the flow equation for the running local po-
tential Ug. The only difference compared to the pair annihilation case is the different initial
condition (8.5)). A far reaching consequence of this initial condition is the absence of the (x,2)
vertices on all scales k, as they cannot be created in one loop Feynman diagrams based on
the (x,3) vertices. Moreover, a similar topological argument leads to the conclusion that the
one loop Feynman diagrams cannot dress the (x,3) vertices. Therefore, the renormalization
of the (%, 3) vertices by means of the NPRG flow equation is excluded:

Go(3,3) = Gi(3,3) = \. (8.6)

The missing renormalization of the (*,3) vertices is obviously false as it contradicts the
intuition of coarse graining. We suspect the error to be rooted in the Doi Peliti prescrip-
tion. More concretely, as already noted in the footnote on page [2| a critical step in the Doi
Peliti formalism is the path integral formulation: To arrive at the sum of the operator
exp(—=AtH) = ), (At H)"/n! is implicitly commuted with the integral arising from the co-
herent state unities. For the ternary process , the hamiltonian H contains an interaction
term proportional to Aal (recall that ay denotes the annihilation operator at site x € L).
We sketch the problem, by looking at (0] exp(Aa®)|0) = 1 for the lattice consisting of a single
site [22]. Inserting the unity operator 1 = [ d?®/m |®)(®P| (see eq. ), yields

a3 n 2 2
=0 Q0L [ w0y [T ep(-fof +209)
n=0

At the last ‘equality sign’ =2, the sum and the integral are commuted and give an incorrect
statement (the right hand side is diverging whereas the left hand side is 1). For binary
reactions, such as the pair annihilation, the reaction term Aa? is replaced by Aa? and the
commutation of sum and integral is allowed (at least for small \). Despite the problem of
interchanging sums and integrals in the Doi Peliti procedure, the resulting action gives valid
results if the interaction are treated perturbatively [22].

The upshot is: If we want to study the ternary process 3 A — () by means of the action
, the Doi Peliti formalism forces us to treat the interactions perturbatively. As we try to
apply the Wetterich equation, we get the erroneous result .

One possibility to circumvent the problem is by introducing an auxiliary particle B that
represents a pair of two A particles on the same lattice site. The process is then rephrased
by

A+A>S B auxiliary coagulation
A+B S0 reaction
-1
Bl A+ A auxiliary decay.

The decay of the B particle accounts for the case that one of the A particles contained in a
pair B performs a Lévy step and leaves its partner. This modified process consists of binary
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reactions only and is therefore not plagued by the problem of interchanging sums and integrals.
Consequently, the reaction rate A becomes renormalized by the Wetterich equation as can be
seen by looking at the new one loop Feynman diagrams. We do not follow this approach
further as it is too complicated for concrete calculations. Instead, we use a perturbative
approach in the following section.

8.2 The perturbative approach

Perturbation theory in (quantum) field theory is well established [26] [51]. The idea is to treat
the reaction part A - (U3 4+ 3W2 + 3 W) U3 in as a perturbation upon the ‘kinetic’ part
U(z) (9 — DAVH*) ¥(x). The use of perturbation theory for the reaction diffusion process
2A — A below the critical dimension goes back to Peliti [60]. The approach was extended to
nA — 0 by Lee [20]. We follow the reasoning of [20] to calculate the renormalized coupling
Go(1,3) for the process 3A — () above the critical dimension. As Gy(1,3) is non universal,
we use the action defined on the discrete lattice space L = a Z% and do not perform the
continuum limit.

The (perturbative) propagator Ap is defined as the inverse of the operator (9, — D4V#).
The integral kernel is given by

~

Arp((t2, p2), (t1,p1)) = Ot — t1) exp [—Le(p2) - (ta — t1)] 0(p2 — P1).

