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Abstract

Non-perturbative Methods in Quantum Field Theories

by Péter MATI

The non-perturbative aspects of quantum field theories (QFT) seem to be indispensable
to understand the qualitative behaviour of strongly interacting physical systems. In my
thesis we are going to discuss two different non-perturbative approach. One of them is the
2PI (Two-Particle Irreducible) functional technique combined with the Dyson-Schwinger
equation. Essentially, it is based on resumming a particular class of Feynman diagrams,
in a well-controlled, systematic way. This is going to be applied to the Bloch-Nordsieck
model (at zero and finite temperature) which can be considered as the low frequency limit
of Quantum Electrodynamics. The second is the Functional (or Exact) Renormalisation
Group (FRG) approach. Here, the Wilsonian idea is used: by integrating out the rapid
degrees of freedom, an effective description of the theory is obtained, which is proved
useful in the investigation of the phase diagram and critical behaviour of the system
under consideration. We will explore the fixed point structure of the O(/N) model in

various dimensions.
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Chapter 1

Introduction

The subatomic particles behave in such ways that seem completely bizarre from the
human perspective, and at some point we even lose our intuition based on everyday
classical physics. To understand contemporary theoretical physics R. P. Feynman said
once: "If you want to learn about nature, to appreciate nature, it is necessary to under-
stand the language that she speaks in”. The mathematical model was manifested under
the name of Quantum Field Theory (QFT) and has proved to be the most successful
strategy in the description of elementary particle interactions, and as such is regarded
as a fundamental part of modern theoretical physics. In most textbooks the emphasis is
on the effectiveness of the theory, which at present essentially means perturbative QFT.
Undoubtedly an extraordinary success was achieved by the perturbative description of
quantum electrodynamics and of the Standard Model of electroweak interactions, the
theoretical predictions are in an impressive agreement with the experimental results.
However, one must not consider PT as the fundamental definition of QFT, rather it
must be looked at a systematic technique to approximate the full theory taking into ac-
count the errors in a controlled way. It is well known that everything that can be done in
the framework of free field theory is mathematically correct. Once we want to introduce
interactions between fields things are getting complicated. In fact, we do not at present
have a rigorously defined interacting quantum field theory for a four-dimensional space-
time, although there are such theories in lower dimensions (conformal field theories).
One short way to put the main difficulty is to say that the central theoretical object of a
quantum field theory, the functional integral [9] has at present no rigorous mathematical
definition, except in special or simple cases such as non-interacting theories. However,
perturbation theory can give us an efficient and conceptually meaningful technique for
calculating physically interesting quantities, but in return one needs to partially give up
the rigour (and comfort) that mathematics provide.

The following sections in the Introduction are based on [1-5]. The structure of this

1



Chapter 1. Introduction 2

chapter is as follows. First we discuss PT in nutshell, then we proceed to the concept
of renormalisation. At the end of the chapter we give a very brief introduction to the

basic concepts in QFT. The outline of the thesis is given in the last section.

1.1 Perturbation Theory

In quantum theory, we typically solve a problem by finding the states of definite energy
and their corresponding values of energy, i.e. we diagonalise the Hamiltonian of the
system. Unfortunately, in most of the cases we are unable to perform this operation

exactly. But let us assume that our Hamiltonian H can be written in the following way:
H= HO + H’int7 (11)

where both of the operators are hermitian of course, and we can look at the term Hj,;
). The

time evolution operators that are generated by the unperturbed and the perturbed

as a perturbation term which depends on a coupling constant (Hj,; = gH/,,

Hamiltonian, respectively, read:

Up(t) = e ot (1.2)
Uty = et (1.3)

At this point it is convenient to switch to the interaction picture in which the ob-
servables (operators) are evolving according to the unperturbed Hamiltonian (Oy(t) =

Uo(t)TOsUp(t)), and the state vectors evolve as follows:

vi(t) = V(Hus(0), V(1) = Us(t) U®). (1.4)

Where the subscript ”S” is for the Schrodinger picture. The main advantage of the
interaction picture is that it yields the solution of the time evolution operator in terms
of a power series in the coupling constant. As a matter of fact, V(¢,t’) is responsible for

the time evolution of the state vectors in the interaction picture:
Yr(t) =V, (t), V(ELt)=vVEevE) (1.5)
Now, V(t,t') satisfies the differential equation:

i0V (t,t') = Hi(t)V(t,t), (1.6)
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where Hy(t) = H(t), i.e. the interaction part of the Hamiltonian in the interaction

picture. This differential equation is equivalent to the following integral equation:

Vi) =1 —i/dsHI(s)V(s,t’). (1.7)

t/

The iterative solution of Eq. (1.7) will provide a power series in the coupling for V (¢,t').
Moreover, from this result we can extract information about the S-matrix, since it is
defined by the asymptotic limits of V(¢)~! (which are the so-called Mgller operators and

make the connections between the in/out states):

£ _ ~1
Q2 —tgernooV(t) , (1.8)
and the scattering matrix is: § = Q" Q" = lim V(t,t).

t—o0, t'——o0
Now, it is possible to express the scattering matrix with V(t,t’) through its power series

in the coupling g.

00 t t1 tn—1

S = lim lim Z(—i)”/dtl/dtg.../ dtpe~ Ul Frp ) Hp (to)... Hy (t)

e—0t—o00, t/——00
n=0 t t t

=i S 5D / ity / dts.. / it el e (F (1) Hy (1) Hy (1)) . (1.9)

e—0 o n!
The operator T'(.) is the time ordering operator:
T(Hr(t1)Hy(te)) = 0(t1 — to)Hr(t1)Hr(ta) + 0(te — t1)Hy(t2)Hy(t1), (1.10)

where 0(t) = 1 if t > 0 and 0 otherwise. In Eq. (1.9) the factor e~¢Xn il is called the
adiabatic switching on, and it enables us to evaluate the limits ¢ — oo and ¢/ — —oo
term-by-term.

In QFTs the interaction Hamiltonian is defined by an integral of a Lorentz scalar (which

respects locality) over the three spatial dimensions:

Hy(t) = /d%h;(az). (1.11)

Altogether one find the (formally) closed formula for the scattering matrix, which is

called the Dyson-series:

0o ( o o0

S:Z nZ,)n /d4$1---/ d4$nT(h](x1)...h]($n))ETe_ifd%hI(f) (1.12)

n=0
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The exponential expression mathematically does not make too much sense and it is
rather formal. It is only used as shorthand notation for the Dyson-series.

The perturbation series in Eq. (1.12) in most of the cases does not converge at all, more-
over the integrals defined in each individual term by expanding the series will diverge,
too. The divergence of the integrals can be solved in the framework of renormalisation
theory, which we will consider later on. Even if we assume that each term is finite in the
series, there is still no guarantee for the series to be convergent. However, the essence of
perturbation theory tells us to not to look at the series as a whole, but rather consider
the partial sums which define effective approximations for the operator S. More pre-
cisely, the theory should generate numbers from the matrix element of the approximated
S operator which must be comparable with those that are obtained from experimental
measurements. Let us assume that we would like to compute a meaosourable physical

quantity ¢ which can be represented from the theory with the series > ¢,. The most

n=0

o0
important Ansatz here is the following: If the first few terms of ) ¢, decrease in mag-
n=0

nitude (that is |¢n+1|/|gn| < 1) as n increases, the corresponding partial sums of i In
is being accepted as effective approximations of the physical quantity ). As it Wasnrznoen—
tioned above, even if each ¢, can be made finite by renormalisation procedure, it is not
sure that the terms are small. For QED it happens to be a good effective approximation,
however for the strong interaction (at low energies) it is not. A simple mathematical

example can illustrate the situation. Let us consider the following series:

[e.e]

3 (—1710!0)", (1.13)
n=0

> n!

nz_:o(_mo)"' (1.14)

The first one converges to e 1% however if we look at the first few partial sums they
are far away from being an acceptable approximation of the limit: 1, —99,4901,.... The
second series in Eq. (1.13) is not convergent. However, considering the partial sums for
some lower orders it will give: 1,0.99,0.9902,0.990194. This gives a nice approximation
for the integral:

© 100et
dt = 0.99019422. 1.15
/0 t+ 100 (1.15)
The trick here is that one can expand m into a geometric series and evaluating

the integral term by term would generate the desired series in Eq. (1.13). However,
one should not change the order of integration with the summation since the radius of

convergence for the geometric series is |¢| < 100. But if we do so, then our expression
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N

n!
SR |
n=0 (710 )
2F — 0.99019422 ]

. . A ]
Y, |

—20L ]

-30F ]

264 266 268 270 272 274 276

N

FIGURE 1.1: The partial sums of the series Eq. (1.14) is shown as a function of the
truncation order N. The black line is the numerical value of the integral Eq. (1.15).

One can see that the series provides a nice approximation up to the order of truncation
N = 268.

will diverge, however, the series > n!/(—100)" will give an excellent approximation of
the integral till the order n = 100 is reached, where the error in magnitude start to
grow. For n > 268 the terms n!/(100)™ > 1, and as a consequence, the series start the
to diverge widely, providing unreliable approximations of the integral (see Fig. 1.1). It

can be shown that

gt
/ dt = e"2I'(0, ), (1.16)
0 t+x

where I'(0,z) is the corresponding incomplete gamma function. Hence, in general we
can say that the sum ) n!/(—z)" is the asymptotic series of Eq. (1.16).

The success of this sort of perturbative analysis is two-sided. On the one hand, we can
see an astounding agreement with experimental measurements as we already mentioned
for example in QED: the accuracy that is achieved by the prediction in quantum elec-
trodynamics of the magnetic moment of the electron is one part in 10!° [6]. On the
other hand, there are serious mathematical problems: not only that the perturbation
series may not converge for most of the theories, but there are quantum field theories for
which they are not even asymptotic series and we know that they do not converge. The
convergence of the perturbative series is not the only mathematical difficulty that one
has to face in QFTs. As it was mentioned above, often each term in the Dyson-series
has an infinite value which made physicist more concerned at the time. The question

of infinities is the quantum field theory’s most notorious problem, which was addressed
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and solved by the renormalisation procedure, applied with great success firstly to QED

in the pioneering work of Dyson, Feynman, Schwinger and Tomonaga between 1947 — 50.

1.2 Renormalisation

1.2.1 Traditional way

In classical physics there seems to be no problem with the definition of the coupling of
the interaction, calculating from a measurement. For instance, let us consider a charged
test particle entering an electrostatic field. The force that is acting on it can be described
by the gradient of the electrostatic potential which is proportional to the inverse of the
squared distance:

F=-VU(r) x —T%. (1.17)
From this, it is straightforward to express the coupling constant (i.e. the electric charge)
e = —4megr?F, where we introduced the vacuum permittivity as ep. In QFT we can
not do this so easily: one will get corrections from quantum fluctuations, and they will
depend on which energy scale our experimental measurement is performed. We can
have the following oversimplified picture in mind: every particle is surrounded by vir-
tual particles as quantum fluctuations, and when they scatter on each other the harder
the collision the deeper into the cloud of virtual particles we can see. In the following,
we are going to use the notation u for this energy scale, and call it the renormalisation
scale. Hence, we can say that the coupling that we can calculate using our measurement
as an input is g = g(go, ). In the argument we have written go, which corresponds to
the bare coupling. The bare coupling is, in fact, a parameter that we used to define our
interaction in the Lagrangian (or Hamiltonian). Our aim is to match the theoretical
parameter that we introduced, i.e. the bare coupling, to our measurement. For that
reason we must invert the relation in order to be able to predict what kind of parameter
we will need to choose in the theory to fit the measurement: gy = go(g, ). Now, at
this point, we need to go back to the Dyson-series obtained from PT, Eq. (1.12). We
agreed that the interaction Hamiltonian is given as a function of the coupling. Now, as
a consequence the perturbation series is a power series in the coupling. The whole ma-
chinery can be implemented in the framework of Lagrangians and in momentum space.
Actually, the description in momentum (or Fourier) space is much more suitable since,
being a well-defined quantum number, it characterises the given quantum states. It can

be shown that each term in the perturbation series (apart from the first term of course)
o0

contains integrals like [ dkk®, which may well be divergent, too. In brief this means that
ko
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in the given order of the perturbation series a virtual excitation arises with momentum
in the [ko,00) range, which gives a quantum correction to the quantity under consid-
eration. At this point comes the renormalisation procedure into the picture to extract
some finite answer from our formulas. First, we must get rid of the infinities, which can
be achieved in the easiest way by introducing an integral cut-off A as the upper limit of
the integral. If we choose to work in the real space, then this cut-off can be considered
as an inverse distance due to the definition of the de Broigle wavelength: A ~ 1/a,
where a has a dimension of distance. Now, our theory can be seen as space-time was
discretised, and our whole model would have been placed on an imaginary lattice. In
fact, there exist such QFTs, where we do not need to perform this cut-off artificially,
since a natural length scale characterises our theory, such as the lattice spacing in solid
state physics or the intermolecular distance. On the contrary, if we believe that the
space-time is a continuum, truncating the upper limit is not well justified in general,
hence we need to take the limit a — 0 (or equivalently A — 00), in order to obtain a
coupling which is cut-off independent. We need to mention here that there are several
regularisation techniques besides the cut-off: the Pauli-Villars regularisation introduces
a particle with huge mass that cancel the UV infinities; the recently most popular is
the gauge invariance respecting dimensional regularisation, which treats the dimension
of the space-time as a continuous variable in a way that the integral is rendered conver-
gent, and explicitly separates the singularity. For details see the reference [7], where it
is also proved that all regularisation schemes are, in fact, equivalent.

However, as it was discussed, the presence of an artificial cut-off at a given energy scale
made our theory dependent from a human choice explicitly. Nevertheless, our whole
theory based on mathematical models designed by human, but once we agreed in the
usage of one of these models to approximate the reality, we should avoid inconsistencies
coming from an explicit human choice in the framework of the chosen model. However,
it is justifiable to do so in some cases, even in QED: in the case of the Lamb shift the
electrons Compton wavelength seems to be a natural lower limit to the lowest character-
istic length scale a (cf. [8]). But in most of the cases, we cannot assume that processes at
lower length scale do not contribute, hence we need to take the continuum limit (a — 0).
The actual procedure of getting rid of the cut-off is called the renormalisation. So, at
this point in a regularised theory we have for the coupling go = go(g, pt, A). Now, it is
a question whether the limit limy_,~, can be performed at a fixed g(u) observed at the
energy scale p. If this limit happens to be finite, we say that the theory under consider-
ation is ”finite”, otherwise it is not. The more usual situation is to find this limit to be
infinite, like in QED. This means that in the framework of perturbative renormalisation
QED is not a well defined quantum field theory, although its experimental predictions
are incredibly accurate. So, independently from the result of the limit above, we can

say that a theory is renormalisable if that limit exists whether being finite or infinite.
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For a single coupling in the Lagrangian, Dyson formulated its criterion in the most
simple way, which is called the power-counting criterion. By dimensional analysis it is
easy to obtain the mass dimension of the coupling under consideration. Let us suppose
that our coupling has the dimension [g]. It can be shown that this interaction term is
renormalisable if [g] > and non-renormalisable if [g] < 0. In fact the former situation can
be split into two classes again by considering the coupling with [g] = 0 renormalisable
and [g] > 0 super-renormalisable. The couplings with [g] < 0 are non-renormalisable
couplings, and as such, it will produce infinite many divergent terms in the perturbation
series, hence it would need infinite many counter-terms associated to these terms [7].
By infinite many, in this case, we mean infinitely many kind. The counter terms are
defined as new terms in the Lagrangian and they are responsible for the cancellation
of the infinities during the renormalisation procedure. However, one can look at these
counter terms as new extra couplings introduced in our QFT, and formulate the follow-
ing line of thought: in our theory, even if we choose some bare couplings to be zero,
the corresponding physical coupling might be non-zero. For instance, let us consider
a Lagrangian in which we define a massless particle, hence we do not include a bare
mass into our formula. However, measuring its physical mass at some momentum scale
could give us non-zero result. In this situation one can say that the particle acquires a
dynamical mass through the interaction. This means that we might need to add some
extra terms to he Lagrangian in order to make our theory successful. If we manage to do
this by including a finite number of extra terms, we can call the theory "renormalisable”,
contrary, if we would need to include infinite many from those terms our QFT is called

”non-renormalisable”.

1.2.2 The modern approach

This final thought of the previous section leads us to the concept of renormalisation
group. The idea was first imposed by K.G. Wilson [14] (who won the Nobel prize for
it in 1982) and it goes as follows: we are not concerned about the limiting behaviour
of the coupling in the continuum, rather we will be interested in its dependence on the
scale. Let us set up the stage: we have a Lagrangian with N bare couplings G° =
{g?,gg, - 99\/}- To do actual calculations we will need to introduce, as well, a cut-
off scale A in momentum space. The interactions above this energy scale are being
neglected, as it was explained above. Having defined these numbers, it is possible to
compute the physical couplings G = {g1,92,...,gn} at a given energy scale p through

the relation:

G =f(G% A p)~G = f(G° a,l). (1.18)
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Here, the variables (A and u) of f have energy dimension, and they correspond, actually,
to inverse length scales: from the cut-off we have the inverse lattice spacing (A ~ 1/a)
and for the arbitrary energy scale, we have an inverse arbitrary length scale (u ~ 1/1).
Now, we fix the bare couplings and the cut-off but we adjust p which defines the actual
value of the physical coupling at a given energy scale. We can imagine this to happen
in an N-dimensional space, and as the p as parameter varies, the value of the physical
coupling runs on a given trajectory embedded in RY. These trajectories are usually
called as the renormalisation group flows, with the running coupling constants, but we
will discuss this later in more detail. So, what would happen with a non-renormalisable
theory if we tried to apply the idea of the renormalisation group to it? We would start
with a Lagrangian with N couplings in it: some of them would be renormalisable, but
there must be at least one which is not. If we start to scale down the energy u, we will find
that the physical couplings corresponding to the unrenormalisable terms are approaching
zero. So, it seems that at low energy (meaning large distances) the non-renormalisable
couplings become irrelevant. This is an incredibly important fact, because it may explain
why the QFT, that seems to describe our world (namely the Standard Model or SM),
is renormalisable. Indeed, it may well be that on extremely small distances, we would
find a world where, for example, the effect of quantum gravity would not be negligible,
but at larger distances the SM seem to be a reasonably accurate approximation of our
reality and, according to the RG, the non-renormalisable interactions will look very
weak. Wilson’s arguments show that this circumstance explains the renormalisability
of QED and other QFTs in elementary particle physics. Whatever the Lagrangian of
QED was at the fundamental scale (A), as long as the couplings corresponding to its
interactions are sufficiently small, it is legitimate for the theory to be described by
a renormalisable effective Lagrangian at the energies of our experiments. Of course,
it is reasonable to check the limiting behaviour of such RG running of the couplings.
Basically, we need to take two limits in Eq. (1.18), namely when p — A and evidently
when p — 0. The first limit describes its ultraviolet limit (UV) the second the infrared
(IR) behaviour, and the limits themselves are being called the UV and IR fixed points
of the theory, respectively. The UV limit can even be taken to infinity, where for super-
renormalisable and asymptotically free theories it gives limp_,o, G = 0, which describes
a non-interacting quantum field theory. This situation is called asymptotic freedom.
Contrary, the scenario limp_,., G # 0 defines an interacting quantum field theory in the
continuum, and it is called the asymptotic safety. The existence of such theory would
be extremely important from theoretical point of view: an interacting QFT could be
established in mathematically consistent way. Similarly, we can find free theories in the
IR limit of the non-renormalisable theories, and also of some renormalisable theories like
QED.

Wilson’s idea is not only good for treating non-renormalisable theories, but it points out
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a very deep connection with a more general phenomenon, namely the second order phase
transition. The statement in brief is the following: every second order phase transition
corresponds to an IR fixed point of the renormalisation group flow. In the following, we
are going to illustrate why. Let us shortly discuss the second order phase transition in a
ferromagnetic material, which we can define by an interacting spin lattice system with
spin up and spin down states. At temperatures above a certain point, called the Curie
temperature, the ferromagnet will not be magnetised, we call this the ordered phase.
Below this, so-called, critical point (7¢), the system will break the Zs symmetry, and
the magnetisation of the system will point either up or down (this is the phenomenon
of spontaneous symmetry breaking). The behaviour of the magnet exactly at the fixed
point can be well characterised by the 2-point correlation function. That is, we define
a random variable at each site x of the lattice which will be denoted by S(x). It can
take a value from the set {—1,1}, which corresponds to the up and down states. Of
course, in the symmetric phase the mean value is (S(x)) = 0. The 2-point correlation
function is (S(z)S(y)) and this quantity characterises our system the most. Away from
the critical temperature, we will find that the spins, positioned at x and y on the
lattice, will have an exponentially decaying correlation (S(z)S(y)) o exp(—|z — y|/£),
where £ is the correlation length. However, at the critical point it turns into a power law
(S(2)S(y)) o< 1/|z—y|% We call d a critical exponent (which is related to the correlation
function), and we will discuss it later on. The power law behaviour is interesting since
it means that the system is invariant under scaling transformation. That is, if we zoom
out more and more, we will find the same structure at every scale. One can imagine
this like a random fractal: we start from a larger distance, where we will find a domain
of spins pointing up, when we magnify it and take a closer look, we will find another
domain inside the previous one, which will contain spins pointing down, now we take an
even closer look and we find spins pointing to the opposite direction, and so on. In fact,
we can find the same fractal structure until we reach the natural length scale, the lattice
spacing, which will play the role of the cut-off a in this case. These scaling solutions
indeed can be described by a fixed point of the RG equation: a fixed point of a running
coupling means that its running stops somewhere. We usually describe this by the beta
function of the coupling: 5(g) = pdS/du. At a fixed point S(g) = 0, hence the running
coupling becomes independent of the scale at that point. If this is so, it means that
our theory is scale invariant at the critical point, and it exhibits that random fractal
structure we described above.

Now, we can see that the philosophy behind renormalisation has changed a lot since it

was first introduced.
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1.3 Basics of the functional formalism of QFT

In this section we are going to review the functional approach to quantum field theories.
In this formalism we introduce the functional integral which is being considered as the
central object of QFT, however, at present it does not have a mathematical rigorous
definition, except in special or simple cases such as the free field theory, or when we
define our theory on a lattice. Despite the difficulties around the functional integration,
we are still able to use this tool to extract the important physics which lay behind our
theory. For the sake of simplicity, we are going to present the functional approach using
a single scalar field ¢(z) in D dimensions, but this formalism can be generalised for an
arbitrary QFT.

The fundamental objects of a QFT are the n-point correlation functions of the quantum
fields. Sometimes the 2-point correlation functions are loosely called propagators or
Green’s functions, and throughout the thesis we are also going to use them in this
respect. These correlation functions are obtained from the weighted average of a product
of n field operators at different space-time points, taking into account all possible field
configurations. In the Euclidean formalism we define our theory in a vector space with
Fuclidean metric. This transformation can be achieved by replacing the time coordinate
with a pure imaginary number, i.e. t — —i7, where, of course, 7 is real. By doing this,
the Lorentz-invariant square of a four-vector simply changes to the length of a vector
in R%: z 2t =12 — x? — —(t* + x?). This procedure is called the Wick-rotation, since
we rotate our real quantity from the real line to the imaginary axis in the complex

plane. In Fuclidean QFT, the fields are weighted with an exponential of the action
Slel = [ d'z L(, Oup):

(@1, 9(z2), o p(n)) = N / Do() [ o)1, (1.19)
=1

Here we introduced N as a normalisation factor. In the RHS we used the notation of
the functional integration, however the integration measure Dp(x) cannot be considered
as a well defined mathematical object in the continuum. Nevertheless, we have a well
established theory on lattice ([10]), so, we know that the functional integral presented
in Eq. (1.19) exist when we perform this operation with a regularised measure Drp(z).
In fact, we needed the Euclidean metric to make this integral numerically more control-
lable, otherwise the imaginary unit ¢ would make this integral extremely oscillatory. The
regularised action (with Drp(z)) must be invariant under the symmetry transformation
U of the theory: Sgr[UTpU] = Sg[p]. We must assume this to hold for the continuum
limit, too. We also need to assume that the theory that we obtained through the compu-

tation using the Euclidean metric can be analytically continued back to the Minkowski
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space.

All the correlation functions derivable from the generating functional:
7. /DW—SMH Je. (1.20)

where Jp = [dPxJ(x)p(z) and J(z) represents a classical source associated to the
quantum field ¢(x). The n-point correlation functions are obtained by taking the func-

tional derivative of Z at vanishing source:

1 5" Z[J]
Z[0] 5J(21)6 (22)-.0 (n) | g

(p(@1), 0(22), ... p(xn)) = (1.21)
We are usually interested in the so-called connected n-point functions whose generator

can be obtained by taking the logarithm of Z[J]:
W[J] =1nZ[J]. (1.22)

For an n-point correlation function being connected is interpreted in the sense of the
cluster decomposition theorem ([11]), which means that the function vanishes at large
space-like separations. An n-point function contains all the partitions which can be

made using the connected n-point functions:

(pla1), p(@2), v plan)) = Y < <P(95i)> 1:[<s0($j)>con- (1.23)
0

# of partitions \i= con j=0

Here the subscript ”con” corresponds for the connected propagators. Since in the follow-
ing we are only going to deal with connected correlators, we will neglect the superscript
from our notation. In classical mechanics, the equations of motion can be derived from
the action by the principle of stationary action. In quantum theory this is not the
case, here the amplitude of all possible trajectories is added up in the path integral.
However, if the action is replaced by the effective action, the equations of motion for
the vacuum expectation values (VEV) of the fields can be derived from the stationarity
requirement of the effective action. The effective action is defined through the Legendre

transformation® of W1[J):

T[g] = sup (/ Jé— W[J]) | (1.24)

J

We will show that the variable of I' is nothing else but the VEV of the field, (p(z)) =

¢(z). Evaluating the variation of the expression in the bracket above at Jg,p (which is

!The sign convention in Eq. (1.24) is usually used by the FRG community.
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the source for Eq. (1.24) being its supremum), it vanishes:

& (foe- i)

Indeed, the variation of W[J] by J will provide the VEV of the quantum field in the

- 0. (1.25)
J:Jsup

presence of the source:

¢ = = =(p)s- (1.26)

Now, we can understand the role of I' by taking its variation respect to the classical field

¢(x) using the result above:

0 s [ [V
5¢(93)_J()+/y(5¢(33) (y) /y 570 54 J (). (1.27)

This shows that the variation of the effective action provides the quantum equation of
motion in the presence of a classical source J. This is very similar to the action principle,
hence the name effective action, but contrary to the classical case, the equation describes
the dynamics of the VEV of the quantum field taking into account all the quantum
fluctuations.

The exact effective action can be only obtained in very special cases, therefore, we need
to rely on approximations in order to extract some results. The vertex expansion is one

of the most common form which we can use:
=1
L[] = Zn'/del/dDacg.../dDwnF(”)(ml,mQ,...,xn)¢(x1),qﬁ(:):2),...,¢(xn).(1.28)
n=0

We call I'" the One-Particle Irreducible (1PI) proper vertices. This name comes from
the Feynman diagrams: it can be shown that the effective action is in fact the gen-
erating functional of the 1PI n-point functions, which diagrammatically correspond to
connected graphs that remain connected by cutting any of their internal lines. We see
at the expression in Eq. (1.28) is highly non-local, although it is being thought as the
generalisation of the classical action which contains only local terms. However, we can
give a quasi-local form to I'[¢], by expanding each VEV of the field ¢(x;) (j # 1) around

the space-time point x; into Taylor series:

Bla) = D) + Budlen) (@1 — ) + SO0 (wr — i — )" 4. (1.29)
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Now, we integrate out for all the space-time points x; with j > 2 and ordering the

derivatives in an ascendant way. We obtain:

ol = [ (U60) + 320007 + Y0100 ). (130

Here, we relabelled z1 to z. U(¢) and Z(¢) are analytic functions of ¢, called the
effective potential and wave function renormalisation, respectively. The higher order
of the fields derivative has been collected into Y. This is the so-called derivative (or
gradient) expansion of the effective action. However, there exists a further simplification,
namely, when we assume that ¢ is roughly a constant in space-time, hence the derivatives

of it vanish. The equation we end up with is the following;:

To] = QU(9), (1.31)

where € is constant, and it corresponds to the volume of the space-time on which the
integration was performed. The effective potential U(¢) can be shown to be nothing else
but the quantum generalisation of the classical potential [9]. We will use the functional

formalism introduced above throughout the next chapters.

1.4 Outline of the thesis

This work focuses on two non-perturbative techniques applied to QFTs. In Chapter 2
we will give an analysis of the IR regime of the QED. We will derive the exact solution
for the the Bloch-Nordsieck (BN) model [31, 32], using resummation techniques. The
BN model was invented to resolve the problem of the infrared catastrophe, which will be
explained in details in the next chapter. Different level of approximations are given both
at zero and at finite temperatures. It turns out that the fermionic propagator can be
given in an analytic way using the 2PI (Two-Particle Irreducible) resummation combined
with the exact Ward identities which closes the infinite tower of the hierarchical Dyson-
Schwinger equations. At finite temperature the simple 2PI formalism provides a result
which can be matched with the exact calculations by using a mapping between the
coupling constant defined in the 2PI theory (agpr) and the exact coupling (ae,). We
can use this relation to give the running of the 2PI coupling respect to the temperature,
where the a Landau pole is recovered.

In Chapter 3 a brief introduction to the Functional Renormalisation Group is given
(FRG) (cf. [92, 93]). The technique is applied to study the phase structure of the
O(N) models. A proof of the Mermin-Wagner-Hohenberg-Coleman theorem is shown in
the framework of the FRG in the Local Potential Approximation (LPA), both for finite
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and large-N. A technique using the so-called Vanishing Beta Function curves is given
in order to examine the results when the effective potential is expanded into Taylor
series. This polynomial approximation will generate ”fake” fixed points which has been
neglected so far using physical arguments. Here, we will discuss a method, which is
based more on mathematical grounds, in order to extract the physical fixed points. For
D < 4 the known results are recovered for D > 4 triviality is shown. In the large-IN
limit for theories in dimensions 4 < D < 6 a new fixed point candidate is found, which
is currently being an up-to-date research topic [52, 53].

The dissertation based on the following articles:

e Resummations in the Bloch-Nordsieck model,
A. Jakovac, P. Mati,
Phys. Rev. D 85, e-Print: arXiv:1112.3476 [hep-ph];

e Spectral function of the Bloch-Nordsieck model at finite temperature,
A. Jakovac, P. Mati,
Phys. Rev. D 87, 125007, e-Print: arXiv:1301.1803 [hep-th];

e Validating the 2PI resummation: The Bloch-Nordsieck example,
A. Jakovac, P. Mati,
Phys. Rev. D 90, 045038, e-Print: arXiv:1405.6576 [hep-th];

e Truncation Effects in the Functional Renormalisation Group Study of Spontaneous
Symmetry Breaking,
N. Defenu, P. Mati, I.G. Maridn, I. Nandori, A. Trombettoni,
e-Print: arXiv:1410.7024 [hep-th]
The article is under publication at JHEP.

e The Vanishing Beta Function curves from the Functional Renormalisation Group,
P. Mati,
e-Print: arXiv:1501.00211 [hep-th]
To be published in PRD (currently under consideration in the second round, only

minor revisions were required by the referee in the first round).






Chapter 2

Exploring Quantum

Electrodynamics in the Infrared

In this chapter we are going to investigate the IR limit of Quantum Electrodynamics
which is famous of being plagued by infrared divergences. This phenomenon is known
as the "infrared catastrophe”, but it can be found in any QFT which involves massless
fields. The development of QFTs started around 1930 with QED, therefore, in most
of the cases the subjects of the computations were electromagnetic quantities. The
methods used for the calculations were mostly the direct extension of the PT from
quantum mechanics that we discussed briefly in the last chapter. Physicist back then,
who were doing computations in QED, immediately faced infrared divergences when
calculating first order perturbative corrections to the Bremsstrahlung process, due to the
low frequency photon contributions. The core of the problem lays in the fundamental
definition of QED, namely, that we assume the existence of a free theory, i.e. the
existence of asymptotic states. However, such states are difficult to define in a theory
where we have long range interactions. As a consequence, one cannot truly define the
asymptotic states described by the Fock representation of free theory Hilbert space, on
which the PT is performed. Thus we need to search for a non-perturbative solution to
prevent these difficulties. An alternative option is provided by Bloch and Nordsieck in
1937 in their remarkable work on treating the infrared problem [31]. The divergencies
are caused by the fact that in a scattering process an infinite amount of long wavelength
photons are emitted, and these low energy excitations of the photon field are always
present around the electron in the form of a ”"photon cloud”. This shows us essentially
that the observed particle is in fact very different from the one we call the bare particle:
they can be considered as dressed ”quasi particle” objects whose interactions cannot be
described through PT entirely.

In this chapter we will show the emergence of the infrared catastrophe and then we

17
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will introduce the Bloch-Nordsieck (BN) model, which was designed in order to imitate
the low energy regime of QED. In Section 2.2 we will discuss the breakdown of the PT
and then we will present the result for the fermionic propagator in the framework of
the Two-Particle Irreducible (2PI) resummation, which corresponds to a quasi particle
description. However, it is possible to obtain the exact full solution by improving the
2PI formalism using the Ward-Takahashi identities. We will give the full solution for
the BN model at finite temperature which can be obtained in a closed analytic form,
too (Sec. 2.3). In the last section of the chapter (Sec. 2.4) the 2PI resummed results are
provided at finite temperature. Interestingly, one is able to match the coupling constant
defined in the 2PI resummed theory to the full solution at finite temperature giving
rise to an interesting non-perturbative running of the 2PI coupling with temperature.
Section 2.2, 2.3 and 2.4 are based on [40], [41] and [42], respectively.

2.1 The infrared catastrophe

This section is based on Chapter 4 of [12] and Chapter 19 of [13]. In the following,
we are going to give an example of the infrared divergencies in a semi-classical model,
where the quantised electromagnetic field is interacting with a classical source. It will
be shown that the asymptotic states cannot be considered as free states, actually they
correspond to so-called coherent states. We are going to use the adiabatic switching on,
which we mentioned already in Chapter 1, but in short it means that the interaction is
being switched on only for a finite amount of time during the scattering process. We
can see that this hypothesis is already in contradiction with the nature of the long range
interactions, however this is how people usually treat the scattering processes. We are
going to work in the Fock space representation of the incoming photons and determine
the final state of the process, governed by the interaction with the classical source when
the initial state was the vacuum.

The equation of motion of the quantised electromagnetic field in the Feynman gauge has

the form:
o " =0A" = j¥. (2.1)

Where FH := O*AY — 0¥ A* is the field strength tensor and A* is the photon field

operator. The solution to this equation can be obtained as:
Ar(a) = A+ [ 'y Gl ) ). (22)

On the RHS the term Af corresponds to the free field operator and G is the Green’s func-
tion corresponding to Eq. (2.1) and it is specified by the boundary conditions. Namely,
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we can use the advanced and retarded Green’s functions to obtain the solution:

Aa) = @)+ [ dyGrate — )W)
— Ao+ [ % Guanlo — " w) (23)
The various Green’s functions are obtained considering different integration path on the
complex plane:

d4p e—ipoc 1 )
Gret/adv(T) = — / or) i —p) 5 0(E20)d(a?). (2.4)

The constants of the integration with subscript in and out are for the photon field before

and after the interaction with the source j, i.e. they are defined as the following limits:

lim AM(x) = AL (o),

Tro—>—00
lim A*(z) = AL (x). (2.5)
To— 00

We are looking for the unitary operator S that maps the in fields to the out field:

Al =8"TAR S, (2.6)

out —

We can formulate this canonical transformation between the in and out states as follows:
lout) = S'|in). Now, we are interested in the probability that the final state remains the
vacuum after the interaction with the classical source j. That is, we are looking for the

probability amplitude:
(out 0|in 0) = (in 0| S |in 0) = (out 0| S |out 0) (2.7)

Now, the desired probability is pg = |(out 0|in 0>|2. The probabilities like p1, p2,etc.
(one photon, two photons, etc.) can be obtained in an analogous way. This tells us that
the operator S contains all the information about the final state.

From Eq. (2.4) we can derive the following expression:

AN

out

() = S7'AL(2)S
= Al (z)+ / d'y (Gret(z —y) — Gaau(z — 1)) j*(y)
= AL (z)+ /d4y (G-(z —y))ji"(y)

= Al (z) + Al (). (2.8)

Thus, it can be seen that the vector potential is a sum of an incident term and the

classical radiation emitted by the source j. Based on the canonical commutation relation
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corresponding to the vector potential, the second term in Eq. (2.8) can be rewritten as:
G_(z —y) = g" (Gret(z — y) = Gaav(z — y)) = —i[A], (2), A7, (). (2.9)
And hence from Eq. (2.8):

STUAL )8 = Al a) i [ d'ylat (o), A (0)i ) (210)

The equation above can be solved for S by using the Hadamard’s lemma' and yields:
G = i [ Am(@)j(@) — =i [ Aour(@)i(z) (2.11)

By decomposing the field operator into positive and negative frequency components:
Al (@) = AL (@) + A7 (@), (2.12)

The commutator between the positive and the negative frequency component is the

following:

4
Al (@), A )| = g / (jﬂ’; e HEV (k05 (). (2.13)

Using the Baker-Campbell-Hausdorff formula? one is able to rewrite Eq. (2.11) in terms
of the decomposed field operator (Eq. (2.12)):

g — e_ifd%fxgg)(m)j(:p)e_ifd4xA§:’(z)j(x)€%ffd4wd4y [Aﬁg)(y)j(yLAEZ)(x)j(:v)]' (2.14)

The last exponent in the equation above can be written as:

3
3/ [ dtedty [A0 i) AP @3] = 5 [ g ) I®loy . (219

where we introduced J(k) as the Fourier transform (and its complex conjugate J*) of

the classical source j#(x). We have the following relations for J(k):
JH(k) = JH(—E), k,J" =0, (2.16)

which show the real character and the conservation of j(z). Let us decompose J(k) as

follows:

TR(K) = KRy (k) + JE (), (2.17)

leABe A — zjo LA A, [.[A, B]. ]
2eAeB = ATBH3IAB i (A [AB]]=[B,[B,A]]=0.
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where Jj(k) is a scalar, hence the first term is parallel with k* and the second term is
a space-like vector orthogonal to k*. For example, if k = (k°, k) then we can introduce
the following space-like four-vectors ¢ = (0,e;) and ez = (0,e2) with e? = €2 = 1
and eje; = etk = exk = 0. We can choose then Jj.(k) = — 35, 5 Ji(k)e]' with
Ji(k) = € J(k). Using this decomposition for the transverse part and the fact that in
the integral of Eq. (2.15) only the light-like momenta give contributions (hence k% = 0),

it can be shown:
T (R)I(K) = T () T (k) = = (L () + T2 (R) ) (2.18)
Therefore, Eq. (2.14) can be written in the following way:

S — e_ifd4xAZ(.:)( )i () zfd4 A( )( (z) 2f2k:0(27r (11 (k)‘ +HJ2(k )l ) (2.19)

Now, we have obtained the desired form of the S matrix element of Eq. (2.7), and thus
we can calculate the probability of the process by taking the absolute value square of
Eq. (2.19):

po = |(out 0]in 0)[2 = |(in 0| S |in 02 = ¢/ i (171 (B +HI2(09P) (2.20)

In fact, this can be generalised to a process with an arbitrary photon number in the
final state: the detailed derivation can be found in [12]. The corresponding probability

of emitting n photons during the process can be shown to be the following expression:

1 d’q Y e (IR PH TR
b= | [ s (HG@F + @) | et 5 a2y

Let us define the average number of emitted photons by:

3
= %f(z’;)g (1 + 2P (2.22)

This enables us to identify the probability distribution defined by the emission process.

It is described by Poisson statistics:
Pn = —€ . (2.23)

The Poission distribution claims the statistical independence of successive emissions
which also manifests in the factorised form of the scattering amplitude in the case of
n photon emission. Of course, the distribution is normalised in a way that the total
probability of emitting infinite number of photons ads up to one, hence the average

number of emitted photons is >, np, = n.
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In the following, we are going to examine the final state. We can start from ¢ — oo,
when we have the vacuum of the free theory, |in 0), which is basically an eigenvector of

the annihilation part of the A% field operator with zero eigenvalue:
(+) : _
AP () |in 0) = 0. (2.24)

Now, if we consider its relation to the out photon field operator in Eq. (2.8), we will
find:

AP () [in 0) = S~ A (2)S [in 0) = A" (2) [in 0), (2.25)

out n

where AZZH) (x) is the positive frequency part of the classical vector potential. So, we
found that it is an eigenstate of the out field operator, too, but not necessarily with a
zero eigenvalue (function). This we call a coherent state and it is responsible for the
Poisson photon statistics in the final state. Hence, the vacuum expectation value of the

out field yields:

(in 0] 4D (@)

in 0> = A" (2). (2.26)

This last equation tells us that in the final state the field is just the classical field.
On the other hand, we can examine the amount of the average emitted radiation, which

reads as:

ey
|

(in 0| H(Aout)|in 0) = (in 0| S~'H(A;;)S |in 0)

3
= <in0 5—1/%5(2’;)31@0 > " apt(k)ap, (k) S |in 0>. (2.27)
A=

Here, we introduced the operators a

A (1)

o' (k), which are the annihilation and creation
operators of the state with momentum k on the Fock space defined for the incoming
photons, polarised in one of the two transverse direction A = 1,2. From Eq. (2.8) it
follows that they transform in the following way:
A, A, — A, .
aylh(k) = Sa) (k)S™' = aXT (k) — iJy(k). (2.28)

out

Thus, inserting this expression into Eq. (2.27) gives the average emitted energy as:

3
B=5 [ Gy (1®F <1 20PE). (2.20)

which can be shown to coincide with the emitted energy by a classical radiation (cf.
[12]). Now, we can compare this result to the emitted average number of photons in

Eq. (2.22). There is one difference between the two expressions, namely a 1/k" factor in
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the integrand. Indeed, in the phase space element d*k/(2k%(27)) the average number

of emitted photons reads as:

d®k

dn =115

(1) + 1 Ta(k)P) - (2:30)

For pedagogical reasons, here we plugged back the & into the equation, since each photon
quanta carries hk® energy, otherwise, of course, it is set to one. Indeed, from Eq. (2.29)

the average emitted energy by the photons in this phase space element is:

dE = hk%dn. (2.31)

FIGURE 2.1: Possion distributions are shown for various values of the parameter 72, the
emitted average photon number. The distribution converges to zero as n grows, which
is a consequence of the diverging number of emitted soft photons.

The relation above has a very important consequence: if we have measured a finite
amount of energy for photons with very low frequency, i.e. k° — 0, di must blow up
in order to keep the LHS finite in Eq. (2.31). This is the so-called infrared catastrophe.
Mathematically not only the average number of the emitted photons will diverge but
the Poisson distribution itself gets in trouble, too (see Fig. 2.1):

lim po = lim [(0 out |0 in)|? = lim e7" = 0. (2.32)
As a consequence every matrix element between in-and-out states vanishes. From this
we can see that it is impossible to construct a Fock space for the out states from the in
states: there does not exist a unitary S operation which would map the two Hilbert space
onto each other. This phenomenon is due to the inequivalence of the representation of
the vacuum states, which happens naturally in a system with infinite degrees of freedom

under specific circumstances (here 7 = 00).
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In the following section we are going to consider the infrared phenomenon in the Bloch-
Nordsieck model, which was designed to mimic the low frequency (infrared) regime of
the QED.

2.2 The Bloch-Nordsieck model

Bloch and Nordsieck developed a model (1937) for the description of the ultra low
frequency limit of the QED in order to solve the infrared problem. They have shown
that the exact solution of the model does not require perturbation theory, although
one could get back the perturbative results by expanding the analytic expression into a
power series at the end of the computation.

First, we will discuss the theory itself. The BN model is a simplification of the QED

Lagrangian, where the Dirac matrices v* are replaced by a four-vector u*:
1 = . .
L= fZFWF’“’qL‘I/(zuMD“ —m)V¥, iD, =10, —eA,, Fu =0,A,—0,A,. (2.33)

The singled-out four-vector u,, represents the four-velocity of the fermion. The fermion
wave function here has only one component and ¥ = U*. We are interested in the

fermion propagator which, in the path integral representation, has the following form
_ 1 _ S _
iG(z) = (TU(z)¥(0)) = ~ / DUDUDA, VAW (2)T(0). (2.34)

At the tree level it reads:
1

Go(p) = ppT——— (2.35)

Since it has a single pole, there are no antiparticles in the model, and also the Feynman
propagator is the same as the retarded propagator. The lack of antiparticles also means
that all closed fermion loops are zero®. As a consequence, the photon self-energy is zero
(no vacuum polarisation), and thus the free photon propagator equals to the exact one.

In Feynman gauge therefore the exact photon propagator is

—Guv
Guw(k) = . 2.36
In the following we will show first that the perturbation series in the framework of the
BN model is plagued with IR divergencies, but this is the case in general for spinor
QED, too. Then we proceed with the 2PI resummation, which gives an approximate,

but non-perturbative result, free of IR divergences. Finally, we will present the solution

3This statement can be best seen in real time representation. There a chain of fermion propagators,
because of the retardation, is proportional to O(t1 — t2)...0(tn—1 — tn). In a closed loop t, = t1,
therefore, the product of theta functions is zero almost everywhere.
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of the Dyson-Schwinger equations with an Ansatz for the vertex function. We show that
the last method is exact and provides the same solution which is known from literature
[31, 32]. This observation, however, leads us to a proposal for how the 2PI resummation

can be improved in a generic model in order to catch the IR physics correctly.

2.2.1 The breakdown of the perturbation series

In this section we will provide the one-loop perturbative result for the fermion propagator
in the BN model. Reducing the Dirac spinor to a one component fermion is well justified,
considering the fact that all the contributions to the fermion self-energy come from ultra-
soft photons [31, 32]. Indeed, at this energy scale photons do not have enough energy
even to flip the spin of the fermion, not to mention the pair creation. Here, we are going
to work in counter-term formalism. In Feynman gauge the Lagrangian reads (using that

the photon self-energy is zero):
1 _ _ _ _ _
L= —5(8“14”)2 + U(idy — m)V — eV AU + 6 ZTVidyV — 6 ZyymUW¥ — 5eWA . (2.37)

The fermionic part of the Lagrangian is Lorentz-covariant, therefore we can relate the
results with different u* choice by Lorentz transformation. This makes possible to work
with u = (up,0,0,0) without loss of generality. In fact, we can perform a Lorentz-
transformation where Au = (ug,0,0,0). If u* is a 4-velocity then uy = 1; if it is of the
form u = (1,v), then it is up = v/1 — v2. After rescaling the field as ¥ — ¥/, /ug and

the mass as m — ugm, the Lagrangian reads
1 =
L= _EFWFW + W (iDg — m)W. (2.38)

This is the Lagrangian which will be used mostly in this chapter later on. If necessary,
the complete u dependence can be recovered easily.