In contrast to [20], we keep contact to the microscopic lattice model by using the full dispersion
function €(p). Calculating the renormalized (1, 3) vertex Gr(1,3) perturbatively leads to an
expansion of Gg(1,3) in terms of the bare coupling X\. The result is given in a Feynman
diagrammatic way:

N iR S RN e e o SN

In contrast to the NPRG formalism, the Feynman diagrams in (8.7) are allowed to contain
more than one loop. This avoids the topological constraint that forbids the renormalization

in the Wetterich equation. Translating the diagrams ({8.7) into algebraic expressions, yields
[20]

to
Gr(L,3)(t2 — t1) =3\ 8(ts — t1) + 3N - I(ts — t1) + 3 - /dTI(tg ) I —t)+

t1

2} T1

+3)\‘/d7’1/d7’2[(t2—7'1)_[(7']_—TQ)I(TQ—t1)+...,

t1 t1

where

3
1
t)=—3I\ -
/// (p1+ P2+ p3) eXp[ TE €( ]

P1 P2 P3 =1

2Recall the definition DAVH* = 771 F~leF lb The dispersion relation € encodes the random dynamics
on the lattice as was discussed in chapter
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represents one ‘bubble’ made out of three propagators, two loops and one (3,3) vertex. The
convolution structure of the consecutive bubble diagrams is converted into a geometric series
by applying the Laplace transform f(s) = ft>0 dt f(t) exp(—st):

Gr(1,3)(s) = /dt Gr(1,3)(t) e *" = 3X\. [1 +I(s)+I(s)>+I(s)° +.. } = 1_3;(5)
0

(Strictly speaking, the sum does not converge for large A. In the case where the sum does
not converge, the last equality amounts to an analytic continuation.) The macroscopic limit
is obtained as s — 0:

-1
1

(p2) +€(p1 +p2)

Go(1,3) = Gr(1,3)(s =0) = 3 /1\+3!T//6(p1)+6 (8.8)

P1 P2

This result is exact. It is one of the rare cases, where the perturbative series is resumed

exactly and gives non universal results.
Equation lj can easily be extended to the more general case of nA LN (). The macroscopic
coupling becomes

-1
Go(l,n)=n % + n!TH /S(Eze(pl)) anlﬁ(p) . (8.9)
i=17 1= v

For n = 2 we recover the result obtained via the NPRG formalism. Using e(p) o p#
for small momenta in shows that Go(1,n) vanishes for d < pu/(n —1). We conclude
d. = p/(n — 1) in agreement with [20].

Figure [8.1| shows the dependence of the macroscopic reaction rate Go(3,3) = Go(1,3)/3 on
the Lévy exponent p in d = 1. The numerical calculation of suggests that the coupling
Go(3,3) takes the asymptotic value

Go(3,3) 222 0.103. .. (8.10)

as the critical dimension d. = u/2 reaches the critical dimension d = 1. This result is
surprising in the sense, that it is a new feature compared to the pair annihilation process
2A — (), where the macroscopic coupling goes to zero as the critical dimension reaches the
spatial dimension (compare eq. and figure . We did not find a physical explanation
for . A consequence of is that the law of mass action term of the rate equation

d; p(t) = —3Go(3,3) p® +corrections
—_——
law of mass action

does not become arbitrarily small in the limit © — 2. Hence, we expect the corrections to the
law of mass action to be less important, even close to the critical dimension (see figure [8.2)).
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d=1, A=00
0.5 : . - .
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Figure 8.1: The macroscopic coupling Gy (3, 3) of the ternary reaction 34 — ) with infinite microscopic
rate is plotted against the Lévy exponent p. As the critical dimension d. = 11/2 reaches the
spatial dimension d = 1, the coupling obtains the asymptotic value Go(3,3) = 0.103- - -.
The numerical integration of was performed by the GSL routine such that the abso-
lute error of Go(3,3) = 0.103 is 107°. The dispersion function €(p) was approximated by
(3.18) up to the order O(p").

8.3 Comparison with simulations

Analogously to section [6.6] we used the Gillespie algorithm to simulate the process

1/7

A— A Lévy step
A+ A+ A0 ternary annihilation
0L 4 homogeneous particle input J

for different Lévy exponents p and different microscopic reaction rates A. For every parti-
cle input J the associated stationary density p is measured. The simulations are in good
agreement with the theoretically predicted law of mass action

J=Go(1,3)p°

where G(1,3) is given by . Figure shows the exemplary case of A = oo for different
Lévy flight exponents p. The theoretical result matches the simulations well, even for p — 2.
As explained in the previous section, the good agreement is due to the fact that Gy(1,3)
approaches a finite value for p — 2.
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Figure 8.2: The macroscopic law of mass action J = Gg(1,3) p® (blue line) is compared to the sim-
ulations (red points) for A = 0o in d = 1 dimensions and different Lévy flight exponents
. The macroscopic coupling Go(1,3) is given by . The good agreement with the
simulations (even close to the critical dimension d. = p/2) is a consequence of the fact
that Go(1,3) reaches a finite value as p — 2 (see figure [B.1)).
The divergence of J at p = 1 is an artifact of A = oo: For large inputs .J — oo one third
of all lattice sites will be empty (after a reaction occured) another third will contain one
particle and the last third will be occupied by two particles, viz. p — 1/3+2/3 = 1.



9 Conclusion

In this thesis we investigate the non equilibrium pair annihilation process A + A — () where
the A particles perform Lévy flights inside the cubic lattice Z?. On the microscopic lattice
scale, the system is defined by a master equation. As common to nontrivial many body prob-
lems, fluctuation effects have crucial implications on the macroscopic scale. The transition
to macroscopics is performed in two steps. First the master equation is mapped onto a field
theory by the Doi Peliti formalism. In a second step, the field theory is investigated by
means of the non perturbative renormalization group (NPRG) flow equation. The Doi Peliti
prescription, as well as the NPRG formalism are exact methods and go beyond phenomenol-
ogy. This enables the computation of non universal quantities which depend on the details
of the microscopic model.

Above the critical dimension (d > d.) and for small particle densities, the pair annihilation
process is known to obey the law of mass action, which states that the reaction rate is
proportional to the product of the concentrations of the reacting particles. We compute the
non universal proportionality factor and discuss its dependence on the particle dynamics, the
microscopic reaction rate and the lattice shape.

If the system happens to be below or at the critical dimension (d < d.), long range fluc-
tuations are influential enough to blur the underlying microscopic model. As a consequence,
the law of mass action breaks down and the system is described by a universal rate equation,
independently of the microscopic details. The mathematical reason for the universality is the
existence of an IR stable fixed point. We rediscover the known results of perturbation theory
within the formalism of NPRG.

In order to examine the transition from the non universal law of mass action in d > d. to
the universal fixed point driven law in d < d., we adjust the Lévy flight parameter such that
the critical dimension becomes close to the spatial dimension. We found that the law of mass
action is corrected by additional non analytic power law terms. Since these correction terms
are created in the very last part of the renormalization flow, they have universal character.
As the number and influence of these corrections grows close to the critical dimension they
are interpreted as a hallmark of the breakdown of the law of mass action. Although the
necessity of the non analytic correction terms is confirmed by computer simulations in d = 1,
it remains questionable why the number of relevant correction terms increases unboundedly
as the critical dimension approaches the spatial dimension.

A brief discussion on the ternary annihilation process 3A — () demonstrates that the naive
application of NPRG leads to the erroneous impression that the mean field result is not renor-
malized above the critical dimension. We propose an explanation for the failure of NPRG
and devise an alternative strategy to determine the quantitatively correct law of mass action.
Computer simulations confirm the result.
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We conclude that the pair annihilation model with Lévy flights constitutes an accessible
model to study the transition from d > d. to d < d. by analytic methods. We gained new
insight into the physics of universal and non universal quantities above the critical dimension.
To further elaborate in this direction we propose to study extended particles by means of
reaction kernels [74].