For the fermion self-energy the one-loop diagram is the bubble with the contribution:

4
~iEitglpom) = (=ie)? [ (5 iGu(R) 100~ )

d'k 1 1

2,2

= — . 2.39
6u/(27r)4 k2 +iepo — ko — m +ie (2:39)

Here, we have a py dependence only, since we are working in the special reference frame
that we introduced above, and for which the product u,p* = pg for every four-vector
p*. The result will change only in its argument if we choose a different reference frame:
Y (po) — X(up). This statement holds for all the computations performed at zero tem-

perature.
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Moreover, we have wave function and mass renormalisation counter-terms
Eet(po) = —0Zpo + 6 Zpym. (2.40)

The complete one-loop self-energy is 31jo0p +2c¢- In the calculation we have to take care
of the non-standard form of the free fermion propagator. The details of the computation
performed using dimensional regularisation (D = 3 — 2¢) can be found in Appendix A,

as a result we obtain

e m—p
Zttoop(po, M) = —(po —m) | ~In 4+ D, (2.41)
where o = e2/(4r), p is the renormalisation scale and
D.— = 41+ nr-rp) (2.42)
= — —(In — . .
©T 2 g e

For renormalisation, we have to subtract the divergences with the help of the counter-
terms, the finite parts are fixed by the renormalisation scheme. In the MS scheme we

choose the counter-terms to be

«
0Z\5is = 02515 = D (2.43)
which results in
(6% m — Po
71‘1620;0(]707 m) = *;(100 - m) In T (244)

We can define a discontinuity of a function f(x) on the complex plane through the

formula
Disc f(x) = lim f(z + i€) — f(xz — ie). (2.45)
T e—0
The discontinuity of the renormalised self-energy reads
Disc Xiigop(po, m) = 2 (po = m)O(po —m). (2.46)

For the one-loop propagator we obtain

1 1 1

g = = . 2.47
R i R e b e T (2.47)
™ 2
The spectral function Discy, iG reads
O(po —m 20
o(po) = By — m) (2.48)

5 .
Po—m -
<1+alnp0 m> + ao?
™ 1
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The fermionic spectral function needs to satisfy the sum rule [; dpoo(po) = 1, which is
the consequence of the equal time anticommutation relations. This spectral function is

normalisable, since
oo

/ %Q(po) = g (2.49)

—o0
However, the question of the integrability of the spectral function for the exact result
is more subtle. We will see this later on. On the other hand the one-loop result is not
reliable when |In(pg —m)/u| < %, i.e. in the vicinity of the mass shell as well as in the
large pg regime. The former can be considered as the fingerprint of the IR catastrophe:
the accumulation of the soft photon contributions cause a singular behaviour close to
the mass shell, hence each higher term in the perturbation series would give larger and
larger ”corrections” to the fermion propagator which would make the series to diverge
very fast. In order to have a better description of these kinematical regimes, we need
a resummation of certain class of Feynman diagrams which will be provided in the

framework of the so-called 2PI functional techniques.

2.2.2 Two-Particle Irreducible (2PI) resummation in the Bloch-Nordsieck

model

The 2PI formalism provides a consistent resummation framework known for a long time
[15]. The basic idea is to replace the free propagator in the perturbation theory with the
exact one which is approximated self-consistently with fixed-loop skeleton diagrams. The
so-defined resumed perturbation theory is renormalisable [16]-[26], and can be applied
to study different physical questions from non-equilibrium [22], [23], thermodynamics
[20], [24],[28],[29] and different systems like O(N') model [25], [26] or gauge theories [27].
Although the 2PI approximation is constructed by physical arguments, and we expect
better results (i.e. closer to the exact one) after the 2PI resummation, a priori it is
not sure that one really achieves this goal. Probably the finite lifetime effects are well
represented by 2PI resummation both in equilibrium [20] as well in non-equilibrium,
where the 2PT is close to the Boltzmann-equation approximation [30]. But if the deep
IR regime is important, where multi-particle excitations also play crucial role, the picture
is far to be so clean. To make the case even worse, in most gauge theory models there
is hard to make exact statements about the IR behaviour of the model. A detailed
discussion of the 2PI functional formalism can be found in Appendix B.

The idea is to use the exact propagators in the perturbation theory, which propagator is
determined self-consistently using skeleton diagrams as resummation patterns. The one-
loop bubble diagram in the present case generates the resummation of all the “rainbow”

diagrams. To obtain an expression for the 2PI resummation we apply the technique
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of [20]: we use the one-loop formula (2.39), interpret the appearing propagators as full
propagators, and finally perform renormalisation of the divergent parts with the same

counter-terms as in the one-loop case (the actual values will be different).

The tree level photon propagator is exact, therefore we can write

4 _
Y(p) = —ie2/(;i7:§4 w. (2.50)

Using a spectral representation for the fermion propagator (using the fact that now
the Feynman propagator is the retarded one and that the fermion spectral function is
o(w < 0) =0) we find

S(po, m —ze/ /d4k ! ow) (2.51)

2m)4 k2 +iepg — ko — w +ig

From this form it is clear that we obtain the weighted one-loop result, i.e.

7 dw
po, / % 21loop<]707 ) (252)
0

Implicitly we always understood p(w) to be dependent on the mass m. In particular, if
o(w) = 275 (w — m), then we get back the one-loop self-energy. At this point it is worth
to examine the UV divergence structure of the 2PI approximation. UV divergences
may occur in Eq. (2.52) for large values of w: using Eq. (2.41) we find that the large w

behaviour of the one-loop self-energy reads:

2
a w « w D
Elloop(pOyW) = ;w <1I1 ; - De) + ; (_ In ; + Ds) po + O <Oj)) ) (2'53)

with D, given in Eq. (2.42). Since p is integrable for large w values, therefore, the
O(w™1) contribution is already finite. Thus, the divergence structure of the self-energy
is A+ Bpog, just like for the free case, and so the same type of counter-terms are needed,
although as a result of the resummation the values are different. This is a manifestation

of the general case of counter-term renormalisability of 2PI resummations [20].
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2.2.2.1 Analytic study of the 2PI equations

First we try to examine Eq. (2.52) with analytic methods. We differentiate it with
respect to pg to find

oo

9?3 d
g :_a/“’ ow) _ _eg (2.54)
opg ) 2mpyg—w+ie T
0
Since
) 2
0oy _ @ (_ 1@ Po—iE 1) B S e
Opo T opg T po — W+ ic
But G~ = py —m — X, so we find for G~ 1:
d?g—1 .«
= 2.56
dp% g T ( )

To solve the equation, first we should realise that the @ = 0 and a # 0 cases are very
different. If o = 0 then (G~!)” = 0 and the propagator behaves as G = Z/(pg — m) with
some wave function renormalisation constant Z and mass m. This agrees with the free
case.

If a # 0 then we can redefine the variables with an arbitrary ) scale as

E =4/ 2; (m — po), x=-0G71, (2.57)

then we find
d? X

2aEzX

=1. (2.58)

This equation does not depend on the coupling any more. The coupling constant depen-
dence shows up in the integration constants which are the manifestation of the renor-
malisation scheme. We shall also note that the equation does not give information about
the sign of E and y, because for £ — —F or y — —x the equation remains the same.

The chosen signs in Eq. (2.57) turn out later to be the physical choice.

We introduce p 2 p i p

X X Y Yy ax Y
—_ _—— = —— = - 2~
Y=4E T dE® dE  dxdE Ydx (2.59)
This means that we can write for y:

dy

dx
2yxa—1 = y—@—\/lnx#—yo, (2.60)
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with an integration constant yg. Therefore

X
dy’

1vmv+m

—E. (2.61)

There could appear an integration constant also here on the RHS: ' — Fy. But recalling
that F ~ pg — m, we see that Fy corresponds to a mass shift: if the mass remains the
tree level one, that is m, then Ey = 0.

This is the (implicit) solution of the 2PI equations. We see that for real x the left hand
side is real and positive, moreover for x(F = 0) = 1. The F < 0 part corresponds to
imaginary values of x. Since the equation itself is real, if y is a solution, then x* is a
solution, too. This means that the imaginary part is in fact the (half) discontinuity of
the solution.

We see that irrespective of the value of yg, at £ = 0, i.e. on the mass shell, x = 1
and so G = —( finite. This yields difficulties when we try to apply renormalisation
conditions on the self-energy. Namely, if we keep the mass shell unchanged (this would
correspond to the choice of Ey above), then the renormalisation of the self-energy would
mean X(pp = m) = 0 and ¥'(pp = m) = finite. Then, however, near the mass shell
the propagator should always behave as ~ 1/(pg — m), i.e. infinite at the mass shell.
This means that the physical renormalisation process requires {2 — oco. In this case the

propagator behaves near the mass shell as:

Q—o0

—Q =/7/(2a) 1
Yo

20 ]90*7717
1+an%;0n—m)

because if x is close to 1 then the logarithmic term can be neglected in Eq. (2.61), and

g:

(2.62)

we find x =1+ yoFE.
For large values of y, on the other hand, 79 can be neglected. Then the integral can be

evaluated as

Vrerfi(y/Inx) = E. (2.63)

For large x values the expression above behaves as

X
Iny

=F, forlarge FE, x. (2.64)

2.2.2.2 Numerical solution

Let us turn now to the numerical study of the system, based on [20] and [36]: we

determine the discontinuity of the self-energy self-consistently. The discontinuity of
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Eq. (2.52) now reads

Po

Dise X(po, m) = @ / dw(po — w)o(w). (2.65)
0 ™ 5

Note that the upper limit of the integration goes till py because of the theta function
in the discontinuity of the self-energy. Knowing the discontinuity of the self-energy, we

can use the Kramers-Kronig relation to restore the complete self-energy:

o0
dw Discy, 13 (w, m)
21 pg—w+ic

—00

X(po,m) = (2.66)

While Eq. (2.65) is a completely finite expression, in the Kramers-Kronig relation we will
find divergences. This corresponds to the divergences of the self-energies which must be
made finite by applying the appropriate counter-terms. Technically one can regularise
the integral in Eq. (2.66) and then make it finite with counter-terms, or use the (twice)
subtracted form of the Kramers-Kronig relation. To see how it works, we determine the
one-loop result from the tree level spectral function and the dimensional regularisation

of the Kramers-Kronig equations (interpreting w — vw?):

d'—%w w—m « 1 m — po
— 2ap* = —(po—m) |- —21 1 1. (2.67
o [ G e = e —m) | 2 —2n ™ 1] (267
The divergence structure is the same, and also the MS scheme result is the same as in
Eq. (2.41) (the different finite parts are due to the different regularisation method).

Now, we can set up an algorithm to solve Eq. (2.65). We choose an arbitrary spectral

function as a starting one (practically the free spectral function), then follow the steps:

step 1: compute the discontinuity of the self-energy using Eq. (2.65);
step 2: compute the complete self-energy using the Kramers-Kronig relation Eq. (2.66);

step 3: renormalise the self-energy with local counter-terms. To fix the counter-
terms we used on-mass-shell (OM) renormalisation scheme, i.e. the real part of

the self-energy at the mass shell is zero and its derivative is also zero

dRe E(p())

ReX(pg =m) =0,
(Po ) o |

=0. (2.68)
We note here that releasing the first condition yields a mass shift, releasing the
second condition yields a finite wave function renormalisation. But in all renor-
malisation schemes it will remain true that near the (renormalised) mass shell the

propagator behaves as G(po =~ m) = (/(po — m) (¢ being a positive real number).
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step 4: construct the new spectral function from the discontinuity of the propagator

knowing the real and imaginary part of the self-energy as

2Im X(po)
po —m — ReX(po))? + (Im X(pg))2’

o(po) = ( (2.69)

step 5: continue with step 1 until the process converges.

Integrations in the above algorithm are performed numerically. This strategy was applied
successfully to the ¢* model in [20]. The direct application of this strategy, however,
this times fails. Numerically what we can observe is that the spectral function becomes
more and more shallow, and pointwise it goes to zero: lim, . 0n(po) = 0 for Vpg. In
order to see a convergence, we had to use a supplementary step in the iteration after

step 4:

step 4’: use a rescaling of the generated spectral function:

o(po) — Ao(Bpo), (2.70)

with appropriate A and B which can ensure convergence. These appropriate val-
ues can be found by inspection, but the actual values are not too important (we
used A = 73 and B = 11 in our numerics). In this way finally we succeeded to see
convergence in the spectral function. The numerical reason of the pointwise van-
ishing 2PI spectral function is that the exact spectral function has a discontinuity
at the mass shell, and — apart from this single point — it has always a negative
derivative. Numerically, however, we cannot have a jump, since in all regulari-
sations Eq. (2.65) yields o(po = m) ~ (po — m)", where n > 2. Since the exact
curve starts to bend downwards, the recursion tries to lower the spectral function
in order to have smaller derivative near the mass shell. Since the spectral function
has to be positive, these requirements can be satisfied only with ¢ = 0. With the
continuous rescaling, we can achieve that the numerically badly conditioned part,

the vicinity of the mass shell, becomes smaller and smaller.

The numerical results for the real part and the discontinuity of the fermion propagator
can be seen in Fig. 2.2. In Fig. 2.3 the expected asymptotics are fitted to the numerical
result that is obtained for the fermionic propagator in Eq. (2.62) and in Eq. (2.64).
Note that since from the 2PI solution the coupling drops out, there is no need to specify
its value for the presented results. The figure also proves implicitly that the strategy
to resolve the aforementioned numerical problem with the 2PI equation was correct.

Comparing the 1-loop and the 2PI the improvement is evident: the IR problem near the
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mass shell which made the 1-loop calculation unreliable, seems to be cured. However,
even though the 2PI result behaves well in the IR it is not closer to the exact solution

which we will derive in the next section.

10 - - 30 -
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FIGURE 2.2: The real part (left panel) and discontinuity (spectral function) of the 2PI
fermion propagator (right panel). The mass shell is set to m = 1.
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F1GURE 2.3: The expected asymptotics plotted on the data. The green curve fits on

the small momentum regime with Eq. (2.62). The red curve shows the large momentum

behaviour of the propagator with Eq(.2.64), where x o< G. Since inverting the relation

Eq. (2.64) is rather difficult, it is more convenient to give the inverse function instead,

that is why the plot is not in the form of G vs. po — m. Note that on the plot label G
is noted by capital G.

2.2.3 Dyson-Schwinger equations and Ward identities
Next we are going to consider the Dyson-Schwinger equation derived in Appendix D.1.
For the BN model in Feynman gauge it can be written as

4
S(p) = —ie? / (;lw]; GG (p — K)u, D" (ki p — k. p), (2.71)
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where T'* is the vertex function (see Appendix D.2). For the vertex function there is
another exact equation, coming from the current conservation (see Appendix D.3). This

results in the Ward identity analogous to the QED case [1]:
k" (kip = k,p) = G (p) = G (0 — ). (2.72)

In this model, however, the vertex function is proportional to u#. In principle, the
Lorentz-index in this model can come from u* or from any of the momenta. But, since
the fermion propagator depends on the 4-momentum in the form wu,p#, the fermion-
photon vertex does not depend on the momentum components which are orthogonal to
u”. Therefore the Lorentz-index which comes from k* in fact comes from the longitudinal
part of k*, i.e. proportional to u*. So we can write I'*(k;p — k,p) = uT'(k;p — k, p).
This gives us the possibility to determine the vertex function ezactly by using the Ward
identities [37]. The Ward identity for the current conservation yields then in case when
u=(1,0,0,0):

k DH(ksp —k,p) = kol(ksp—k,p) =G Hp) — G Hp — k)

T(k;p—k,p) = G ) _kgo_l(p_k). (2.73)

Therefore, we find

, 2/ d*k Goo(k)g(p k) (G G p— k). (2.74)

by m) = —ie
(p07 ) (271')4 kO
This is an exact equation in the BN model. Now, we will solve this equation in the
renormalised theory. The finding is that the result is identical to the BN solution known

from the literature ([31, 32]).

In the second term G~!(p — k) drops out, resulting in an integral

4
et [ g o, (275)

because of the kg — —kg symmetry. What remains is

4
i m) =6 )(ie®) [ 5“0 ). (2.76)

This form is true in the original model, we shall now find the renormalised form. First
we adapt the wave function renormalisation for the fermionic fields which changes the
bare propagator to 1/(Zpy — (m + dm)) where Z = 1+ §Z. We will assume that the
mass shell remains the same, then m + dm = Zm. The free propagator 1/(pg —m) gets

a wave function renormalisation correction factor 1/Z. We will use also the notation
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ep = e + de. The full propagator then reads

G p) = Z(po — m) — S(p), (2.77)

Using Eq. (2.76) we find the equation

~ ((po)
G(p) = P (2.78)
where
4
C(po) = 1+ZJ<PO> and  J(pg) = —ie / éﬂ’; kfok)g(p — k). (2.79)

((po) can be interpreted as a running wave function renormalisation constant. With the

spectral representation we have:

[e.e]
dw d*k 1 11
= [ —= I (w—po—i h I (a) = ie? — .
J(p(]) /27T Q(w) 1(w Po 26), where l(a) Zeb/(QTr)4 k‘(z)—k2+i€ ko a + ko
0
(2.80)
In the Appendix A we evaluate I1(pg), and we find
2 7 -
€ dw w —po — 1€
=— [ — De—In——— . 2.81
I = % [ 52 060 [P - m <] (2.81)

We plug it into Eq. (2.79), then, assuming that spectral function fulfils the sum rule,

after some algebraic manipulation we find

1 1 1 7 —Po—1
Loty 1 /dwg(w) | W Po— i€
ap T T 27 I
_ —o0 , 2.82
¢(po) ZTen (2:82)

We may assume that the explicit integral is not UV divergent (it can be checked a

posteriori). Then the above equation can be made finite by requiring

11 1 Z
S 4ip - L_Z= (2.83)
ap T o' ap  Qp

where «;, and z, are finite. This form can be interpreted physically as the appearance
of the renormalised coupling «, and the finite wave function renormalisation z,. We
note that the coupling constant renormalisation equation in Eq. (2.83) agrees with the

formula providing the non-perturbative coupling constant renormalisation in the O(N)
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models [38]. Now, we find

1 Q Oodw w —pg — i€
C(pO)—ZT 1 7T/27rg(w) IHT (2.84)

This function depends on the arbitrary renormalisation scale p, but the physics, of
course, must be p independent. This can be achieved by appropriately changing the z,
and «, constant when we change pu. The p-independence of ((pg) requires (using the

sum rule for p):

d¢(po) 1 dz ay / dw w—pg — i€
- L _r [y e
dln z2dInp s 27 ,u
1 do, oodw w —pg — i€ 1 a,
— — n————+4+ ——=0. 2.85
Zrmdln p / 27 o(w) In I + Zr T ( )
This can be satisfied if
1 dz, 1 a, 1 dz a, 1 do,
- _——_— = —_— _— — U. 2~
zzdlnu+zr T 0 2Z2dlnp m  zZwdlnp 0 (2.86)

The second equation means z, = «,/agp, where ag is a constant; the first equation then

reads
dlnz, o, do, a?
=L =T, 2.
dln 7r = dlnp w (287)
And thus
1 1 1 r
- + T P ) B (2.88)
ar(p)  or(mo) 7 po H_Oér(uo) 1y M0
T I

What we obtained here is nothing else but the non-perturbative running of the coupling

in this model. Using the normalisability of ¢ we finally find

o [d A C e
C(po) = — /QW o(w) 1Hw_p0_l.€, A = pear. (2.89)

The constant « and the scale A are renormalisation group independent quantities (i.e.
independent of the scale p), these characterise the renormalisation scheme. The appear-
ance of a scale A is the manifestation of dimensional transmutation. Now, instead of

that scale A, it is worth to use M for which Re((M) = 0. Clearly, M ~ A if A > m.
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Then differentiating ¢ with respect to pg, we find

00 M
d¢(po) oo dw o(w) B e
e /%W—g(po) = ((po) = F/dwg(w). (2.90)
0 PO
This gives finally
M
(po —m)G(p) = % /dw G(w). (2.91)
Po

By differentiation with respect to pg we find

) _1-%0
(po—m)d' +G==—G = Gp)=golpo—m)""" 7, (2.92)
where gg is an arbitrary constant playing the role of the wave function renormalisation
factor. This is indeed the solution of Bloch and Nordsieck [31, 32], now in terms of the

renormalised quantities. We can also compute the exact spectral function of the theory

) go(1 — e0)

Di = O(py — -
ise G(p) = O(po —m (b0 — )

(2.93)
The discontinuity can take complex values, too, hence it is well justified to consider its
absolute value instead, which gives

2go sin(ayp)

1+20°

2.94
(po—m) ™= (299

p(p) = O(po —m)
Interestingly, one can observe a periodic behaviour in the coupling, which is present in
the finite temperature result, too (see Section 2.3). From Eq. (2.94) we can immediately
see that it is not normalisable. The only way to achieve the sum rule is demanding
go — 0. But then we are faced with a 0 x oo expression. A possible solution is that
one should always use a regularised version of the spectral function (or propagator),
maintaining the sum rule, and only at the end of the calculation is one allowed to
release the regularisation.
The most important fact regarding the BN propagator is that all the contribution of the
quantised electromagnetic field now is being encoded in the exponent «g /7, the fermion
propagator has been dressed up with the photon cloud. The lesson of this analysis is
that the deep IR physics seems to be well described by the Dyson-Schwinger equation
supplemented with the Ward identities. As we have seen, this strategy is renormalisable
and exact in case of the Bloch-Nordsieck model. However, the vertex resummation
provided by the the procedure described above cannot be found in the case of the pure
2P1 resummation, which could not give the exact solution. We can look at this new type

of resummation as an improved version of the 2PI resummation.
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In the following section we are going to present the results for the finite temperature
case of the BN model.

2.3 The Bloch-Nordsieck model at finite temperature

At finite temperature the model is studied less often. In the seminal papers of Blaizot and
Iancu [45, 46] the authors examined the large time behaviour of the fermion propagator
with the Hard Thermal Loop (HTL) improved photon propagator. Using this result,
Weldon worked out a spectral function which is valid in the vicinity of the mass shell [47].
With a different approach, Fried et al. studied the time dependence of the momentum
loss of a hard incoming fermionic particle [48]. The main goal of this section is to work
out the complete spectral function of the BN model for all momenta, and see how the
short time dynamics, resembling the 7" — 0 limit, goes over to the long time damping.
Because of the relative simplicity of the model, we can even give analytic solutions
for certain parameters, while for other, analytically not reachable parameter values,
we used a well controlled numerical procedure. Another goal is to extend our Dyson-
Schwinger formalism combined with Ward identities [40], which works excellently at zero
temperature, to finite temperatures. With the help of this, the complete renormalisation

process remains fully under control.

2.3.1 The finite temperature formalism

We are interested in the finite temperature fermion propagator. To determine it, we use
the real time or Keldysh formalism (for details, see [49] and Appendix C). Here, the time
variable runs over a contour containing forward and backward running sections (C; and
C3). The propagators are subject to boundary conditions which can be expressed as the
KMS (Kubo-Martin-Schwinger) relations (see Appendix C). The physical time can be
expressed through the contour time ¢ = 7 (7). This makes possible to work with fields
living on a definite branch of the contour, ¥,(¢,x) = W(7,,x) where T (7,) = t, and
T4 € Cy for a = 1, 2; and similarly for the gauge fields. The propagators are matrices in
this notation, in particular the fermion and the photon propagator, respectively, reads

as:

iGa(a) = (Tea(@)¥}(0)),
iGuy,ab(x) = <TCAua(x)Aub(O)>a (2'95)

where T denotes ordering with respect to the contour variable (contour time ordering).

For a generic propagator G11 corresponds to the Feynman propagator, and, since the
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(5 contour times are always larger than the C contour times, Go; = G~ and G2 = G<
are the Wightman functions. The KMS relation for a bosonic/fermionic propagator
reads G12(t,x) = £Go91(t —i,x) which has the following solution in Fourier space (with
k= (k% k))

iGia(k) = Eni(ko)o(k),
iGa1(k) = (1£nx)(ko)o(k), (2.96)

where

ni(ko) = B and Q(k) = iGQl(k) — iGlg(k) (297)

efho T 1
are the distribution functions (Bose-Einstein (4) and Fermi-Dirac (-) statistics), and
the spectral function, respectively. It is sometimes advantageous to change to the R/A
formalism with field assignments ¥; o = W, + ¥, /2. Then, one has G4, = 0 for both
the fermion and the photon propagators. The relation between the propagators in the

Keldysh formalism and the R/A propagators reads

_ Go1 + Gi2

G’/‘T 2 )

G11 = Gro + G127 0= iGrq — 1Gar- (298)

The G, propagator is the retarded, the G, is the advanced propagator, G, is usually
called the Keldysh propagator in the framework of the R/A formalism (not to confuse
with the propagators in the Keldysh formalism).

At zero temperature, as we could see in Section 2.2, the fermionic free Feynman propa-
gator in the BN model has a single pole which means that there are no antiparticles in
the model. Consequently, all closed fermion loops are zero, thus there is no self-energy
correction to the photon propagator at zero temperature, as we already discussed it.
The interpretation of the u parameter as the fixed four-velocity of the fermion implies
that the Bloch-Nordsieck model describes that regime where the soft photon fields do
not have energy even for changing the velocity of the fermion (no fermion recoil). This
leads to the interpretation that the fermion is a hard probe of the soft photon fields, and
as such it is not part of the thermal medium [46]. The finite temperature one-loop cor-
rection to the fermion propagator (see Appendix F) confirms this physical picture. So,
we will set G1o2 = 0, therefore the closed fermion loops as well as the photon self-energy
remain zero even at finite temperature. Another, mathematical reason, why we must
not consider dynamical fermions — which could show up in fermion loops — is that the
spin-statistics theorem [1] forbids a one-component dynamical fermion field.

This means that now the exact photon propagator reads in Feynman gauge at finite
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temperature

Gab,,uu(k) = _gm/Gab(k)y

1
Gra =13 g (2.99)
ko—ko+ie
And the exact photon spectral function is
o(k) = 2msgn(ko)d (k). (2.100)

All other propagators can be expressed using the identities in Eq. (2.96) and in Eq. (2.98).

2.3.2 Dyson-Schwinger equations in the Bloch-Nordsieck model at fi-

nite temperature

The derivation of the Dyson-Schwinger equations at non-zero temperature can be found
in Appendix D.1 where we applied the CTP (Closed Time Path) formalism (see Ap-
pendix C). Thus, one can express the equation for the fermion self-energy with the
two-component notation as it can be seen in Fig. 2.4. In terms of analytic formulas it

reads:

2
Ya(z,y) = iaae2uu Z /d4wd4z gac(x,w)GZZ(x, 2 aen (25w, y), (2.101)
c,d=1

where a, = (—1)%*!. In Fourier space it is:

2
. d*k v
Eab(p) = Zaa62uu 5 /(27_[_)4 gac(p - k)ng (k)ru;dcb(k;p - kvp)- (2102)
c,d=1

FI1GURE 2.4: The Dyson-Schwinger equations in real time formalism. The bold letters
for space-time points, the regular letters are the Keldysh indices and the Greek letters
denote the Lorentz indices.

This equation is the non-zero temperature equivalent of Eq. (2.71), the only difference
here is that, since we evaluate each operator on a given time contour, we need to indicate
them, thus we use the lower indices for this purpose.

The vertex function in this case can be derived in a similar manner, too (see Appendix
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D.2). The fact that the vertex function is proportional to u* is crucial again, in order
to be able to apply the Ward identities in a way we did already in the zero temperature
computation. The derivation of Ward identities at finite temperature is a straightforward
generalisation of the formula that we have at zero temperature. This can be found in
Appendix D.3. It is easy to rewrite it in the two-component formalism, taking into
account that to satisfy the delta functions requirement the time arguments must be on

the same contour. One finds in Fourier space
kTl (ki 0, @) = [6aGy, (@) = 0acGy, (p)] (27)*6(k +p — q). (2.103)

In the Bloch-Nordsieck model, because of the special property of the vertex function
expressed in Eq. (D.10), the vertex function is completely determined by the fermion

propagator in the form:

1
Fabc(k;pv Q) = ﬁ [5abgb_cl(Q) - 5acgb_cl(p)] ka (2104)
p=q—

therefore the Dyson-Schwinger equations for the fermion propagator become closed.

We will use Feynman gauge, and denote the photon propagator as G, = —g,,G. Then

this closed equation can be written as
dk 1
_ . 2772
Sulp) = =ity 3 [ G ()G 0= )

X |:5a’b’(g_1)b’c(p) - 5a’c(g_1)b’0(p - k):|

2

= 000 |30 aeld) [ (o Gaa (G B
a al:l ac (27'[')4 uk aa aa
d*k 1
- 5ac W uk‘Gaa(k):| )
(2.105)
where U? = ug —u?. In particular
e [N gk ' Gu(h)
le(p) = —eU Z(g )a/l(p)/w %Gla/(k)gla/(p - k) - /(27T)4 uk
NSRS d*k 1
212(1)) = —e U G/Z:l(g )alz(p)/(Qﬂ_)4 @Gla/(k‘)gla/(p* k) (2106)

Instead of G117 and Gag, it is more aesthetic to work with the retarded and advanced

propagators (the relations are given in Eq. (2.98)). Since in the R/A formalism G4, = 0,
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the retarded propagator satisfies a homogeneous self-energy relation
Gra(p) = GQ)(p) + G (D) Zar () Gra ), (2.107)
while the propagators in the 1,2 components mix. From the definitions we easily find

Yor = X+ X,
gar = gll_g12- (2108)

Therefore we have, using Eq. (2.106) and Eq. (2.98)

Sarlp) = T (0G5 (6) — AL 2109
where
T0) =i’ [ T8 L (G W)Graly )~ a5t~ ),
AM = —ie?U? / (;lj:; . Gluflik) (2.110)

One can immediately find that AM = 0. The photon propagator G11 is even for k — —k,
which is true in general, but now we can prove by inspecting the free propagator which
is exact in our case

1

) =

+ (n(ko) + O(—ko))2m sgn(ko) d(k?). (2.111)

For the first term the & — —k symmetry is evident, in the second one we should use the
identity n(ko) + n(—ko) + 1 = 0. Therefore, with the change of the integration variable
(k — —k), the G11 propagator remains the same while uk changes sign, so AM changes

sign, too. As a consequence AM = 0.

The Bloch-Nordsieck model, as all four-dimensional interacting quantum field theories,
contains divergences. To obtain a finite result, we need wave function, mass and cou-
pling constant renormalisation. Since the above expressions have contained the original
parameters of the Lagrangian, we should rewrite them in terms of the renormalised
quantities. From now on the parameters m and e will denote the renormalised ones,
while mg and ey are the bare quantities. Renormalisation goes like in the zero tempera-
ture case in Section 2.2: assuming that the renormalised mass m = Zmg where Z is the
fermion wave function renormalisation constant (this is ensured by the Ward identities)

we can write G, = Z(up — m) — Xq,, and from Eq. (2.109) we find

Gra(p) = ) ,  where C(p)zl;j(p)-

up —m Z

(2.112)
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2.3.3 Calculation of J

In the expression of J in Eq. (2.110) appears Gi2(k). As we discussed earlier, for the
sake of physical and mathematical consistency of the model, we must assume that the
fermion describes a hard probe and is not a dynamical field, which means that we must
set Gi2(k) = 0. Then from Eq. (2.110) we can easily recover the zero temperature result

we found in Section 2.2. At finite temperature, we have

4
J(p) = —ie?UQ/(;j4 ;kazl(k)gm(p — k). (2.113)

Next, we prove by recursion that the solution for G,, depends solely on w = up — m. It
is true at tree level where G..! = up — m. So let us assume that G.(p) = Gro(up — m).
Then

d*k 1 _
J(p) = —ieQUQ/ 2n) - Go1 (k) Gra(up — m — uk), (2.114)

implying J (p) = J (up—m). Equation (2.112) tells us that if 7 depends only on up—m,
then G,, also depends only on up — m. With this statement the recursion is closed.

Since in the BN model the free photon propagator is exact, we shall write it into
Eq. (2.113). Using Eq. (2.96) for the G9; propagator, and applying the Landau pre-

scription (w — w + i¢), we find

Fw) = 0% [ SR (1 ) 2 5(hn = 1) = 8k + ) Gea — ). (2119

uk 2k

This result, as we shall show in Section 2.3.7, is consistent with the results of [45, 46].

The integral in Eq. (2.115) can be brought to the form (see Appendix E):

J(w) = _TO[ /dq fq, 1) Gra(w — q), (2.116)

where a = 2 /(4m) and

- (1= 02) efa/lmo(—u)

ug(l—w ds q\\ _ uwo(l—w ePd/uoli—v)) ]

Haw) === / o (1 (D)) =255 ey —p 2117
up(1—v)

where u = ug(1l,v) and v = |v| (i.e. v is the velocity v = u/ug). The integration

variables ¢ and s are related to the absolute value of k the angle between k and u,

respectively. At zero temperature f(q) = ©(q). At v =0 we find

flg,u=0)=1+n(q). (2.118)
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2.3.4 Renormalisation

In Eq. (2.116) we find ultraviolet (UV) divergences. From the expression of f(q,u)
(Eq. (2.117)) we see that for large momenta the thermal distribution functions always
decrease exponentially, thus yielding a UV finite result. So, all the UV singularity is in
the T'= 0 part, discussed already in Section 2.2 and in [40].

To apply the renormalised treatment at finite temperature, we recall some results from
Section 2.2. At T' = 0 Eq. (2.116) can be written in spectral representation and with

dimensional regularisation as

_ —a - o
= —— [dgGru(w —q) = — d
Jo(w) m 4Gra(w —q) 77/ /qq—i—w—w—za
0 —00 0
a [ duw , w —w — i
= — | —>p D, —1 2.11
™ / 2 Q(U)) I: n u :| ’ ( 9)
where
1
D, = 26 ln(47r) + P1/2 (2.120)

(P1/2 = —1.96351 is the value of the polygamma function with 0,1/2 arguments, that is
Wo(1/2)).

As we discussed in the previous section, the divergent term is necessary both for the
coupling constant and for the wave function renormalisation. Repeating the procedure

of Section 2.2.3, we can write, assuming normalisability of g

477T2+D + Tpin(w)
) = 1+ J(w) e oI (2121)
-z 427 ’ ’

2
€0

where Jfin(w) is finite. We introduce as in Eq. (2.83)

472 472 Ar27  An?z,
D= i 2.122
e% € 62 ) 6(2) 62 ) ( )

where z, and e now are finite (renormalised) values. Using renormalisation group in-

variance, we can write for the complete finite temperature contribution

&2 | 7w r -
)= 15 | [ et~ [da(7(a.0) - 0@) Gralw— )|

(2.123)
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where € is a RG invariant coupling, A = uexp(ii;) is the momentum scale of the

Landau-pole. Introducing for the first term in the square bracket

® /
I(w) = /d;fr o(w')In ﬁ (2.124)
—o0
we can express its derivative as:
T dw' S0
Ic(luw)) T C;% u% = —Gra(w). (2.125)

—00

The imaginary part of I(w) term is zero for w < 0, moreover for w = 0 it is negative (at
least for large A), while for w — —oo it is positive. So there exists a value w = —M for

which it is zero. Then we can write:

w

I(w) = — /dqg_m(fJ). (2.126)

M

The scale M replaces the scale A. Assuming that M > T we can change the integration
limits and integrate from —M to M in the second term in Eq.2.123, too. Then we find

62

() =~ [da(q.0)Gualw - 0) (2.127)

where the integral symbol means [ = fin If it does not cause problem, we will send

M — oo. The zero temperature part is the same as in Section 2.2.3.

In conclusion, by combining Eq. (2.112) with Eq. (2.127), the renormalised equation

reads:
_ «

wG(w) = -2 [da fla.0) 9w - o) (2128)

where f(q,u) is given by Eq.((2.117)). Since this equation is linear, the same will be

true for the spectral function (with different normalisation conditions)
o«

wolw) = -2 [da fa.u) ow - o). (2129)

2.3.5 Zero velocity case

For v =0, ugp = 1 we find from Eq. (2.129) and Eq. (2.118)

«

wi(w) = W/mu+n@mw—@. (2.130)
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By sending the limits of the integration to infinity, we realise that the integral on the
RHS is a convolution. Therefore, we change to Fourier space where it becomes a product,

and the LHS will be i0;0(t). Using the Fourier transform of 1 + n(q)

dw iy €™ —iT
— = 2.131
/27r S 2 tanh(7tT) ( )

we obtain the differential equation

Ta
10r0(t) = ———oa(t). 2.132
? tg( ) tanh(ﬂtT) Q( ) ( )
This has the following solution:
o(t) = oo (sinh wtT)™/™ | (2.133)

Before we proceed, we shall discuss this result. First we can easily obtain the T' = 0
result, since for t < % the sinh function can be approximated linearly, and we get
o(t) ~ t*/™. On the other hand this result is rather weird; it describes forever increasing
correlation instead the physically sensible loss of correlation. Since we find the same
result by performing the computation at zero temperature, this is not an artefact of the
finite temperature calculation. In accordance with Blaizot and Iancu [45, 46], we should
not consider this expression as the physical response function. Mathematically, we can
argue that we are not in the physically sensible analytic domain, the time dependent
spectral function is not square-integrable for a real « value, as it should be. We must

therefore go over to the physical analytic domain, where the Fourier-transformation is
well defined.

For the analytic continuation we consider Eq. (2.182) valid as long as it yields sensible
formulae, which is the case for complexr « values. With this assumption the spectral
function in the Fourier space will be an analytic function in «. For real « values the
spectral function will be interpreted as an analytic continuation. We will see that this

procedure indeed provides sensible results.

To perform the inverse Fourier transformation on g(¢) in Eq. (2.182), we apply Laplace

transformation. With s+ = +iw we find

o o

/ dt e g(t) = / dte=t5(t) + [dtea(—t) = 5y (s_) + (~1)*/ a4 (s1), (2.134)
0 0

—0o0
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where

- o Bs _a
_ _ _st /- a/m ~ r (1 + ;) s <27T 27r>
0+(s) =00 [ dte * (sinhwtT)™"™ = (2.135)

o gl+a/m o - 58 :
27r

Since the gamma function satisfies Euler’s reflection formula I'(1 — 2)I'(2) = 7w /sin7z,

we can write with s = *iw:

(2-2)
2 2w T

Gs = 5 3 5 . (2.136)
D14+ > 1+ 2% sin (& =:2%
< o 2w )l ’ < + o +1 o sin 5 F1 5

To obtain the full spectral function Eq. (2.134) we need to perform the following sum,

which is done in detail in Appendix E:

™ 1 n (—1)o/m B 27/ 2eP/2 sin o
e\ \an (i) (g i) ) oo - oo
27T 2
(2.137)
Thus, we get the following expression for the spectral function:
. 2¢"/2 3 sin v P/ 1
7 (w) = 20 D (2.138)

cosh(fw) — cos

r<1++ 5“’)
2w

Here, we can see that we obtained a complex valued function. This was the case at zero

temperature, too (cf. Eq. (2.93)). We can get rid of the phase factor ¢?*/2 by taking the

absolute value g = |g*|. Then, we get for the (real) spectral function

N, f|sin a| /2 1
Bw
1+ —+i—
( +2 +227r

where N, is a normalisation factor which incorporates the constant gy, and its precise

o(w) =

2.139
cosh(fw) — cos « 2 ( )

numerical value can be determined by the sum rule

/i‘r’ o(w) = 1. (2.140)

In Fig. 2.5 we can see the shape of the spectral function for different o = €2 /47 values

and for different temperatures.
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FIGURE 2.5: (A) The exact, normalised spectral function at v = 0. Common features

are the dominantly exponential decrease for w — —oo, power law decrease ~ w~1=/7

for w — oo and at the peak at finite curvature ~ . (B) The temperature dependence
of the spectral function at v = 0 and o = 0.5. In the limit T — 0 it is singular at the
point w = 0.

To discuss this result we make the following observations:
e o(w) is a function of fw only, which is understandable, since there is no other scale
in the system which could form a dimensionless combination.
e For @ — 0, we find

e?/2| sin a

cosh(fw) — cos

— 210(w), (2.141)

so we recover the free case. It is interesting, that this behaviour periodically returns

for a = 2mn.

e For large values of w which is equivalent to the small temperature case we can use
the asymptotic form of the I' function for complex arguments with large absolute

value:

I(z) =e 2" (l'_1/2 + O(SU_3/2)) . (2.142)
Then we find, up to normalisation factors

o(fw > 1) ~ e 1 720 O(w)w %, (2.143)
cosh(fw) wlt=

This is the well-known exact solution by Bloch and Nordsieck at zero temperature.
Note that the © function came out correctly from the formula. At finite but small
temperatures, for negative arguments we observe exponential decrease.

This form also shows how at zero temperature we obtain zero wave function renor-

malisation factor that we discussed at the end of the Section 2.2.3 (go in Eq. (2.94)).
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The normalisation factor (c.f. Eq. (2.139)) is proportional to 8, while the asymp-
_1_a

totic form is (Bw)_l_%. Then approaching zero temperature we obtain T’ Tw ,

. . . . . o
which means a renormalisation factor vanishing as ~ T~ for T" — 0.

e Now, let us consider the w — 0 limit, i.e. the vicinity of the mass shell. We can

expand p into a power series

Y 2
o(w) = Z(O)CT : (2.144)
(w—CT)? + <c - 1> C?T? + O(w?)
where
11 2 1, a!
=5 T eosa T 2V (L+ 5, (2.145)

and U(z) is the digamma function. The maximum of this function is at CT,
the width is CTv4C~1 — 1. Since, however, the function is not symmetric, these
parameters cannot be interpreted as a thermal mass and thermal width. For that

we need to examine the real time dependence.

e For the real time dependence we use the fact that, according to Eq. (2.139),
o(p) = Bfo(B(po — m)), which means that o(t) = e " fo(Tt). Omitting the
oscillating phase (i.e. if we consider the envelope of o(t)), we recover the Fourier
transform of fy. The real time dependence obtained from the inverse Fourier
transform of Eq. (2.139) differs from Eq. (2.182). This is because we performed
an analytic continuation to the physically sensible analytic domain. The numer-
ical inverse Fourier transform of the normalised spectral function (and, because
iGra(t) = O(t)o(t), for t > 0 this is also the real time dependence of the retarded
Green’s function) can be seen in Fig. 2.6. At small times we expect to recover the
zero temperature result. Indeed, we observe g(t) = (1—A(Tt)*/™)e~"™ asymptotic
form (for a = 0.5 this is valid up to Tt < 0.4), the power law time dependence
is characteristic to the zero temperature result. At ¢ = 0 the value of the spec-
tral function is 1, this is because of normalisation. Note however, that naively at
zero temperature we would obtain a time dependence of the form ~ t&/Te=imt,
describing growth of correlation and violating the normalisation condition. Inter-
preting the zero temperature result as T' — 0 limit, we could cure this apparent
inconsistency of the model. At strictly T' = 0 we get back the physically sensible
oscillating solution o(t) = e~™. For large times (for 7" > 1) the time dependence
is ~ e~Tt which agrees with [45, 46]. Comparing it to Eq. (2.182) we see that
instead of an exponential rise we found an exponential decay, but with the same
coefficient. This can be understood by noting that if we have a pole at w = wq in

—twot

the momentum space, meaning e exponential time dependence, this pole is

present in the spectral function in position wg, too. The physical retarded Green’s
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function can have poles in the lower half plane, therefore we find in our case only

the wg = —iaT" pole, giving exponential damping.
0.8 o
ata
071 1-A(T) "
0.6 _\,\\ Be-lX LA
0.5 ..
s 04f
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FIGURE 2.6: Time dependence of the (envelope of the) retarded Green’s function

(or, equivalently, the spectral function) for v = 0 at @« = 0.5 on a logarithmic y-

scale. For small times we find 1 — A(Tt)a/ ™. corresponding to the zero temperature

time dependence. For large times it turns into an exponential damping of the form
exp(—aT't).

For the justification of the analytic continuation we also used a different method. We

expanded the t-dependent result Eq. (2.182) into power series using

(sinb )/ = (;)i o) (-1F(f )ertz e

k=0

+ O(—z)(-1)=F (i) e—x(?‘r—’f)ex’“} : (2.146)

Now, the inverse Fourier transformation acts on a pure exponential function. We use

the formula

o0
. 1
/dt e:l:zwt—st = m (2147)
0

which is true, of course, if s > 0, but this is the formula for the analytic continuation,
too. Then the result of the Fourier transformation, with appropriate normalisation to

ensure reality of p is:

(_1>7a/27r N <_1)a/27|’

; ; (2.148)
Sk +w S — 1w
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where s, = 7T(2k — /7). Using the (—1)*/?™ = cos $ +isin § definition we find after

a simple calculation

w) ~ i(—l)k <1§> se(ltcosa) —wsina (21<; - 3) . (2.149)

2 2
s7 +w T
k=0 k

from formula
from series
0.1 /
/
/
/
& oot/
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0.0001
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F1GURE 2.7: Comparison of the logarithm spectral function at « = 0.5 calculated from
Eq. (2.139) and from Eq. (2.149). The two results agree well.
The sum shows a fast convergence, and we can compare the result of the two calculations
in Fig. 2.7. We can see that the two methods of analytic continuation yield consistent
result in the central peak regime. To understand the small deviations at the edges,
we remark that if « is real then g(t = 0) = 0 (c.f. Eq. (2.182)). In Fourier space
this means [ dwp(w) = 0, therefore it can not be positive for all momenta. Using the
second method, the position where the spectral function turns into negative values is,
fortunately, at large |w/T| values, therefore the peak is unaffected. The only precursor
of the sign changing is the slight decrease at the edges of the plot. In our first method
we started from complex o values, where %gr(l) o(t) = 0o # 0, then the normalisation does

not require negative values for g(w).

2.3.6 Finite velocity case

If v # 0, we find from Eq. (2.129) using Eq. (2.117) the following formula

u01+v
a up( 1—1)

wa(w) = -2 10t / > [da+a(h) ot - o) (2.150)
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The g-ntegral on the RHS is again a convolution, and formally we can use the same

method as in the v = 0 case. We find

(1 2)u0(1+vc)z T
_ aug(l—wv s s _

Opo(t) = ———— — ——0(t 2.151
2(t) T 2v s2 tanh(7tT's) olt), ( )
up(1—v)

which has the solution
) ) u0(1+'uc)i
o(t) = 0(0) exp o ol = v7) / l In(sinh wtT's) | . (2.152)
T 2v 52
up(1—v)

We cannot perform analytically neither the integral nor its Fourier transform. But we
can determine many features by investigating the expressions for small and large values
of t.

2.3.6.1 Small time behaviour

Since at small ¢ we can make the approximation sinh 7tT's ~ ©tT's, one has:

(1 2)u0(1+vc)l (1 )uo(l—l—vc)l

ugll —v S . up\l —v 8 —

—— / =z In(sinh wtT's) ~ — 5 / 2 In(7tT's) = In(wT't) + const.,
up(1—v) up(1-v)

(2.153)
where the constant comes from the integral of s~?Ins, and being a finite quantity, it

goes into the normalisation. After exponentiation we find
a(t) ~ (Tt)™/, (2.154)

which is the zero temperature result. So, as we expected the short time or large frequency

regime reproduces the zero temperature case, and thus it is velocity-independent.