The example of the ternary process shows that it is expected to be difficult to apply the
reasoning to other processes. More work has to be done in this respect.



A Fourier transform

Inter alia, Fourier transform is used to diagonalize operators. In this appendix the conventions
are set. The Fourier transform communicates between some position space X and the corre-
sponding momentum space X. In the following, the two cases of a d dimensional continuous
position space X = R?% and a d dimensional discrete lattice X = L are distinguished.

Fourier transform on X = R?

Given som function f: R? — C, its Fourier transform F(f) = fis defined as

f: R —C, pr [ d% f(x) e P = f(x) e P (A.1)
/ /

and the inverse transform F _l(f) = f is given by

d
f]R—>(Cxl—>/d Fp)

/ e P, (A.2)

The abbreviations [ diy = /. and fRd ) e fp are introduced. The consistency of (A.1

with (A.2)) (and vice versa) is expressed via

/ e™P = (21)%5%(p) = 5%(p) and / P = %(x). (A:3)

X P

Fourier transform on a lattice X = L
Let
d
= {Zcmﬂq el,i= 1...d} = spang(ai, . ..,a) C R?
=1

be the d dimensional lattice spanned by the d linear independent lattice vectors a; € R%. The
corresponding reciprocal lattice

L* = spang(by,...,by) C R?
is spanned by the reciprocal lattice vectors b; € R? which fulfill

a; bj =27 51] (A4)

! Although necessary for a mathematically rigorous definition, the function space is not specified any further.
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Thinking of L as the position space, the momentum space cannot contain arbitrarily large
momenta. Momenta that correspond to rapidly fluctuating modes in position space with a
wavelength smaller than the lattice spacing are not allowed. The correctly truncated momen-
tum space for L turns out to be, what is called the first Brillowin zone

1*B.Z. = Rd/L* = Rd/ ~ wherep~q&p—qecl”.

The volume of the first Brillouin zone V' (L*) is the volume of the parallelepiped spanned by
the basis vectors {b;},_; 4

Voulme(1.B.Z.) = V(L*) = w(R?/L*)

2m)4

‘(/.(L*) denotes

(here i denotes the Lebesgue measure inherited from R?). Similarly, V(L)
the volume of one unit cell in L.

Given some function f: L — C on the lattice, its Fourier transform F(f) = fbecomes the
Fourier series

FiRYL* —C, p— Y f(x)e ™P = / f(x)e P (A.5)

xeL et

and the inverse transform F _1(]?) reads

fiL—C, zes / r f(p) e
: , T VL p)e
Rd/L*

/ f(p) e™P. (A.6)

Note that fis well defined since f(p) = f(p + q) for q € L* using (A.4). With the abbrevi-
ations Y ., = [ and fRd/L* % = fp, the discrete Fourier transform (A.5) and (A.6) is
formally identical to the continuous case (A.1)) and (A.2), respectively. Analogously to (A.3)

the identities

d N .
/e—ix'P = ger)) 8(p) = d'(p),p eRY/L*  and /6”"" =0l(x),xe L (A7)

x p
ensure the consistency of ({A.5)) and (A.6) (the second ¢ should not be confused with the Dirac
delta in continuous space, but should rather be understood as a Kronecker delta in discrete
space L).

Fourier transform in spacetime

We add a continuous temporal direction to the space X and look at functions f: Rx X — C
defined the spacetime R x X. Defining the (d + 1) vectors

r=(t,x) eRxX and pz(w,p)eRx)A( with  z-p=tw—x-p, (A.8)
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the Fourier transform F(f) = FiRxX o C (where X = R? in the continuous case and
X =R%/L* in the lattice case) reads

for= [ = f
=/ /f wp)e —”wﬂxp—/f e
R p

The notation is chosen to covers the spatially continuous case as well as the discrete case:

/ _ // _ {fR dt [pa d%z  for X = R (.:ontinuous (A10)
T t x

Jrdt> e for X = L discrete,

(A.9)

Jrdw [z dip/V(L*) for X = R?/L* discrete.