2.3.6.2 Large time behaviour

Here, the function sinh can be approximated by the exponential, and so for large ¢

Insinh 7Tts ~ 7Tts — In 2. (2.155)
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The In2 yields a constant factor which goes into the normalisation. The rest gives,

including the prefactors

up(1 — v2)UO(1+Uc)is
aTtT / 5= acpp(u)Tt, (2.156)
up(1—v)
where
aefr(u) :au0(12; o) ln<1tz> . (2.157)

From this form we obtain for the spectral function in the asymptotic limit:
o(t) = CePers Tt (2.158)

We can easily check that 11}1_1)]% aeff(u) = a. Therefore, the v — 0 limit is analytic.

Since in the asymptotic time regime we simply get the substitution rule o — aefs(u)
as compared to the v = 0 case, the analysis of the vicinity of the peak of the spectral
function and the large time dependence will also remain valid in the finite velocity case
but with a modified value of the coupling. In particular, since aeff(u) < o, we obtain
a smaller damping, larger lifetime for v > 0 cases. Physically this property is the
consequence of the decreasing cross section at larger energies. In the ultrarelativistic

limit v — 1 the damping disappears.

2.3.6.3 Solution for ¢ € (0, 00)

For intermediate times we will use a well-controlled numerical method to find the spectral
function, once the analytic behaviour for large ¢ is identified. We express the wanted

0u(t) as a product of the known g,—o(t; cers) (from Eq. (2.157)) and a correction factor

o(t) ~ Z(t)ou=0(t; acyy), (2.159)
where
(1 2)u0(1+vc)l
aug(l —wv C
exXp | —— —— / ?ln(smhﬂth)
Z(t) = vo(t=v) . (2.160)

Ceff(w)
(sinh7Tt)™ =

After a short algebra we find

uo(14v)
aug(1 —v?) / ds 0 sinh 7 T'ts
s2 7 (sinhnTt)s

up(1—v)

Z(t) = exp (2.161)

2mv
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The ratio defined in this way is symmetric: Z(t) = Z(—t). For small ¢ arguments it
a—agrr(u)
behaves as Z(t) ~ (Tt) H and, since a > oo rf(u), we also know that Z(t = 0) = 0.
At large t we find tlim Z(t) = 1. We can determine it numerically, for a specific v it can
—00

be seen in Fig. 2.8.

Z(1)

0.01 0.1 1 10 100
t

FIGURE 2.8: The Z(t) function on a logarithmic plot. For small times it is a power,
for larger times it flattens out. The shape of the plotted curve can be considered as a
generic behaviour of Z(¢) (for arbitrary v and «).

0.1F

0.01 ¢

F1GURE 2.9: Velocity dependence of the spectral function for a = 0.5. The 1 values are

rapidities, v = tanhn. (A) is a linear-linear plot to show that the peak region becomes

more and more peaked with increasing n (v). The log-log in (B) plot demonstrates that
the asymptotics remain the same.

We can numerically Fourier transform Z(t), and perform a convolution in the Fourier
space with the g,—¢(w) function Eq. (2.182). This ensures that we use the same ana-
lytic continuation for the different velocity cases. As a result we obtain Fig. 2.9. We
can observe that the peak becomes narrower for larger velocities, corresponding to a
decreasing a. sy value. At large momentum the asymptotics is the same for all velocities

(for a given «), because the zero temperature result is insensitive to the value of v.
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Here, again we can work out the real time dependence. We now write

ou(p) = woBfu(B(pouo — pu —m)) (2.162)
and find
— - (T
ou(t) = efzvptfzmt/uofu <> ) (2.163)
Uo
0.6 1 7=0.00 ——
N n=2.77
03}
02}

20)

0 05 1 15 2 25 3 35 4 45 5
[T/MO

FIGURE 2.10: Comparison of the real time dependence of the retarded Green’s function

(or, equivalently, the spectral function) for zero and finite velocity at o = 0.5 on loga-

rithmic y scale. The 7 values are rapidities, v = tanhn. The small time behaviour does

not change, at large times the exponential damping is described by exp(—a.ss(u)Tt).
The result of the numerical inverse Fourier transform can be seen in Fig. 2.10. At small
times the spectral function (retarded Green’s function) is velocity independent, this is

the zero temperature asymptotics. For large times (7't > 1) the time dependence turns

into ~ e~ ers(WTt,

2.3.7 Discussion of earlier results

We can compare our results to the earlier ones in the literature. The long time asymp-
totics of the finite temperature solution of the Bloch-Nordsieck model was already dis-
cussed in [45, 46]. They followed a different, functional approach. Still, the two methods
lead to the same intermediate result. Neglecting renormalisation effects (which is treated
later in [45, 46]), our Eq. (2.112) together with Eq. (2.115) yields, using the notation
w=up—m

4
wWGra(w) = €2U / (37:;4 lek (1 + n(ko))3(k) Gra(w — uk), (2.164)
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where g(k) = 25 (8(ko — k) — 8(ko + k)) is the photon spectral function. After Fourier

transformation, we find exponentiation of the real time contributions
Gra(t) = Gra(t = 0)e®), (2.165)

where

_ 6—iukt
F(t) = —62Uz/(gjr’;4 (1 -+ n(ko))o(k) 1(uk)2 = —it®y + it®(t) + In A(t), (2.166)

where ®(, ®(¢) and In A(t) are real quantities, corresponding to the notation of [46].

Using U? = 1 this means

D(t) = —¢? / (dA‘k o(k) {1 B Sinukt]

2m)4 uk ukt
a d'k o(k)
2= —¢" / @n)% uk
d*k _ 1 — cosukt
A = exp {—62/(27r)4 n(ko)o(k) (Uk)Q} . (2.167)

These expressions agree with the equations (2.24) and (2.25) of [46] (the constant phase

® has no physical meaning).

The analysis of this formula, however, differs in our case and in [45, 46]. We restrict our-
selves to the original Bloch-Nordsieck model, and used the free photon spectral function.
In [45, 46] the authors used HTL-improved photon spectral function (cf. their Eq.(3.1)
and (3.2)). As it turns out, the most important contribution comes from the small fre-
quency limit of the continuum (Landau damping) part. This explains why the asymp-
totic time behaviour differs in our case and in the case of [45, 46] ( exp(—acff(v)Tt) vs.
exp(—Ctlogt) ).

In [48] Fried et al. use again a different formalism. Since they examine a different physical
situation, the comparison is much more difficult. What is clear, however, that they also

use the original version of the model, and also find an exponentially damping solution.

It is very interesting that in [50] the authors found the same exp(—aT'tlogt) like so-
lution as was the case in [45, 46], although with a different line of thought. They use
the dynamical renormalisation group idea [51], where the secular terms are melted into
finite time dependence of the renormalised parameters. Clearly, they cannot consider
all photonic diagrams, only those, which contribute to the renormalisation group (RG)
equations. There, the logarithmic enhancement of the damping can be interpreted phys-
ically as an eternally growing cross section of the incoming hard particle which collects
more and more soft photons around itself. The analysis of the pure Bloch-Nordsieck

model results in a finite damping, which means that in this model the initial growth
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of the cross section eventually stops, the soft photon cloud saturates. The physical in-
terpretation of the saturation probably is that the multi-photon contributions arriving
from different space-time points become incoherent. The two scenarios, one with ever
growing photon cloud, the other with saturation, are both approximations of the real
QED (RG, HTL and free photon approximations, respectively). The question of which
one is finally manifested in QED, in particular in the ultrarelativistic limit, can be an-
swered only after a full analysis of the complete QED where all these effects are present.
In the next section we will compute the fermionic spectral function in the framework of
the 2PI formalism at finite temperature. The goal is to benchmark the results of the

2P1 procedure by we comparing them to the exact ones.

2.4 Applying the 2PI technique at finite temperature

In the previous section we derived the spectral function of the BN model at finite tem-
perature exactly, and in the zero velocity case we could even obtain a closed analytic
form, consistent with the analytic solution of the zero temperature study. A natural
continuation of this analysis is to compare at finite temperature the results that we can
achieve by the using 2PI technique with those of the exact one. In Section 2.2 we found
that although the 2PI solution of the BN model is meaningful in the IR and does not
blow up like the result that we can get in PT, it does not provide a satisfactory agree-
ment with the exact one. In this section we will show that the 2PI technique does work
well in the case when we consider the problem at non-zero temperature, provided that
a rescaling of the coupling constant is done, which essentially can give us the running of
the 2PI coupling with the temperature. Being precise: there exists a mapping between
the coupling constants of the 2PI and those of the exact results in such a way that the
two spectral functions overlap almost entirely. This is a highly non-trivial result, since
the exact spectral function is an asymmetric function of the frequency, rather different
from a simple Lorentzian. The most important message towards the 2P1 community is
that our result validates the 2PI approximation method at non-zero temperature and
only a finite reparametrisation of the theory is needed.

From the perturbative point of view the 2PI technique resums the two particle irre-
ducible diagrams, but the coupling constant and also the higher point functions remain
unchanged. So, for a certain 2PI diagram there exists another infinite set of diagrams
providing coupling constant modification. In the sense of the renormalisation group we
may try to take into account the sum of these diagrams effectively as a temperature
dependent (running) coupling constant. Since we now know the value of an observable

exactly (the electron spectral function for any frequency and temperature in a given
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gauge), the best method to extract the temperature dependent coupling is to compare

the 2PT and the exact results, which will be done in the present section.

2.4.1 The 2PI equations at finite temperatures

We are working again in the real time formalism, hence the Green’s functions in this
picture are going to have a matrix structure like in the previous section. We choose the

R/A basis for the matrix representation to calculate the retarded self-energy.

FiGURE 2.11: The diagrammatic representation of the self-energy. The wavy line

corresponds to the free (here also the exact) photon propagator with a loop momentum

k and the double solid line is for the exact fermion propagator with momentum p — k.
Both the polarization and the R/A indices are shown.

First, we are going to consider the one-loop correction then, we present a derivation of
the 2PI resummed spectral function at finite temperature. To evaluate its self-consistent
equations we will use a numerical approach which is similar to those we discussed above
for the T = 0 case. The integral equation for the retarded self-energy at non-zero

temperature in Feynman gauge reads as:

4
Sr(p) = i€? / (3754 [Grr(K)Gra(p — k) + Gra(K)Gre(p — K)]. (2.168)

Where G and G stands for the propagator of the photon and the fermion, respectively.
In Fig. 2.11 we can see the pictorial representation of the fermion self-energy using
Feynman diagrams. Now, taking the discontinuity of the self-energy we obtain:
. o [ dk
Disc Zar(p) =€ 2 [Grr(B)pg(p = ) + py(K)Grr(p — F)] - (2.169)
Here, py and p, are the spectral functions of the fermion and the photon fields, re-
spectively. In general, we can express the rr propagators with the spectral function

and the distribution function of the corresponding spin statistics (the Bose-Einstein and

Fermi-Dirac distributions, respectively):

Grrlp) = (”f(PO)) o (0. (2.170)

Crrlp) = (+nb<po>) oy (D). (2.171)
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When inserting these expressions into Eq. (2.169), we get

DiscZutp) = ¢ [ [(5+m0) o Woto - )

+ 0,0 (5 = nslon = ) ) 50— )

4
= 62/(37:;4 (14 np(ko) — ny(po — ko)) py(K)ps(p — k). (2.172)

In the last step of Eq. (2.172) we get the most general form of the discontinuity in terms

of the spectral functions.

2.4.2 One-loop correction at 7' # 0

For the detailed computation of the one-loop correction, see Appendix F, here we are
only going to present the results.

In the case of the one-loop calculation we have to insert the spectral function of the
free theory, for both the fermion and gauge fields, into Eq. (2.172). By performing this

substitution, our equation reads as

4
Disc Sar (p) = 62/(;‘;4 (1 + ny(ko) — 1 (po — ko))

x 27 sgn kod (k& — k?)276 (uo(po — ko) — u(p — k) — m)

00 1
2

2 2
- ¢ dka/dx(”)
J 20K

o : (1 + np([k]) = ng(po — [kI[))

x 6 (uopo — up — uo k| — |ul[k|z —m) +
+ (ny(|k|) + ng(po + k() 0 (uopo — up + uolk| — ul|kjz —m)].
(2.173)

Here, we introduced the variable  which stands for the cosine of the angle between the
two spatial three-vectors u and k. For the sake of simplicity in the following we are

going to use the notations pu = poug — pu for the scalar product in Minkowski space
and k = k|, u = |u].
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First, we perform the angular integration for x:

pu—m
Disc Xq, = —|0© — dk (1 k) — —k
ise S (p) = o | Ou—m) [ k(1 mlk) =y )
b
m—pu
ufuo
+ O(m — pu) /dk(nb(k)+nf(p0+k)) . (2.174)
Ut

Now, we are going to use the fact that the fermion in this system is a hard probe, thus
it is not part of the heat-bath [45, 46]. This manifests already in Eq. (2.172) where we
need to set the Fermi-Dirac distribution to zero; otherwise we would face inconsistencies,
when we would try to take the 7" — 0 limit (see Appendix F'). Thus, likewise in the exact

calculation in Section 2.3
ng =0 (in the framework of the BN model). (2.175)

In that case Eq. (F.10) simplifies in the following way:

pu—m

Disc ¥y (p) = — dk (1 k)). 2.1

ise Sur(p) = £ [ dk (1 mu(k) (2176)
ey

By evaluating the integral, one gets a result consistent with the T' = 0 case:

2 T 2 1— _Biu_;m
Disc Xqr(p) = e—@(pu —m)(pu—m) + “ ¢ u_:L . (2.177)
Po 2m dmu 1 — o T
This gives the desired result for the 7' — 0 limit, namely
2
Disc Xor(p) = —O(pu — m)(pu — m). (2.178)
Po 2

2.4.3 Non-zero temperature calculations in the 2PI framework

Now, we are going to derive the 2PI resummed result for the finite temperature the-
ory. Let us consider Eq. (2.107) and Eq. (2.168). Instead of calculating the one-loop
correction by inserting free propagators, we are going to use the self-consistent fermion
propagator, defining in this way a self-consistent system of integral equations. We stick
to the physical picture that the fermion is not part of the thermal medium cf. Eq. (2.175).

Using the calculation in Eq. (2.172) we arrive to an expression for the discontinuity of



Chapter 2. Ezploring Quantum FElectrodynamics in the Infrared 61

the self-energy for a general fermion propagator:

4
DiseZurlp) = € [ 57 (1 malho)) o (s 0 = )

4
- 62/ (gﬂlj (1+ns(ko)) ;k (0(ko — k) — d(ko + k)) oy (up — uk — m).
(2.179)

Here, we used the free photon propagator as above and for the general spectral function

of the fermion we introduced the notation pr(p) = pg(up — m). After some algebra, we
find

00 1
2
Disc X4 (p) = ¢ dk /d:zk:nb E)pr(w + (ug + ux)k). (2.180)
Po 872
—00 -1

Here, we defined w := up — m, and x represents the angle between the spatial parts of
k* and u*, so zku is the scalar product of two three-dimensional vectors like in the one-
loop calculation. Actually, this can be written in a more elegant, and for the numerical
implementation, a more useful way. Hence, we introduce the variable z as the argument

of the function py:

oo w+(uo+u)k ugtu
ez 1 e? 1 _
Disc ¥ (p) = s dk dzpy(z)ny(k) Ry dzpg(z) dkny(k)
-0 w(up—u)k -0 ;0—_“;

(2.181)

In the case in which the length of the 3-velocity tends to zero, that is u — 0, we have

DISC Zar(po) = / dzpg(z)(po —m — 2)(1 + np(po — m — 2)). (2.182)

For u # 0 we obtain
1—6 “Puo=u
BZ w

u0+u

DISC Yar(w) = / dzpys(z (2.183)

We set m = 0, this can be done without the loss of generality since the two expressions
in Eq. (2.182) and Eq. (2.183) depends on the variable w = up — m only. That means
the theory is not sensitive where the mass-shell is being placed; it can be anywhere on

the real line.
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2.4.4 2PI results

We are implementing the same numerical method that we used for the zero-temperature
case (step 1 - step 5 in Section 2.2.2.2), using the finite temperature form of Eq.
(2.65), which is given in Egs. (2.182) and (2.183). In the numerical procedure, we fix
the value of the coupling and the numerical value of the temperature and perform the
iteration until it converges. The physical temperature is a dimensionful quantity; there-
fore, dimensionless quantities must depend on the temperature only through the other
dimensionful parameter. If there were not for the renormalisation, then the only quan-
tity, which can make the temperature dimensionless, would be w, and the results would
depend on Sw. However, the renormalisation leads to the appearance of a quantum scale
through dimensional transmutation (for the BN model; see Section 2.2.3). This can be
characterised, for example, by the value of the Landau pole Agp; then, the results will
implicitly depend on SAgy. In the numerics, this shows up as a dependence of the
physical results not only on Sw, but also separately on the numerical value of the tem-
perature. We will refer to this numerical value as ”dimensionless temperature”, knowing
that only ratios of these dimensionless temperature values have physical meaning.

The result of the iteration is the finite temperature spectral function. First, we observe
that a small thermal mass Amqp is generated, in dimensionless units in the order of
Amp ~ T ~ 1073, Interestingly, this thermal mass is negative; it shifts the spectral
function to the left. In the exact solution in Section 2.3, we found a zero thermal mass,
and thus we can consider it as an artefact of the 2PI approximation, which can be

incorporated into the mass and finally into w = up — m — Am.

2.4.5 The zero velocity case

By applying the algorithm described in Section 2.2.2.2 we can obtain the spectral func-
tion derived from the 2PI approximation for the theory, using Eq. (2.182) as the self-
energy input. In Fig. 2.12 we can see the spectral function for different coupling values
and for different temperatures. The spectrum has a peak, its width is growing with in-
creasing coupling constant and with increasing temperature, likewise in the exact case.
In the Dyson-Schwinger approach the exact spectral function can be derived in a closed
form (at least in the the zero velocity case). We wish to compare the 2PI results to
our analytical expression in Eq. (2.139) obtained in Section 2.3. To benchmark the
2PI approximation, we can compare the resulting spectral function with the exact one.
The comparison can be seen in Fig. 2.13. We can see immediately that the two spectra
are not very similar. The reason is that the 2PI approximation do not sum up all the

diagrams, in particular the coupling constant corrections.
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FIGURE 2.12: The coupling constant dependence of the spectral function in the 2PI
approximation (A) at temperature 7' = 1, and (B) at fixed fixed coupling value, a = 0.5.
The curves widen with growing coupling and growing temperature.

FIGURE 2.13: Comparing the 2PI resummed spectral function to the exact one. The

solid red line is obtained from the 2PI resummation, while the dashed blue line is the

exact spectral function. Both of them are at T=1 and the couplings are a., = asp; =
0.5.

Therefore, to improve the 2PI calculation we can try to take into account the resum-
mation of these diagrams effectively in a renormalisation group inspired way, as a tem-
perature dependent coupling constant. We should use a non-perturbative matching
procedure, and choose that value of asp; which reproduces the exact result the most
accurately. For a perfect matching not only the coupling constant, but also the higher
point functions should also be resummed. But we may hope that the most important

effect comes from the relevant couplings, in this case from asp;.
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Therefore, our strategy will be to find the best, temperature dependent value of the cou-
pling constant aopr that yields the best match between the exact and the 2PI spectral
functions. As we can see in Fig. 2.14, there exist such a value, where the matching is
almost perfect. We can observe that the fit is excellent not just at the close vicinity of
the peak region, but also for much larger momentum regime, and it can give an account
also for the asymmetric form of the exact spectral function. For asymptotically large
momenta, we expect that the two curves do not agree, according to Section 2.2.2.2,
this can also be observed in Fig. 2.14. This result is a strong argument in favor of the

usability of 2PI technique at finite temperature also for gauge theories.

T T

4+ 2PI, 1 — 27
@ p=0.5 1+ == Exact, fitted |
Exact fit,

aex€[0.19, 0.4]

0.01

10—4 L 4

(B)

FIGURE 2.14: The fitting of the exact spectral function on the 2PI spectrum in linear
(A) and logarithmic (B) plot. We can see an exact match at the peak and a small
deviation in the asymptotics. The fit yields asp; = 0.5 for e, = 0.293 at T' = 1.

Hence, we can say that the coupling which takes the value of asp;y = 0.5 in the 2PI
resummation at T = 1 is equivalent to an a, = 0.293 in the D-S calculation at the
same temperature. One can also conclude that the vertex corrections (which are absent
in the 2PI self-energy calculations) have a role to modify the value of the renormalised
coupling. In the following, we are going to look for a general relation between aspr and
ey -

We can repeat the strategy above for different temperatures. In this way we can deter-
mine a relation agpr(@er, T') (technically it is simpler to obtain ez (cepr, T') and invert
this relation). This provides the finite temperature dependence, or finite temperature
“running” of the 2PI coupling constant.

We expect that for small couplings the exact and the perturbative values agree, since
the perturbation theory gives ae, = aopr + O(O‘%PI)- This is indeed the case. For
larger couplings, however, the linear relation changes. Interestingly, we can observe
that, depending on the temperature, two different type of functions describe the rela-

tion between the couplings. The first type of function which gives the mapping between



Chapter 2. Ezxploring Quantum Electrodynamics in the Infrared 65

the two couplings is valid in the interval 7' € [0,12.03]. This relation can be obtained

by a one-parameter fit between the 2PI and the exact couplings, namely:

Qex

Qopr = AT(G AT — 1).

(2.184)

The result is shown in Fig. 2.15a., the fit parameters (Ar) are listed in Tables 2.1 and 2.2.
From this relation we immediately see that for small asp; the relation of the couplings

is linear

a2
Qop] R Qeg + O ( “) : (2.185)

Ar

This tells us that the 2PI and the exact couplings are the same for the perturbative

region, meaning that we can rely on the results obtained by 2PI calculations in this

regime.
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FiGURE 2.15: The relation between the 2PI and the exact coupling for u = 0 at
temperatures (A) T € [0,12.03] and (B) T' € [12.03, 00), respectively. The dashed red
line indicates the limiting function at 7' = 12.03, for details see the text.
T 0.11 0.25 0.5 1 2 4 7.14 10 12.03
Ap | 0.213 | 0.242 | 0.27 | 0.305 | 0.343 | 0.384 | 0.414 | 0.426 | 0.429
TABLE 2.1: The fit parameters in the low temperature case. The error of the parame-
ters is +0.001.
T 20 50 100 200 500 1000 2000
Br || 1.034+0.003 1.118 £ 0.008 | 1.217+£0.014 | 1.3124+0.017 | 1.381 +0.016 | 1.38 £0.012 | 1.3 +0.006
Cr || 1.107 £ 0.001 | 1.668 £ 0.025 | 2.654 + 0.054 | 4.241 +0.083 | 6.937 £ 0.105 | 8.951 +0.1 9.991 4+ 0.055

TABLE 2.2: The fit parameters in the high temperature case.
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Thus, if we are using couplings, which are in the order of the fine structure constant of

QED (a = 1/137) for instance, one does not even have to worry about the temperature
dependence of Eq. (2.184). From Eq. (2.184) it is obvious that the relation depends on
the temperature through the fit parameter Ap: this is shown in Fig. 2.16a. We can fit

the temperature dependence in the following form:

Ar = a(tanh T'h)¢,

(2.186)

where a = 0.438 £ 0.002, b = 0.123 £ 0.01, and ¢ = 0.17 = 0.002.
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FIGURE 2.16: The running of (A) Ar and (B) Br/Cr with respect to the temperature.
This latter quantity is the position of the pole (cf. Eq. (2.188)). One can see that the
best matching occurs at higher temperatures.

Let us consider the zero temperature limit:}iin>O Ap = 0. This tells us that in the zero
temperature limit all ae, corresponding to any aopr by Eq. (2.184) vanish. To see this it
is easier to invert the relation and then take the limit, i.e. limp_,o Ay In(aepr/Ar+1) =
0. This is consistent with the fact that at 7" = 0 the coupling drops out from the 2PI
propagator [40]. More precisely at 7" = 0 close to the peak:

1

1
Wit

= Gopr. (2.187)

er=0

Gea(w) o

1
Gopr(w) oc — , while

w
Therefore the diverging aopr/ae, relation does not signal a physical singularity, it just
means that in order to match the exact theory we have to take into account other

diagrams not included in the 2PI resummation.

The relation in Eq. (2.186) is valid up to the dimensionless temperature 7' = 12.03.
Above this temperature the trend of the curves can be seen in Fig. 2.15a, namely that
they are more and more shallow for increasing temperature. The aopr(ae,) curve be-
comes steeper and steeper as it can be seen in Fig. 2.15b. We find for small couplings

the expected universal linear relation copr = Qer + .... We can also observe that the
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agpr(aey) curves diverge at some limiting value of ae,. This can also be seen from the

following fit which describes the numerically determined curve quite well:

ey

Qopr = (2.188)

Br — Croes '

The fit parameters can be seen in Table 2.2. This function has a pole at By /Cr at each

temperature. This is a temperature dependent quantity, the running of the position of

the pole can be seen in Fig. 2.16b. Equation (2.188) can be interpreted from the point of

view of the scale dependence of the coupling constant. For the BN model the one-loop

running is exact which can bee seen from Eq. (2.88), and provides a Landau pole. The
T

value of the coupling for which we find the pole is a(ug) = 1 i If we associate u ~ T

for high temperatures, this would suggest that the finite temperature dependence also

exhibits a Landau-type pole at ae; ~ (In fT)7!. In fact, a two-parameter fit is

Br  d
Cr  In(fT)’

(2.189)

where d = 0.576 £0.03 and f = 0.03540.003 describes the finite temperature behaviour

for large temperatures.
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FIGURE 2.17: Finite temperature running of aspy for fixed ae,. One can observe the
high temperature (Landau) pole and the T' — 0 divergence.

The finite temperature running of aspy for fixed e, can be seen in Fig. 2.17. According
to our earlier analysis, we can identify the following characteristic features of this run-
ning. For small temperatures, the running of the perturbative coupling is determined
by the soft IR physics, the photon cloud. At very small temperatures, seemingly, we
find a divergence, but this is not a physical singularity; it just reflects the fact that at
zero temperature the 2PI approximation fails to describe the exact spectrum for any
couplings, cf. Eq. (2.187). At high temperatures, the perturbative running is the dom-
inant effect with the correspondence p ~ T. Again, we find there a pole that comes

from the Landau pole of the perturbative running. But, again, this singularity is not
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a physical one, the exact spectrum is regular for «., larger than the pole value. But
with 2PI calculation with the original action, we cannot reproduce this result, one would
need to take into account higher point vertices, too. Between the low temperature and
high temperature regimes there is a point where dasp;(7T)/dT = 0, in our case this is at
the dimensionless temperature value 7' = 12.03. This is a “fixed point” of the running
and loosely determines a “critical temperature” separating the two physically different

temperature regimes.

2.4.6 The finite velocity case

We can repeat the same analysis for the finite velocity case, too. Since the findings are
very similar to the v = 0 case, we just shortly overview the results. For the finite
velocity case we obtained the exact fermionic spectral function using numerics (see
Section 2.3.6.3). In the 2PI approximation we are going to use the same numerical
calculation that we used for the v = 0 case, and the only difference is that this time
we use the formula in Eq. (2.183) for the discontinuity of the self-energy. The spectral
functions obtained from 2PI for different v > 0, but fixed temperature and coupling
constant, can be seen in Fig. 2.18. To fit the spectral functions in the u > 0 case, we are
applying exactly the same procedure that we used for the u = 0 case. For this purpose
we choose the value u = v/3 (or v = v/3/2).

T T T

FIGURE 2.18: The 2PI spectral functions with different rapidities ( = tanh™'(v),

where v = u/ug) at fixed temperature T'= 1 and coupling o = 0.5. The shrinking of

the width can be observed as the velocity grows, which is the same effect that we had
for the exact solution in Section 2.3.

In Fig. 2.19 we can find the relation between the 2PI and the exact couplings and
in Table 2.3, 2.4 the corresponding fit parameters, but this time for u = /3. For
the given finite u, we have almost the same picture that we had for the u = 0 case,

and just the fit parameters, Ay, By and Cp, are different. Interestingly, the threshold
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temperature stayed at T'= 12.03, but the running of the parameter as a function of the

temperature is slightly modified. Now, we have for Ay = atanh(bA7)¢, where this time
a=0.55+0.01, b = 0.075+0.01 and ¢ = 0.183 £ 0.004. For the running of the pole, we
have (By/Cp =d/In(fT)) d = 0.623 + 0.04 and f = 0.032 £ 0.003.
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FIGURE 2.19: The relation between the 2PI and the exact coupling for u = V3 at
temperatures (A) T € [0,12.03] and (B) T' € [12.03, 00), respectively. The dashed red
line indicates the limiting function at 7' = 12.03, for details see the text.
T 0.11 0.25 0.5 1 2 4 7.14 10 12.03
A7 | 0.235 | 0.266 | 0.298 | 0.338 | 0.386 | 0.442 | 0.488 | 0.507 | 0.517
TABLE 2.3: The fit parameters in the low temperature case for u = v/3. The error of
the parameters is +0.001.
T 20 50 100 200 500 1000 2000
Br || 1.016 =0.001 | 1.108 +0.007 | 1.2 4+0.014 1.29 £0.017 1.371 £ 0.0175 | 1.389 £0.0145 | 1.35£0.009
Cr || 0.908 £0.002 | 1.422 +0.023 | = 2.275+0.048 | 3.629 +0.075 | 6.113 £ 0.102 8.216 = 0.105 9.8318 & 0.079

TABLE 2.4: The fit parameters in the high temperature case for v = v/3.

2.5 Chapter summary

In this chapter we analysed the IR limit of the QED which is expected to be described

accurately by the Bloch-Nordsieck model. The infrared catastrophe can be associated

with the presence of infinitely many soft photon excitations around the electron, and as

a consequence the perturbation series does not give a reliable result around the mass-

shell of the electron. This phenomenon characterises all the massless gauge theories.
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However, in the framework of the Bloch-Nordsieck model we are able to derive the full
fermionic propagator [31, 32], hence this gives a nice opportunity to benchmark different
level of approximations like the one-loop level perturbation theory, the 2PI resumma-
tion and the Dyson-Schwinger equations, as we did it in Section 2.2. The one-loop result
exhibits an IR sensitivity when we approach the mass-shell, which renders the theory ill-
defined. The self-energy (2PI) resummation reorganises the perturbative series in a way
that this IR problem disappears. Although the IR sensitivity cannot be seen anymore,
but still the 2PI method fails to reproduce the correct result. On the other hand, the
Dyson-Schwinger equations, truncated in a way that the Ward identities are satisfied,
yield the exact result in the Bloch-Nordsieck model. And, while the original method
to obtain the solution is very hard to generalise to other theories, there is a hope to
generalise the ideas of the specially truncated Dyson-Schwinger equations method.

In Section 2.3 we studied the Bloch-Nordsieck model at finite temperature; in particular
we studied the fermionic spectral function. We used the strategy introduced in Section
2.2 which is based on the Dyson-Schwinger equations, where the infinite hierarchy is
closed by using the Ward identity for the vertex function. We worked out the corre-
sponding equations at finite temperature in the real time formalism and solved them.
This procedure is exact in the Bloch-Nordsieck model. At zero velocity we were able to
obtain fully analytic results for the spectral function. For large momenta and/or zero
temperature this formula agrees with the zero temperature result. At finite temperature
there appears an asymmetric peak which decreases exponentially below and as a power
law above the mass shell.

We gave a numerical implementation of the 2PI resummation for the fermionic spec-
tral function in the BN model at non-zero temperature. In Section 2.3, we showed a
derivation of the exact spectral function in an analytic way and obtained a closed form.
Hence, this analytic formula provides us with a good basis for the justification of the 2PI
approximation. A 2PI approximation missing vertex resummation cannot provide us a
full solution, but we can still compare it to the exact result. One of our main results is
that the 2PI approximation works excellently at finite temperatures, and the spectrum
coming from the 2PI approximation could be fitted to the exact spectrum at high accu-
racy. The two curves agree well, not just in the vicinity of the peak, but also for a much
larger momentum interval. This demonstrates that the 2PI resummation is in fact a
physically appropriate approximation for gauge theories, too. Nevertheless, the 2PI and
the exact results match each other after properly choosing the 2PI coupling aopr(ces, T)
as a function of the coupling of the exact formula ., and the temperature. For a fixed
Qer, this describes a temperature-dependent running coupling constant. Another main
result is to provide this function for the BN model. The success of the 2PI method
extended by a non-perturbative running of the coupling constant encourages one to try

this strategy also in the cases of other (gauge) theories. The basis of the temperature
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running could be the matching to a non-perturbatively (e.g., in Monte Carlo simula-
tions) determined physical quantity. Then, using temperature-dependent 2PI couplings,
one could perform other calculations and give predictions for other, numerically hardly

accessible physical quantities.






Chapter 3

The Functional Renormalisation
Group Study of the O(/N) model

In this chapter we will discuss our second non-perturbative approach to QFT, namely,
the Functional Renormalisation Group (FRG) technique. Sometimes it is called the
Exact Renormalisation Group, however, despite being non-perturbative we will make
several approximations till we get to the real RG equations. This method is based on
the Wilsonian idea, that is one starts with an initial theory on a given scale (Lagrangian
or Hamiltonian at scale A), and step-by-step one integrates out the rapid degrees of
freedom, obtaining an effective theory describing the IR physics. Using this strategy
provides us a powerful tool to examine second order phase transitions and critical phe-
nomena.

The structure of this chapter is as follows: first we introduce the concept of the Wilson-
Kadanoff renormalisation group on statistical systems, discuss why it is useful and how
it can describe critical phenomena [14, 62]. Then we move on and study the Functional
Renormalisation Group procedure from the point of view of QFT and apply it to the
O(N) symmetric N-vector model. We will see from the analysis how the famous Mermin-
Wagner theorem emerges, and show that using drastic approximations (like truncating
the Taylor-expansion of the effective potential) leads us to a wrong answer to questions
related to the phase structure. To cure the inconsistency in the approximated theory we
will examine carefully the behaviour of its results and give a statistical argument, which
will provide the real description of the phase structure of the O(N) models in arbitrary
dimensions and field components. This analysis uses the Vanishing Beta Function curves
(VBF) [44], which we will introduce later on, but we can say in advance that they give
back all the expectations regarding the O(N) models: they define the right lower and
upper critical dimensions and find all the physically relevant fixed points. Interestingly,

when N — oo in 4 < D < 6 dimensions, we will find a new fixed point candidate on

73
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the phase space of the model, which was suggested first in recent works of Klebanov
et al. [52], but also by Percacci in [53] who questioned the validity of this fixed point.
With the technique presented here, we will find that the corresponding critical potential
associated to this fixed point is metastable. Section 3.4, where we provide a proof of the
Mermin-Wagner theorem using analytical considerations, is based on [43] and Section
3.5, where we analyse the phase structure of the O(N) model is based on [44]. Sections
3.1-3.1.4 are based on [63, 76].

3.1 Coarse-graining and the Wilsonian approach

The main idea behind the Wilsonian approach is that we do not care too much about
the interactions at small scales (the rapid degrees of freedom), we are only interested in
how the system, as a whole, behaves at long distances (IR scales). However, when using
this approach, we need to bare in mind that we still need to rely on approximations, that
is in general we cannot integrate out all the fluctuations exactly. This is the case in the
PT, too, where we calculate loop integrals corresponding to the quantum fluctuations
of the theory and sum it up to obtain the full amplitude for the process of interest.
Wilson’s idea translated to the PT language tells us essentially that we need to reshuffle
the perturbation series and organise the summation in a way that will provide reliable
answers to the questions regarding the infrared physics. Before going into details, we
discuss what we mean by short and long distance physics, and which are the quantities
characterising the system at a given scale.

In a strongly correlated system there are basically two relevant scale parameters: (i)
the microscopic scale a ~ A~!, which usually corresponds to the lattice spacing, inter-
molecular distance, the Planck scale, etc., in one word: it provides the natural cut-off
scale of the system under consideration. And (i¢) the correlation length & which also can
be thought as the inverse mass. The scales (i) and (i7) are very different, especially at
criticality (for example in a ferromagnet without external field at the critical tempera-
ture T' = T.), and fluctuations in this case exist on all wavelengths between a and £. In
particle physics the correlation length typically corresponds to the Compton wavelength
of the particle and the energy scale of the underlying ”fundamental theory” is at the
scale of the Grand Unified Theory (~ 106 GeV) or ~ 10! GeV for quantum gravity.
However, to obtain a mathematically consistent QFT one would need to take the con-
tinuum limit (A — o0), nevertheless, to study the phase structure of such systems we
do not need to do so.

In the following we are going present the general procedure through the example of a
scalar field ¢(p) in momentum space. Let us say that we have defined a Hamiltonian at

energy scale A. Then, the corresponding partition function (which is nothing else but
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the generating functional) reads as:
Z = /DgoeH["”’C’A]. (3.1)

Here, the field ¢ = ¢(p) considered as the degrees of freedom, C = (A1, Ag, ...) represents
all the relevant coupling constants introduced at the given scale A. By integrating out
the rapid degrees of freedom we mean that we perform the functional integration in the
partition function, but only for the "high energy modes” p € [A — dA, A]. Schematically

to implement this elimination we will divide ¢(p) into two parts

o(p) = v<(p) + ¥=(p), (3.2)

where the terms defined as

o<(p) = {e@)p <A —dA},
e>(p) = {p)|A—dA<p<A}. (3.3)

Hence, we obtain the following integral for the partition functional:
Z = /Dcpe_H[S‘”C’A] = /D<¢D>¢6_H[¢<’@>’C’A}. (3.4)
Now, we perform the functional integration only with respect to D¢~ , which yields :
Z= / Dope Hlpx: G AN (3.5)
where we define the new couplings C’ by the equation

e_H[SO<7C/7A_dA] = /D>@6_H[@<7W>7CVA]‘ (3‘6)

We can see that Z was kept unchanged, all we did here is just a redefinition of the
partition function with the new effective couplings. Actually, for each new energy scale
we can associate a new set of effective couplings. It is more convenient to denote this
new scale in the following way: A/s = A — dA, with s > 1. In this respect we can

indicate the effective couplings corresponding to the new scale

A — C,
A/s — C,
AJs? —

(3.7)
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Thus, we can see that the coupling constant \;s are naturally associated with an energy
scale, while using perturbation theory this can be seen only after removing the infinities
and extracting the beta function of the couplings. Wilson’s method introduces the
concept of renormalisation in the first place without relying on any expansion in the
parameters of the theory, hence we expect to go beyond the perturbative results.
There are essentially two distinguished line of thoughts to implement the ideas presented
above. One of them is closer to the original idea of the Wilson-Kadanoff block-spin
approach, where the RG transformation is carried out by introducing block-spins on
the lattice as new sites and redefine the length of the lattice spacing for the new sites.
In the meantime the redefinition of the couplings are needed Eq. (3.7). This is what
is known as the Wilson-Polchinksi formulation. The other method tackles the problem
from the opposite side: it defines an effective average action for those degrees of freedom
which we integrate out, thus providing a one-parameter family of effective theories on a
given energy scale k. We will use the latter method (Sec. 3.1.3) in our computations,
nevertheless, the basics of the first implementation will be also presented (Sec. 3.1.2) in
order to understand the differences between the two approach.

Before we proceed to technicalities, we will discuss the the definition of a critical system

and its relation to the RG fixed points in the next section.

3.1.1 Criticality and fixed points

As we discussed above, the RG flow takes place in the space of the couplings of the
theory. The main advantage of studying the RG flow is that one can extract general
informations about the second order phase transitions of the system. At criticality
(i.e. ome of the couplings is tuned to criticality, e.g. the temperature 7' = T.) the
dimensionful and dimensionless correlation length (which is measured in the unit of the
lattice spacing a ~ 1/A) diverges: £ = oo, & = £/a = oo (since a < o0), where the
former is the dimensionful and the latter is the dimensionless correlation length. If we
perform an RG transformation on the critical system that maps C — C’, then the new

correlation length will be unchanged:

fdlZS%%Z%ZZHZOO, if ¢ = 0. (3.8)

Here, s > 1 represents the RG transformation by increasing the lattice spacing (in a
similar manner as we introduced it in the previous section). This means that the new
system, which is obtained through an RG transformation, stayed critical. A critical
surface defined by the set of point Cs in the space of couplings for which £; = oco. For
a second order phase transition only one parameter is needed to be tuned to criticality

(e.g. T — T.), hence the critical surface has a co-dimension one (in the direction of
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the tuned coupling). By definition, the critical surface is an invariant subset of the RG
transformation.

If we consider a system that is not at criticality (i.e. {g < o0), the RG transformation
will result in a new correlation length, i.e. &, = £u/s < oo, hence the system is ”less
critical”. If we continue the RG steps the system gets further and further away from

the critical surface. If one starts applying the RG transformation on a system which is

relevant dir.

phys‘ line

Ccrit

critical surface

A

F1GURE 3.1: A schematic picture of a renormalisation group flow in a three-dimensional
slice of the infinite-dimensional space of couplings. The vertical line corresponds to the
physical line, on which one of the couplings of the system is tuned to criticality (the
temperature for instance), i.e. onto the blue surface (critical surface). Various systems
with different colours are defined at criticality (green) or close to criticality (orange,
purple). The RG transformation governs each system on a different trajectory. The one,
which was critical initially (green), stayed critical: it ended up at the fixed point C*.
The other two (orange, purple), which started close to criticality, ended up far from the
critical surface, flowing along the only relevant direction that the fixed point has. They
can be considered to belong to the same universality class, hence their long-distance
behaviour is identical.

on the critical surface it will converge to a fixed point. That is C — C*, when both C
and C* are elements of the critical surface, and C* — C*, i.e. C* is invariant under
the RG transformation. It is worth to emphasise that the RG transformation does not
correspond to an operation which has a physical manifestation: all the systems defined
by the RG flow correspond to the same physics, since the partition function remains
unchanged.

All systems which are defined with some C on the critical surface belong to the same
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universality class since they have the same long-distance behaviour. However, universal-
ity does not only hold for these systems, but also for some systems close to the critical
surface. In fact, it can be shown that around the fixed point, the RG flow behaves as

power law along its (linearised) eigendirections [62, 63]. There are three possibilities:

e The flow goes away from the fixed point C*. The direction in which it flows
away called the relevant (eigen)direction. The coupling which corresponds to this

direction called the relevant coupling.

e The flow approaches the fixed point. This direction corresponds to its irrelevant

direction with the irrelevant coupling.

e If one cannot conclude the behaviour of the flow in a given direction from its lin-
earisation, then it is called the marginal direction, and the corresponding coupling
is the marginal coupling. In this case one needs to go beyond the linear order to
see if the coupling is relevant or irrelevant. The flow in this direction is very slow:

instead being power law, it exhibits a logarithmic behaviour.

The number of relevant couplings can be guessed, of course, since it must coincide with
the co-dimensions of the critical surface. In the case of a second order phase transition,
one parameter is needed to be tuned to criticality, consequently the number of relevant
directions must be one. A schematic picture of an RG flow is shown in Fig. 3.1.

From the linearisation of the flow in the vicinity of the fixed point, it is possible to
compute the critical exponents of the system, too. It can be shown that the value of the
critical exponents classifies different theories into universality classes [62, 106]. Using
FRG approach the critical exponents can be obtained with high precision, and they are
comparable with the results extracted from lattice simulations. In the present work we
will not discuss critical exponents, hence some references are given to the readers who

are interested in such computations: [62, 63, 75, 102, 106].

3.1.2 The Wilson-Polchinski approach

As we mentioned above, the Wilson-Polchinski approach [54] is the closest implemen-
tation of the coarse-graining procedure originally applied to lattice spin models. We
will use here the usual statistical field theory formulation in Euclidean metric. The mi-
croscopic physics corresponds to the theory defined on a scale A and has the partition

function

ZJ] = /dMKA(<P)€_ SVilort] Je, (3.9)
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where we perform the integration using the functional Gaussian measure:
dug, = p@e—% Sy e@ KL @=)e(y) (3.10)
The kernel K ' (v — y) is defined in momentum space as:

Kx(p) = (1 = 0c(p, A)) K (p). (3.11)

with K (p) being the free propagator:

1

K(p) = L (3.12)

The cut-off function 1—6(A, p) is defined to be smooth around the value A with a width
€. As € — 0 the quadratic part of the action becomes just the D-dimensional integral of
the free propagator with the cut-off A. In fact smoothing out the step function is not a
necessary requirement for the definition, but for practical reasons it is more convenient
to do so. We would like to implement the idea of the separation of the rapid and slow
modes that we discussed already at the beginning of this chapter. Let us define again

for all p momenta

o(P) = ¢(P)< + ©(p)>- (3.13)

We split the field in slower and faster modes with respect to a scale k < A. Let us

associate

o) — Ka(p),
op)< — Ki(p),

o(P)> — Ka(p) — Ki(p).
(3.14)

We need to keep in mind that although ¢(p) is being written as the sum of ¢~ (p) and
©=(p), they do not necessarily coincide on the corresponding intervals. Having this
expression we are able to rewrite the partition function in terms of ¢~ and -, but first
we need to show that the functional integration measure can be indeed factorised in the

following way:

dur, (p) = dpk, (90<)d/"LKA*Kk (¢>) (3.15)
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This can be seen most easily for an analogoues one-dimensional integral:

o0

»2
I= /da:e_%, (3.16)

—00

where z = y+ z and v = a+ 8 correspond to p = - + ¢~ and Ky = (K — Ki) + Ky,

respectively. Now, let us define

7 " 2 22
J = /dy / dze 2ae 25, (3.17)
Rewriting
2 2 2 2
Y z 1~ o a 5 T
————=—x—ly—= — T - — 1
2 25 2ap <y f) AT (3.18)

and using the new variable u := (y — %a:) and since the Jacobian of the transformation

(y,z) — (u,x) is unity, we will get:

J = / du dpe ™7 200=22 /2y — 2”70‘51. (3.19)

Not only I < J, but it can be also shown more generally that
[e.e]
2 _y(a) 2 V(y+)
/ e x /dy dze 2ae 28 . (3.20)

We generalise this result to the functional integrals by writing:

/ djure, (p)e Vi) / dpirc, (p<) dircy s, (ps)e™ I Vieres), (3.21)

From this formula with the integration of the rapid mode we can get the RG scale

dependence of the potential Vi:
e— S Vile<) — /d,uKA p (¢>)e*ka(‘P<+4P>)’ (3.22)
5k

and thus the generating functional is

2= [ durg (o)e V05 (3.23)

We did not include the quadratic term in the field into Vj, this is the reason why we
call it the potential. However, in a general case, as soon as k < A terms with ¢ and

its arbitrary order of derivatives will be included in Vi. It is possible to derive the
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RG equation of the potential which is called the Wilson-Polchinski equation [54], the
details can be found in Appendix G . As we emphasised, Vi (p) involves infinitely many
couplings contrarily to the PT where there are only the renormalisable ones. But even
in very crude approximations, the RG from the Wilson-Polchinski approach can provide
non-trivial non-perturbative results. This formulation is mathematically equivalent to

the one we will present in the following.