/ _ // _ {fR dw [ga dp/(2m)? for )E = RY continuous (A11)
w p

p

Likewise,

/ew'p _ §(p) = {(27r)d+1 541 (p) for X = RY continuous (A12)

(2m)4+1 )V (L) 691 (p)  for X = L discrete.

T

The convention (A.8) is borrowed from special relativity, although the whole thesis deals with
non relativistic physics.
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B Operators and Integral Kernels

From a mathematical viewpoint this section is rather sloppy. When talking about operators,
one needs to specify the domain in an appropriately equipped space on which the operator is
defined. This issue is completely ignored. We merely set the notational convention.

Given an operator O acting on a function f: R x X — C (see appendix |A|for the notation),
denote K (O) to be its integral kernel|

(0F) () = / K(0)(z,4) ().

(Note that the integral | may actually contain a sum, whenever X = L is a discrete lat-
tice, as defined in eq. (A.10). In the discrete case the operator acts as a common matrix
multiplication.)

We call O = FOF ! the Fourier transform of O with kernel K (5)

((3 f) (p) = /K(a)(p, a)f(q).

Surprisingly, K (5) is not the Fourier transform of K(O), but

—

K(O)(p1,p2) = K(O)(p1, —p2) (B.1)

(notice the minus sign in the argument on the right hand side). A quick argument, ignoring
mathematical rigor, goes like this

(07) @) = (For 7)) =7 | [ KO 10) | )= [ KO w0 sy e

= [ [ KO Faye v = [KO)p -0 Fla)

T,y q q

The position space analogon of (B.1)) is

K(O)(x1,22) = (f—lK(é)) (21, —2). (B.2)

"When confusion is excluded, the integral kernel is usually denoted by the same letters as the operator, i.e.
just K(O)(z,y) = O(z,y).
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Multiplication versus convolution operators

One of the simplest operators are multiplication (diagonal) operators. Let O be a multipli-
cation operator in position space

(0f)(z) = O(x) - f(x)
with the formal integral kernel
K(O)(x1,21) = O(x1) 8z — x2).
Then yields
K(0)(w1,72) = O(21) 8(1 — 29) <= K(O)(p1,p2) = O(p1 — p2) (B.3)

for the integral kernel of O. This shows that the Fourier transform of an multiplication
operator acts as a convolution

((3f> (p) = /5(19 —q) f(q).

Analogously, if an operator is multiplicative in momentum space, it acts as a convolution in
position space

K(a)(pl,pg) = 5(1)1) 5A(p1 —p2) <= K(O)(z1,22) = O(x1 — x2). (B.4)

Inverse operators

The kernel K(O~!) of the inverse operator O~! fulfills

/ K(0)(@1,1) K(O~Y)(y, 1) = 8(a1 — 2)
)

or in momentum space

/ K(©O)(pr.a) KO (. p2) = (1 — p2).

Determining the kernel of the inverse operator is easy for multiplication (diagonal) operators

K(O)(z1,29) = O(21) 6(x1 — x2) = KO Y(x1,29) = O(21) ' (21 —29) (B.5)

K(O)(p1,p2) = O0(p1)d(p1 —p2) = KO Y(p1.p2) =O0(p1) " 8(p1 —p2)  (B.6)

in position and momentum space respectively. The symmetry between position and momen-
tum space is due to the notation of [ , fp and d(-) (see eq. |A.10|, |A.11| and |A.12[).

Trace

The trace of an operator O with integral kernel K(O) is

(0) = [ K(O)(w.2) = [ K(©O)p.p). (B.7)
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