3.1.3 The effective average action

The Wilson-Polchinski approach to the Wilsonian idea of non-perturbative renormalisa-
tion provides rather formal results using its RG equation. The Hamiltonians obtained
through this type of renormalisation procedure are abstract objects and they are the
Hamiltonians of the slow degrees of freedom (¢~) which were not yet integrated out.
The equivalent formulation of the idea firstly was presented by C. Wetterich and it is
called the effective average action [91, 92]. The idea is practically the same, the cru-
cial difference is that instead of computing the sequence of Hamiltonians through the
RG equations one considers the effective action I'[¢] of the rapid modes and builds a

one-parameter family of models I'y[¢], indexed by the RG scale k, in such a way that:

i When k£ = A no fluctuations has been integrated out, and thus we need to get back
our initial theory, with the bare action defined at the natural cut-off scale A at the

microscopic level, hence

lim 'y, = Spare- .24
kg{}\ L= Sp (3.24)

ii. When k£ = 0 all the fluctuations that were suppressed before are now integrated out.
(Actually it would be more appropriate to say ”integrated into”, that is taking into

account in I'y.) Hence in this limit we obtain the full quantum effective action:

lim 'y =T. 3.25
fim T (529
iii In the case when k < A, but non-zero, we will have an effective theory defined with

the effective average action at the given scale k.

From these requirements we can immediately see the major difference concerning the
role of the scale k in the two approaches. In the Wilson-Polchinski formulation it serves
as an ultraviolet cut-off for the slow modes, while it becomes an infrared cut-off for
the rapid modes when computing the effective average action. It is crucial that the

slow modes play a fundamental role in the Wilson-Polchinski approach, contrary to the
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effective average action method, where they are absent and only the rapid modes count.
For this reason all the information on the model (RG flow, fixed points, correlation
functions, etc.) are incorporated in the main subject of study: I'x[¢]. This latter feature
of the effective average method makes it a more powerful tool compared to the Wilson-

Polchinski formulation.

Now that we sketched the idea, we shall proceed to its implementation. We need to
decouple the slow modes from the rapid ones, for which the most simple way is to give a
large mass to the slow modes. In particle physics this corresponds to a small Compton
wavelength which was identified as the a correlation length of such theories (f/mc). Thus
a large "mass” corresponds to a theory which is far from criticality (since at criticality
¢ — 00), hence the fluctuations are small (suppressed). Now, the idea is to build up a
one-parameter family of effective theories using a scale-dependent artificial mass as an

infrared regulator:
Z|J) = /D(pes[so]ASkWHf T, (3.26)
where the scale-dependent mass was introduced in the following way:

ASile) =

5 /s@(Q)Rk(Q)w(—q)- (3.27)

q

Here Ry(q) is the so-called regulator function which has to fulfil the following require-

ments:

i When £k = A we would like to obtain the bare action. To achieve this, all the
fluctuations are needed to be frozen, hence

lim Ry(q) = oo, Vg. (3.28)
k—A

This will ensure that Eq. (3.24) is satisfied. Technically it is more convenient to

choose the regulator function as A? in this limit.

ii. When k& = 0 we need to obtain the full quantum action Eq. (3.25), hence

lim Ry(q) =0, Vq. (3.29)
k—0
iii for 0 < k < A the slow modes in the interval [0, k] are suppressed and the fast
modes, which have a momentum in [k, A], are not modified and the integration can
be performed on them, hence

Ry(q) ~

finite if ¢ <k
{ nite if g (3.30)

0 if ¢ > k.
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There have been extensive studies on a broad class of regulator functions and their

optimisation [95, 96]. However, we will use only one regulator function throughout this

chapter and we will define this particular regulator function later on, now we just give

an example to illustrate their general shape in Fig. 3.2. As we defined the generating

~.

FIGURE 3.2: The typical shape of the regulator function in the effective average action

method. Slow modes below the scale k are given a large mass, whereas the fast modes

above k are being unaffected. On the figure we can see the regulator function for
different k; values.

functional for the effective theory at scale & we can derive the effective average action

from it. It is straightforward to obtain W}, since it is nothing else but the logarithm of
Zk:

Wi =In Z;.

(3.31)
From here a Legendre transformation would lead us to the corresponding effective action,

but this step is not that obvious. Let us first define 'y in the usual way but let us call
it T

T4lo] = sup (/ Jo - Wk[czﬂ) ,

(3.32)
where

oWy,
= —. 3.33
ola) = %5 (33
One can check whether this definition fulfils the requirements: when k — 0 the limit of
Wy, is just W hence I'), — T'. This seems to be all right. However, taking the k — A
limit we can see immediately that it will not give back the bare action because of the

large term ASy_,a, thus limg_,0 I, # Spare- We need to modify the definition of the
Legendre transformation of Wy, in a way that it will give us the right I'y:

riol =su ([ 70— wiiel) - 5 [ oo,

(3.34)
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From this definition we will still get the full quantum action in the limit £k — 0 and it
will give the right result in the limit & — A, i.e. limg_o 'y = Spare. We will show the
latter in the following.

Let us start from the definition of I'y, and express J(z) from it:

7@ = 52 [ Rt - )0, (3.35)
Yy

Now, we are going to substitute Eq. (3.34) and Eq. (3.35) into the definition of W), which
yields:

oo (=sid+ [ §ES o) - o)

e (=3 [ (pl0) — o) mla =)o) —0)) . (330

)

In the limit £ — A the regulator function diverges and

Jim exp <—; /w y(s@(x) —¢(2))Ri(z — y)(p(y) — ¢(y))> o 0(p — ). (3.37)

)

Plugging it back into the Eq. (3.36) and taking the kK — A limit gives:
Tyl
e Tl /D(pe Lo To (@ ))5(g0 ¢) = e 59, (3.38)

This yields indeed I'x[¢] — S[¢] when k& — A is performed, hence the right definition of
I’y is provided by Eq. (3.34).

We are interested in the RG scale dependence of I'y. It is being described by the so-
called Wetterich equation [91-93], for which we present its derivation in Appendix G.
The Wetterich equation is an integro-differential equation for the average effective action

and it reads as

2Jq

ore = [ okl (120 + B) (0.-0) (3:39)

The inverse in the bracket must be understood in operator sense. There is a more

compact form of the Wetterich equation which reads as:
r® -
milo] = 5 o (k) + 10 (3.40)

where we introduced the variable t = Ink/A and the trace is there to indicate the
integration over the momentum ¢. There are several properties of this RG equation of

the effective action which are worth to mention.
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e If at scale A the action S is invariant under a group G, then this group must
be also a symmetry of the average effective action defined in Eq. (3.36) for all &.
Nevertheless, there are theories with gauge symmetry which is broken explicitly
when a mass term is introduced. The symmetry breaking term can be controlled
by modified Ward identities that become the true Ward identities in the k& — 0
limit [76]. However, it remains still an issue to develop a well controlled technique

for RG flows in gauge theories.
e The Wetterich equation can also be derived for theories which involve fermions.

e [t is worth to mention that the Wetterich equation is very similar to the derivative
of the one-loop effective action which can be obtained from PT. In that case we

have the following loop expansion of the effective action

T =S +hl, "% + O(h?). (3.41)

To one-loop order F,(f) can be replaced by S@ in the Wetterich equation (RHS of

Eq. (3.39)) which yields
grLteor — %Tr [@Rk (s<2> n Rk>1] - %atTr n(S@ + Ry). (3.42)
Integrating this respect to the scale ¢ gives:
pl-loor — g 4 %Trln S 4 const. (3.43)

This is just the formula of the one-loop effective action [9]. Furthermore, if we
-1
make the identification of Gi[¢] = (Fl(f) (@] + Rk) as the full propagator, then

we can construct a diagrammatic representation of Eq. (3.39), see Fig. 3.3.

q

Oy =

—q

FIGURE 3.3: The one-loop structure of the Wetterich equation Eq. (3.39). On the RHS
the line with arrows corresponds to the full propagator with momentum q. The ”X”
corresponds to the insertion of the operator 0; Ry.

The 0;Ry term in the one-loop integral makes the result convergent in the UV,
hence the Wetterich equation is regularised both in the IR and in the UV. All diver-
gencies which show up in PT are avoided and we can obtain the RG flow directly,

without computing the relationship between bare and renormalised quantities.
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e In the expression of Eq. (3.39) the scale k£ has the role of an IR regulator scale,
hence for k£ > 0 there is no phase transition and as a consequence there is no
singularity in I'y (which is essentially the Gibbs free energy). If there is a second

order phase transition it can be observed only when k — 0.

3.1.4 Approximations of the effective average action

The RG equation (3.39) is of course an extremely complicated expression, thus, apart
from a few exceptional cases (e.g. in the large-N O(N) model [94]), we will need ap-
proximations in order to solve it. There are two widely used approximations to solve the
Wetterich equation. In both cases we are working in a restricted functional space, where
we do not use an expansion in some small parameter of the theory. As a consequence, we
expect that our result is non-perturbative. The first approximation is called the Green’s
function approach, where we build up an infinite tower of functional integro-differential
equatios for the correlation functions derived from Eq. (3.39) by differentiating it with
respect to the field and taking them at some specific field configuration (vanishing or
uniform field configuration). At some point we need to truncate these equations, of
course. Detailed discussion of this approximation scheme and some improvements can
be found in [55, 56, 83].

The second (and the most popular) type of approximation is the so-called derivative
expansion, which implicitly assumes the regularity of the effective average action. This
eventually should be true when k& > 0, and hence, it can be expanded in terms of d,¢.
One can argue beside this approximation that we are interested mostly in the large dis-
tance physics, and thus we will keep only the lowest terms in 9,,¢, but we will keep all

orders of ¢:

= [ (Vo) + 320 0,60 ) + 00", (3.44)

The most important information from the point of view of the statistical mechanics is
contained by the effective potential, limg_,q Ug. Therefore, it is still going to give us
reliable results if we project the RG equation Eq. (3.39) on the effective potential. This
approximation is called the Local Potential Approximation (LPA) and it is defined by
taking the fields at uniform field configurations: I'y(¢uni) = QUk(¢uni), where Q is the

spatial volume of the system. In this case the effective action will have the form:

L= [ P (U(6(@) + (Bu0(a)?). (3.45)



Chapter 3. The Functional Renormalisation Group Study of the O(N ) model 87

Here, we also set Z; = 1.
In the next section we are going to briefly discuss the O(/N) model and consider its RG

equation of the effective potential in the framework of FRG.

3.2 The O(N) model in the framework of FRG

The O(N) or N-vector model is the straightforward generalisation of the * theory with
the quantum field being now ¢ = (¢1, @2, ..., on). Due to its relative simplicity it is one
of the most extensively studied models in quantum filed theory and in statistical physics.
The action that defines the model has a symmetry under N-dimensional rotations, hence
the parameter N can be considered as the dimensionality of a classical spin. In fact,
depending on N (the number of components) the model describes for N = 1 the Ising
model, N = 2 the XY model (spins rotating in a plane), N = 3 the Heisenberg model
(spins rotating in a three-dimensional sphere) (see Fig. 3.4), and for N = 4 it serves
as a toy model for the Higgs sector in the standard model or for low-energy meson

phenomenology. In the following we are going to derive the RG equation of the effective

O(1) O(2) 0@3)

Q 6 6 =:::I.‘.f.'f.'_"f,'_'ff.'f,':::: T )
338 <
'X; 9 4 -

(4) (B) (©)

FIGURE 3.4: The spin models corresponding to various O(N) models. (A) is the

Ising model with O(1)2 Z, symmetric spins on a lattice, (B) is the XY model with

0O(2) symmetric spins on the lattice sites and (C) is the Heisenberg model with O(3)
symmetric spins defined on each site.

potential for the O(N) model. Every term in the action is invariant under the N-
dimensional rotational group, therefore, technically it is more convenient to work with
the invariant variable of the theory:

1
p= §¢>2. (3.46)

Now, there is also another technicality that we need to take care of. Since we wish to
study critical systems, where practically we have to work with singular dimensionful

quantities, we should use dimensionless quantities instead. This means that in order to
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keep the rather simple notations we had so far, by abuse of notation, we will redefine our
dimensionful fields and couplings with a ”bar” and we will define the dimensionless fields
and coupling without bars. For the dimensionful effective potential we will use Uy and
the corresponding dimensionless potential is ug. That is, since we have the canonical

dimensions:

U)=k",  [@l=k"7 =[o=k""2 (3.47)

u = ka, ¢ = D2 = pP = m (348)

We start with the Wetterich equation Eq. (3.39) and use the LPA Ansatz Eq. (3.45) for
the effective action, which yields (see Appendix G.1.3)

6U—1/quaR()( o1 ! ) (3.49)
T2 ) e Y\ @I R+ UL T @ Rl UL 2007 )

So far, we have not introduced the regulator function Ry explicitly, but we have to do
it at this point in order to be able to evaluate Eq. (3.49). By using the optimised (or
Litim’s) regulator [95],

Ri(q®) = (K> = ¢*) 0(k* — ¢°), (3.50)

which satisfy the criteria in Sec. (3.1.3), one can evaluate the integral in Eq. (3.49)
analytically, which we will show in the following. We can rewrite Eq. (3.49) into D-

dimensional spherical coordinates and integrate out the angular part to obtain:

7L N-1 1
U, = drz2 'O,R + , (3.51
tVUk ’UDO/ X T t k(Q) <q2+Rk(Q)+U£¢ q2+Rk;(Q)+Uk+2PU£{> ( )

where 2 = ¢% and vp comes from the surface of the D-dimensional unit sphere and the

factor of 1/2, with the explicit expression:

1
D = 9D+1;D/21(D/2)’

(3.52)

Both of the terms in the integrand have essentially the same form. Hence, it is more

convenient to introduce:

v [ OiRia)
I(Q) = O/dm: 1q2+Rk(q) 0 (3.53)
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The term €2 in the denominator is a ¢ independent object. We will use the dimensionless

regulator as a function of y = ¢?/k?:

) =40 - 2

: (K — @) 0k — %) = (; - 1) 6(1-y). (3.54)

and the logarithmic derivative of Ry by the scale k:

O Ry, =

1or(y)oy 1 0r(y) koL <p2

¢ k2

= — _2 2./ —_ _2 / ) '
¢ oy ot ¢* Oy ) ar(y)y zr'(y)y (3.55)

We continue by substituting Eq. (3.55) into Eq. (3.53):

o0

Q) = /dmx
0

D_4q —Q%T/(y)y
= /dxaﬂ — il
m(+7r) + =

-1 _2937",(9)3/
a®+ Ri(q) + Q

m‘b

0

D —2r'(y)
= kP [ayyztt T 3.56
/yy2 y+yr(y) +w’ (3.56)

where w = /k?. Now, the integrand is being expressed by fully dimensionless quantities,
and the dimensionless integral can be denoted by I(w) = I(Q)/k”. Using the definition

of Litim’s regulator in the dimensionless form given in Eq. (3.54) yields:

) ~ Lo -y + (L-1) 801 -2)
)= _Q/dyy y—i—y(( 1)0(1—y)>+w

1
1 4 1
= Q/dyyé’l == . (3.57)
0

l1+w Dl+w

Here, in the nominator we used the fact that the derivative of the dimensionless regulator

"(y) = —;29(1 —y)+ (; - 1) 51— ). (3.58)

Using the result above, we can write down the RG equation for the effective potential
given in Eq. (3.49) as

EP(N —1) kP
0:U, = Ap < 1 +u;€ + 1 —|—u;€ +,0U/k,> . (3.59)
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On the RHS we substituted into w the corresponding expression from the denominator
of Eq. (3.49). We defined the D-dependent factor Ap:

1
YD = 9D—1;D21(D/2)D"

Ap = (3.60)

Now, we need to factor out the scale on the LHS of Eq.(3.59), too. Differentiating the

potential with respect to the scale gives:

dk dk dk

Now, let us compute the second term in the bracket, where we need to keep in mind

that since p can be arbitrary p must depend on the scale:

dug(p) Jug(p) dug(p) Op
pAUE\P)  _ D P D op
T T P
_ 09u(p) _|_kDauk(/0) k> Pp
ok ap ok
Aur(p) Qur(p) 1-p
_  .DYUK\P D P)i1-D oo _
= WP P SR p(2 - D)
— kP71 (Brulp) + (2 - D)ug(p)p) (3.62)

where, when we took the partial derivative of the potential respect to k, the dimensionless
field variable p was understood as a fixed quantity. Now, by substituting Eq. (3.61) with
Eq. (3.62) into Eq. (3.59), we will obtain the RG equation for the dimensionless effective

potential:

Ap Ap

0, =-D D —2)pu) N -1 .

(3.63)

This equation is going to be our main subject of study. In the following, we will discuss

the spontaneous breaking of the symmetry in the O(V) model.

3.3 The O(N) model and the spontaneous breaking of sym-

metry

Spontaneous symmetry breaking (SSB) is a cornerstone concept in a variety of systems,
ranging from field theory and particle physics to statistical mechanics and interacting
lattice models. The study of the occurrence of SSB play a crucial role in the theory
of phase transitions and in the characterisation of ordered phases and it highlights the
interplay between SSB and the dimensionality of the system: this interplay is custom-

arily expressed by defining a lower critical dimension Dy, for which SSB cannot occur
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[57]. A celebrated exact result connecting SSB and dimensionality is provided by the
Mermin-Wagner-Hohenberg-Coleman (MW) theorem [58-60]. According to this theo-
rem a continuous symmetry cannot be spontaneously broken in less than or equal to
two dimensions, hence the lower critical dimension is D, = 2. This theorem has been
formulated for classical systems [58] and then extended to quantum systems [59, 60]. For
magnetic systems with continuous symmetry it rules out the possibility of having a non-
vanishing magnetisation at finite temperature in two dimensions, and for 2D interacting
Bose gases predicts that no Bose-Einstein condensation occurs at finite temperature [59]
(for Bose gases this result has been extended to zero temperature [61]). As it is well
known, even though the Mermin-Wagner theorem rules out SSB and the existence of a
local order parameter in two dimensions, nonetheless the Berezinskii-Kosterlitz-Thouless
(BTK) transition may yet occur for the U(1) symmetry and it signaled by the algebraic
behaviour of correlation functions in the low temperature phase [62]. The Mermin-
Wagner theorem for the O(N)-symmetric scalar field theory states that for N > 2 in
two dimensions no SSB occurs. Although originally formulated in integer dimensions,
this result was later extended to graphs with fractional dimensions [64]: in this way one
can explicitly show that for N > 2 there is no SSB for D < 2, with D being real, while
SSB occurs for D > 2 [65]. In [66] the study of how O(N) universality classes depend
continuously on the dimension D (and as well on N), in particular for 2 < D < 3 was
recently presented. The Ising model, i.e. the N = 1 case, is different from O(N) models
with continuous symmetry (N > 2) because the symmetry is discrete: in two dimensions
it notoriously has a finite temperature phase transition [67] and it can be shown that
this happens for D > 2 with D real [68]. The large-N limit of O(N) models is also
interesting because for N — oo it is equivalent to the spherical model [69], which is
exactly solvable [70]. The O(/N) model represents then an ideal playground to study the
interplay of SSB and dimensionality and to test whether (and how) the appearance of
SSB depends on the approximation schemes. A powerful method used to consider the
phase structure of a model, and consequently to study the appearance of SSB, is the
FRG method [14, 71-77]. The O(N) model has been extensively studied using FRG
approaches: as relevant for our purposes, we mention that it was used to study, as a
function of dimension, the critical exponents of O(N) models [66, 78, 79] and to investi-
gate truncation effects and the regulator-dependence of the FRG equation [80-87], while
a FRG study of the critical exponents of the Ising model for D < 2 was presented in
[78]. The study of single-particle quantum mechanics can be seen as a ”low-dimensional”
statistical mechanics model: FRG studies addressed double well potential and quantum

tunneling [88, 89] and quartic anharmonic oscillators [90].
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3.4 Mermin-Wagner-Hohenberg-Coleman theorem for the

O(N) model in the framework of FRG

3.4.1 MW theorem for finite N

In this section we will consider the problem of determining the lower critical dimension
Dy, for the O(N) model for a finite NV in LPA. In order to consider the appearance of
SSB in the O(NN) model for finite N, let us start with the following fixed point equation,
which is obtained from Eq. (3.63). By setting d;u = 0

Ap(N —1) n Ap
1+ 1+ +2pu""

Du— (D —2)pu’ = (3.64)

The LHS of the RG Eq. (3.64) is linear in the effective potential. The RHS depends on

the effective potential and its derivatives non-linearly, thus, we introduce the notation

Lp Du(p) = (D —2)pu'(p), (3.65)

Ap Ap
NLP = (N -1 3.66
N = DTy T T wt) + 200 (3.66)

where LP (N LP) stands for the linear (non-linear) part. The fixed point equation (3.64)
for the potential, using the notations in Eq. (3.65)-Eq. (3.66), reads then LP = NLP.
In the large field limit (p — oo) the potential could be diverging or bounded, hence
tending to a constant value. However, we need to assume the analyticity of the effective
potential for finite field values [109].

Let us consider first the case when u(p) is diverging in the large field limit. In this
case we need to distinguish three sub-cases according to the behaviour of the derivative,
u/(p), since it can be diverging, tending to a finite value or to zero. In the case when
u’ is also diverging NLP tends to zero, hence the asymptotic form of the differential

equation is:

Du(p) — (D — 2)pul(p) = 0, (3.67)
yielding the solution:
_D_
Ugs(p) = apD-2. (3.68)

Due to the stability requirement of the potential, that is u has to be bounded from

below, a is forced to be a positive real. We can then write the form of the potential as

u(p) = g(p) +ap?2, (3.69)

where, g(p) vanishes in the large p limit. We are looking for the minimum pg: let us

differentiate Eq. (3.69) and take it at p = pg, which is assumed to be the minimum.
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Performing this operation one gets
L1
0=2g(po) + 55 0 (3.70)
From this pg can be expressed as
d(p)\ T (D-2\"T
e (40) 7 (2o2) -

We can now distinguish three sub-cases:

e for D > 2 the second factor in the expression of the minimum has a positive real

value. We have established already that in the first factor the denominator « is
positive. Therefore ¢'(pg) must be negative or zero in order to fulfil Eq. (3.70).
Hence, altogether, the fraction in the bracket must be positive independently of the
dimension. So, we found that for D > 2 the minimum py can be either vanishing
or a finite positive number. This latter case indicates that the presence of SSB is

possible.

for D = 2 the second factor gives a 0°, which is indeterminate, or alternatively
one can define it as 1 if we consider the D = 2 case as a limit (D — 2). In this
instance what one can see already from Eq. (3.70) is that if we assume pg to be
a positive real, then ¢'(pg) should be —oco to compensate the second term. So, if
we consider the limit D — 2 in Eq. (3.71), then py = oo, which means there is no
finite positive minimum to consider, therefore no SSB occurs in D = 2 limit [104].
However, this analysis is not sensitive to the number of the field components N.
In the special case, when N =1 (i.e. Ising model) we would need to observe an
SSB phase in D = 2 as well. From this argument it is not clear how to achieve
this. The answer to this question can be found in Section 3.5.1, where the Taylor

expansion of the effective potential is used.

for D < 2 one can immediately see that the second factor in Eq. (3.71) is going
to have complex value(s). From Eq. (3.70) we can conclude that ¢'(po) > 0 for
D < 2. The only value for ¢'(pg) that makes Eq. (3.71) physically sensible is
when ¢'(po) = 0, therefore the potential cannot have a true extremum (minimum)
anywhere else than py = 0. This clearly shows that there exists only a symmetric

phase for dimensions D < 2 in the LPA.

Now, we will consider those two cases which are left, namely, when u(p) diverges and

u(p) tends to zero or to a finite constant and the case when wu(p) itself tends to a

constant with the consequence that u/(p) is tending to zero. In all of these three cases
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the asymptotic form of the fixed point equation (3.64) reads:
Du(p) — (D = 2)pugs(p) = ¢ (3.72)
Its solution is
C 4 app (3.73)
uas(p) - D + ap .

Hence, the full potential can be written in the same way as in Eq. (3.69). Now, in the

first two cases when u(p) is diverging, g(p) can have arbitrary behaviour. In this case

exactly the same arguments hold as those discussed above for the u/(p) — oo scenario.

On the other hand, when u(p) is a constant in the large field limit, we have a more

subtle case. From Eq. (3.69) we would demand to tend to a constant, i.e. to ¢/D, as we

see in Eq. (3.73). Here we can have three different situations:

e When D < 2:

D

. . _D (&
Jim u(p) = lim g(p) +ap L

[

Ya > 0.

(3.74)

Thus g(p) — ¢/D. And hence, if we write down Eq. (3.71) we will find the same
answer: the only physically sensible solution for it is when ¢'(p) = 0, which implies

po = 0, and as a consequence there cannot be a SSB.

When D > 2 the only way to get a constant in the large field limit is to set a to

Zero:

. . D ¢ _
plgr;o u(p) = plggog(p) +apP? = 5, if a=0. (3.75)

In this situation in Eq. (3.71) we are going to face the expression of ¢’(pg)/0 which
can only be compensated to give a finite value iff ¢’(pg) = 0, too. Since g(p) tends
to a constant this can be achieved if it converges very fast. This argument is rather
handwaving, however, from this analysis this is the most that we can extract. If
we assume that ¢’(pg) = 0 in a way that limgy 4 ,0¢'(po)/a € R™ (i.e. g(p) is
decreasingly approaching the constant value), indeed, we are going to have a finite

positive expression for the minimum in Eq. (3.71).

When D = 2 we will face with divergences again, just like in the case when

u(p) = oo. The same argument can be done here, as it was done there.

We also need to give a small remark whether the extremum we consider can be truly a

minimum. To get the answer to this question, we need to analyse the second derivative

of the effective potential. More precisely, we need to show that u”(pp) > 0. From
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Eq. (3.69) the second derivative of the potential at p = po reads:

_D__9
a (725 ~1) Doy

53 + 9" (po)- (3.76)

u"(po) =

Now, since we established that a > 0, the first term provides a positive value whenever
po > 0 (apart from the case when a = 0). Hence, the positivity of the expression in
Eq. (3.76) depends on the value of g”(pp), which we do not know precisely, but the most
important fact, that is the possibility of u”(pg) > 0, is not excluded at all. Thus, the
analysis we provided above holds.

As a conclusion: the analysis that was presented above in the finite N case when we have
a potential that diverges asymptotically, the Mermin-Wagner theorem can be established
with the question mark on the case of D = 2. When the potential is bounded from both
directions (like in the Ising model in D = 1 and D = 2 [110]) one needs to make a few
assumptions to prove the MW theorem in the framework of the FRG at the level of the
LPA. In Section 3.5.1 we will show that, indeed D;, < 2 when N =1 and Dy, = 2 when

N > 2. In the next section, however, we will consider the large-N case first.

3.4.2 MW theorem for the spherical model

In this section we consider the O(N) model in the large-N limit which is equivalent to
the spherical model [69]: thus we can neglect the terms in Eq. (3.63) which are of order
1/N. To see this we are going to rescale Eq. (3.63) by an irrelevant parameter (ApV),
and considering the new variables p — p/(ApN) and u — u/(ApN). The derivative of

the potential remains invariant under this rescaling v’ — % ='. As a first step,
we divide the RG equation (3.63) by ApN:
U P, U 1 1 1 1 1
0 =(D -2 -D — - — — . (3.7
vl vy vty v ety v wra il v wrv s P S
Next we perform the rescaling
1 1 1 1 1
Ou= (D —2)pu' — D - — —_— 3.78
b = ( Ju YT w T NI+ TNTr o 2 (3.78)
By taking the limit N — oo the following terms remain:
Ou= (D —2)pu’ — Du + (3.79)

1+u

This simplified expression represents the RG equation for the effective potential in the
large -V limit of the O(/N) model in arbitrary dimension. From Eq. (3.79) we can extract

some useful information. First we should differentiate it with respect to p in order to
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get an equation for the derivative of the potential. It reads then

u//

;. / " /

(3.80)
Since in a physically reasonable theory the potential is bounded from below, we can
assume that this potential has a global minimum at some p = pg. For pg we have
the following value for the derivatives of the potential at the fixed point: u'(pg) = 0,
u”(pp) = A\. Assuming that the quartic coupling A is finite, we have then the following

equation:
0= (D —2)poA — A, (3.81)

with the solution
1

PO= 5y (3.82)
which determines the cases where the minimum of the potential can be found in the
large-N case. There is SSB if the potential has the minimum at some finite pg > 0: in
the case of Eq. (3.82) we can satisfy this condition for D > 2. For D < 2 we find py < 0,
hence in view of Eq. (3.46) there will be no SSB. The D = 2 case seems to be undefined
again, since pg — oo in this limit. However, if the minimum of the potential is sent
to infinity one cannot define a proper real minimum. The absence of a finite minimum
indicates the absence of the spontaneous symmetry breaking for D = 2 dimensions. This
can be also seen by solving Eq. (3.80) using the method of characteristics [104], [94].
The large-N limit is a frequently used technique [53, 105], where the results obtained

can be considered as exact ones, since the LPA approximation can be considered as an

exact approximation when N — oo [94, 106].

3.5 The phase structure of the O(/N) model

3.5.1 The Vanishing Beta Function curves

In the following, we are going to use the most common Ansatz for solving the equation
3.63. Namely, it is the Taylor expansion of the effective potential in the field vari-
able. First we are assuming that we can expand the potential in a Taylor-series around

vanishing field. That is:

Z,' . (3.83)
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For the sake of simplicity we are going to use the following notations for the coefficients
A = ud (0). The scale-dependence is encoded into these dimensionless couplings. Most

2 sometimes for

of the times we are also going to use for the quadratic coupling Ay = m
the quartic coupling Ao = X\ and A3 = 7 for the sextic coupling. Keeping this in mind,
we can look at the flow equation of the effective potential and differentiate it once, then

evaluate it at p = 0. So, we get the flow equation for the mass

3MAp _ (N —1)\Ap
(14 m2)? (14 m2)?

oym? = (D — 2)m? — Dm? — (3.84)
If we are looking for the scale independent solutions (i.e. the fixed point solutions) of
this partial differential equation, one can take 9ym? = 0. By doing this, we can express

A by using only the mass term

2m?2 (1 + m2)2

(24 N)Ap

(3.85)

This curve defines the value of A, provided 9;m? = 0, i.e. this relation is only true
when the mass stopped running [43], [103]. If one does not have quartic coupling, i.e.
A = 0, then the solutions for this equation are just the roots of A\(m?), that is m? = —1
or m?> = 0. Now we derive the flow equation for the quartic coupling, too. To do so,
we need to perform the same idea as before, but now we need to differentiate the flow
equation of the effective potential twice with respect to p and only then evaluate it at

p = 0. One will have then:

18)2 5T
OX = 2D—2)A—DX+ A -
' (b-2) Y [((1+m2)3 (1+m2)2>

tH-1) ((1 i?;)?’ G +Tm2)2>} ' (3.56)

Again, if we are interested in the fixed point of the equation we need to take 0;:A = 0,
which enables us to express the sextic coupling as 7 = 7(\,m?). If we are looking for
the fixed points of both equations Eq. (3.86) and Eq. (3.84) we can express the sextic
coupling by only using the mass as an explicit parameter: 7 = 7(A(m?), m?) = 7(m?).

This looks as follows:

2m? (1+m?)* (D (1+m?) 2+ N) — 4 (2+ N +2m3(5 + N)))
- (2+ N)2(4 + N) A% '

S (3.87)
This function defines the value of 7, provided ym? = 0 and 9\ = 0. When we are
looking for a fixed point for the whole system of equations we need to set the LHS of
Eq. (3.87) to zero (which sets d;7 = 0 automatically), thus providing the values for

m? where the fixed points are found. The general statement is the following: one can
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2

express the nth coupling simply by using the mass term m~ as an explicit parameter.

This nested formula has the following form:
M= A A1 ( Ao (m?))), m?) = Ap(m?). (3.88)

It is straightforward to prove this using induction (see Appendix H). As a consequence

one can find a formula which tells the general form for the nth coupling for n > 2:

in/2) n=2n-2 o
A= (c1H 2 w21+ m2)" 33 fis(NO)m?) DI (3.89)
AT (20 + N)l(n=1)/i i=0 j=0

=1

Here the notation [.] means the integer part of its argument and f; j(IN) is an integer
valued function of N, where « is an integer, too. From Eq. (3.89) we can conclude that
(apart from the prefactor which depends only on N and D) ), is a polynomial of m?
over the integers, which has roots at m? = 0 and m? = —1 for every n > 2. Another
interesting consideration is that Ao is the greatest common divisor of all the A\, VBF
polynomials, n > 2. Of course, there are much more roots in the complex numbers
domain in general (actually the number of roots are growing with n), but we are only
going to consider the real ones, for which the physics is meaningful. However, in special
cases like in D =4 and 4 < D < 6 in the large-N, one can observe a convergent series
of the unphysical roots on the complex plane from which the physically sensible results
can be extracted. It is worth to emphasise that Eq. (3.89) is the most general form of
the couplings \,(m?), their qualitative behaviour highly depend on the dimensionality,
as we are going to see later on. It also depends on the number of the fields N, of course,

but this dependence is rather quantitative.

The coupling A\, = \,(m?) in Eq. (3.89) defines a curve in terms of m? on which
OtAn—1 = 0, i.e. the beta function of the (n — 1)th coupling, vanishes. But we know
that A\,—1 = An_1(m?) (which we have already in hand, otherwise we could not build
up An(m?)) defines a curve on which d;\,_2 = 0, and we can continue this till n = 1.
For this reason from now on we will refer to the curves defined by Eq. (3.89) as the
Vanishing Beta Function (VBF) curves.

As a next step we would like to extract the fixed points of the theory. The VBF curves
of course define the possible values of the couplings for the fixed points. In order to
find a fixed point we need to perform the following procedure. The VBF )\, defines a
curve where O:\,_1 vanishes, but it does not say anything about 0;\, itself. The curve
which on 0;),, vanishes is defined by A\,11 = Any1(m?), and so on. But we need to cut
our Taylor expansion at some order, to be able to carry out real computations. Let us
say we truncate it at the nth order, but then again we would need the beta function

of A\, to be zero, which is encoded in the VBF defined by A,+1. Since we expanded
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the effective potential in Taylor series until the nth order, clearly we cannot construct
that curve. The only way to get 9\, = 0 is to set \,(m?) = 0 which gives zero for
its beta function automatically. In other words, assume that we would like to have an
(n — 1) order expansion, but before we do so we do not set A, = 0 for the moment. If
An were not be zero we would need its beta function to vanish, too, in order to find a
fixed point. But we do not want to compute its beta function, because at the end we
are satisfied with an n — 1 order expansion. Since we did not set A, to zero yet, we can
express it through the vanishing beta function of the (n— 1)th coupling because its fixed
point equation has the form 9;\,_1 = 0 = F(m?) + \,,, where F(m?) is a polynomial in
m?2. Now, \, = —F(m?), which just defines its VBF curve. Since we did not want to
have this term (i.e. the nth), we can set F(m?) = 0, which is satisfied at its roots m3s,
hence A\, = 0, too. Thus, although practically we expanded the effective potential till
the order n and we were able to construct the VBF curves all the way till order n, we
must find the roots of the nth VBF curve to set the nth coupling to zero, which would
imply by construction that d;A,, = 0. To make a long story short: we have to solve the

following equation
An(md) =0, (3.90)

where m2 represents the roots of the VBF curve \,(m?). We need to evaluate the other

2 = m2 points to obtain the value of all the dimensionless

n — 1 VBF curves at these m
couplings at the fixed point, and thus define the truncated effective fixed point potential.
So far so good, but let us suppose we find a fixed point potential which is unbounded from
below, i.e. defines an unstable theory. That obviously must be wrong, hence we need to
bring into play another restriction: since the potential is a polynomial, the asymptotics
(i.e. the boundedness from below for large field values) depend on the highest degree
term in the polynomial. As a consequence we need to exclude the m% roots that give
An—1(m3) < 0 coupling, which is the coefficient of the highest degree non-zero term in

the polynomial expansion.

In general we can sum up all these requirements in the following way. Let us define the set
M = {m} € R|\,(m) = 0}. A stable fixed point effective potential can be found by sub-
stituting all m$ € M into the n—1 VBF curves { A\p—1(m?), An—2(m?), ..., \o(m?), \; = m?}
provided /\n_l(mg) > 0. (If it happens to be zero, too, one need to apply this rule for
the VBF \,,_2(m?), and so on). In other words, the set of mZs which defines a true fixed

point is

M* = {mf € R\, (m) = 0 A Xp1(md) >0} (3.91)
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In the following, some example are presented individually for D < 2, 2 < D < 4 and
D > 4, starting with D < 2.

3.5.2 VBF curves for D <2
3.5.2.1 Continuous symmetries (N > 2)

The Mermin-Wagner theorem essentially states that no spontaneous breaking of contin-
uous symmetry is present in systems of D < 2. In [66, 79] a numerical evidence was given
in the framework of the FRG that the MW theorem indeed holds, here a beyond LPA
scheme was used, where the wave function renormalisation was taken into account, too.
We have shown in Section 3.4, using analytical considerations, that the MW theorem
is not violated even at the LPA level. We will verify the MW theorem for the case of
the expanded potential (where this statement cannot be seen directly) by applying the
rules that have been settled above. Although the title of this section suggests to include
the case of a system with D = 2 and N = 2, we will perform our analysis using D = 2
with NV > 3, since in the former case an infinite order BTK phase transition is present
(197, 98]), as it was mentioned above. To detect this kind of symmetry breaking the
LPA is not sensitive enough, as we could see in Section 3.4. However, beyond LPA the
BTK phase transition can be observed in the framework of FRG [99-101].

Using Eq. (3.89) for D =1 and D = 2 case one can find a simplified expression for the
nth coupling

n—2
An o (=1)™ (1 +m?)™ Y~ gi(N, D)(m?)". (3.92)
=0

Here we only indicated the polynomial structure in m?, although the prefactors are

slightly modified, too. The coefficient functions g;(N, D) are defined as follows:
n—2 )
gi(N,D) =" fi;(N*)D’. (3.93)
j=0

Interestingly, when setting D < 2 the finding is that all the g;s are positive for every
term, at least till the highest order (n = 45), that has been considered in the expansion,
this is the observation. This fact suggests that the roots (which are not complex) must

be either negative or zero.
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Let us find the fixed points according to the rule that has been established in the previous

section, using N = 3 and D = 2. The following VBF curves are found:

>\2 = —%TmQ(l +m2)25

6472 23 2

- 1 2
s s (L4 m?)%(5+ 27m?),
1273

A = _57877; m?(1+m?)* (25 + 670m” + 1671(m?)?) ,

40967*
s = z

e (L m?)? (175 4 18595m? 4 161115(m”)” + 254799(m?)?)

(3.94)

Considering only the real roots, we can find that they are all situated in the interval
[~1,0]. In Fig. 3.5, one can see the plot of the VBF curves versus m?. The mere fact

that we can find roots is against the Mermin-Wagner theorem, because for that to hold

true, we should have no roots at all, except at the ending points of the interval [—1,0].
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FIGURE 3.5: The VBF curves for the couplings Az, A3, Ay and A5 in the O(3), D = 2
model . Each curve is defined by the vanishing beta functions: 9;m? = 9, Ay = O A3 =
d¢Ag = 0 respectively. The roots for \s(m?) are indicated by black dots. These roots
are going to define the fixed point potentials at the truncation level n = 4. Two of
its roots are indicated by a green dot and a red triangle to demonstrate a valid and a
false fixed point, respectively. At the green dot (m? ~ —0.484) we find that Ay > 0,
and evaluating A4 at the red triangle (m? = —0.137) we get A4 < 0, hence defining an
unbounded potential, See Fig. 3.6. On A4 and on A5 a scaling is performed for the sake
of the presentation.

We found true fixed point potentials at a finite truncation level according to Fig. 3.5,
which should not be there as a consequence of to the MW theorem. The situation is
getting worse when we go to higher order in the truncation: indeed, in this case we are
going to have more zeros, hence more and more fixed point potentials emerge. How can
we resolve this contradiction? One way would be to overcome this situation is that all
the roots between —1 and 0 turn into complex valued as we go to higher order. However,

from the order of the expansion we used, we cannot put our hope in this. There is another
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scenario, too. Let us analyse the VBF curves more carefully. Apparently, one can find a
pattern of the roots for the VBF curves: evaluating the \,,_1 VBF at each of the roots
of A, one will find real numbers alternating in sign starting from the closest root to —1
with sgn A,_1(m?) = +1 (here the 1 in the subscript indicates the closest root of A, to
-1). For instance in our example in Fig. 3.5 that was m? ~ —0.484 corresponding to the

stable potential (Fig. 3.6).
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FiGUurRE 3.6: The fixed point potentials evaluated at the fixed point discussed in
Fig. 3.5. A stable potential can be obtained for m? ~ —0.484 and an instable one
for m? = —0.137, which are indicated on the figure by w, u;n, respectively.

In other words, from the set M defined above, we will consider only M \ {—1,0} and
the claim is: if we make an ordering from the smallest value to the largest in this set,
then every odd element of M \ {—1,0} is in the set of M* \ {—1,0}, hence for every
such element \,_1 > 0 thus defining a stable potential. So, we are still going to have
fixed points even though the number of them is halved by taking into account only the
fixed points which define stable potential. It seems that this procedure does not help
too much, but, actually, by doing this, we can extract some useful information: each
root of the A\, VBF is surrounded by the roots of the \,_1, otherwise the alternating
signs that was explained above could not be possible. So, it means that by deriving
higher and higher order VBF curves the position and the number of roots change in the
way that all of the previous roots are around the new ones, see Fig. 3.7. Let us call
this interesting pattern of the set of roots the M™* pattern for future use. We can do
one thing with this without knowing anything about the structure but the root pattern

statistics: we can simulate a sequence of sets of points which behave in this way.

Let us consider a randomly generated number X7 which can take a value in the interval
(—1,0). We generate this number and then we consider two new random numbers:
X1 and X2. The first one can take any value in the interval (—1, X;) and the second
in (X1,0). After we generate values for X4 and X2, they are going to be the new
ending points of the intervals where we define again random numbers but this time

three: X1, X2 and X3. We continue this procedure with the random numbers X with



Chapter 3. The Functional Renormalisation Group Study of the O(N ) model 103

-0.8 ey
ey
SR
S ST A
-1.0f® A Y O =© AV @ . A
2 4 6 8 10 12 14
n

F1cURE 3.7: The roots of the VBF curves Ag, ..., A\15. Observe the pattern which is
given by the following rule: any root of A, is between the roots of A,,_1 (except for —1
and 0 of course).
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FiGURE 3.8: Histograms of the distribution of the points generated in X,,. In the

subfigure (A) the distribution of Xj in the subfigure (B) the distribution of X5¢ and

in the subfigure (C) the distribution of Xsgooo are displayed. Note that the positions of

the points are tending to —1 and 0 and at very high n the number of points between the

two endpoints is negligible, in other words: the probability of finding a point between
the two end points is tending to zero as n — oc.

i =1,2,...,n and n — oo, where n indicates that we defined them in the nth step in
the interval (Xff_ll, X;Ltll), including —1 and 0, too. By increasing n we can obtain the
distribution of the points created in the way described above; this is shown in Fig. 3.8.
From this construction one can see that the distribution of the randomly generated
points is changing in a way that they are accumulating at the two ending points of
the interval. This suggests that the limit of the probability density for X,, (at least in
distributional sense) is:

lim fx. (z) = %(5(@« +1) +8(2)). (3.95)

n—0o0
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The aim was to simulate the zeros of the VBF polynomials A,, and we found that
the roots are accumulating at —1 and 0. Thus, if there exists a limit for the VBFs
(limy, 500 A, = A), then this will give zero only at —1 and 0, even if this limit is not
a continuous function. But this is physically well-justified since this would indicate
that we do not find any roots other than the two ending points of the interval, which
leads us to the conclusion that no SSB is present in dimensions D = 2 with N = 3.
Indeed, this is a seemingly paradoxical result, namely that we would expect infinitely
many number of fixed points as the degree of the VBF polynomials grow, but at the
end we will find two actual fixed points defining only one phase, in agreement with the
Mermin-Wagner theorem that we wanted to show. We can make another remark on the
role of the convexity (or IR) fixed point m? = —1. From the VBFs one can see that
every higher coupling vanishes at this point, i.e. Ay(—1) = A3(—1) = ... = 0, hence
the potential, which is defined by this fixed point, is an unstable one, corresponding to
the dimensionless potential © = —p®. One can now speculate whether this fixed point
is a real one or it is just an artefact of the approximations that we use in the FRG.
Similar results can be obtained both for the D = 1 (see Fig. 3.9). For N dependence

and fractional dimensions, see Section 3.5.5 and 3.5.6, respectively.
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F1cURE 3.9: Roots of a D = 1-dimensional theory with N = 3 field components. A
similar structure can be observed as in Fig. 3.7.

3.5.2.2 7y symmetry (N =1)

In the case of the discrete symmetry the O(N) theory is equivalent to the Ising model,
and as the symmetry is being non-continuous, the MW theorem does not necessarily hold
for N = 1. Indeed, it is well known that in the Ising model we can find a spontaneous

symmetry breaking even in the D = 2 case, which was carried out in an exact calculation
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by Onsager [110]. Here, we are going to see that we can reproduce this result using the

technique introduced above.
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FIGURE 3.10: In the upper (lower) panel the position of the roots of the VBF curves

are shown for N = 1in D =1 (D = 2). In the one-dimensional case one finds the

same pattern that was shown above for N = 3 with a convergence to m? = —1. In two
dimensions the roots are converging towards m? = —0.835 signalling an SSB phase.

In Fig. 3.10 we can see the position of the roots for D = 1 and D = 2 in a separate
plot. The VBF polynomials are described by Eq. (3.92) with different g; coefficients, of
course. We can see qualitative difference between the two figures, namely, in the one-
2 — —1 and for the two-dimensional

case the asymptotic goes to m? = —0.835 & 0.001, defining a threshold for all the

dimensional case, the first root is converging to m

roots in higher orders. One can fit a function of the form of f(xz) = a + bz on the
positions of the first roots, with fit parameters a = —1.0040.0002, b = 2.08 +0.002 and
¢=0.85+0.0006 in D =1, a = —0.835 £ 0.001, b = 1.56 & 0.004 and ¢ = 0.738 £+ 0.003
in D = 2. Now, since the root position pattern is the same as we observed above,
we can apply the random number procedure for D = 1 in the interval [—1,0] and for

D = 2 in the interval [—0.835,0]. The limiting result is the following: in one dimension
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the roots are accumulating at m? = —1 and m? = 0, thus we can conclude only the
stable Gaussian fixed point potential is well defined at the latter. In the case of the two
dimensions we will find two fixed points, the Gaussian one (m? = 0) and another one
which is at m? = —0.835. Now, it is a question whether this fixed point is stable or not.
The finding is the following: for every truncation in the present computation (where the
highest order was n = 45) \,(m? = —0.835) > 0, thus we can safely state that it defines
a stable fixed point potential, hence indicating a spontaneous symmetry breaking phase.
It is interesting that even at LPA level one can observe the SSB for the two-dimensional
Ising model contrary to the finding in [43], where even with the numerical spike plot

technique [107, 108] it is undetectable, due to its dependence on the numerical precision.

3.5.3 VBF curves for 2 < D < 4

The O(N) models which belong to the class 2 < D < 4 have the richest fixed point
structure, hence studying them is the most challenging. We are going to perform a
detailed analysis for the only integer dimension found in this interval, D = 3 restricting
ourselves to N = 2. We expect here to obtain the well known Wilson-Fisher fixed point
in the broken regime, however, we are going to see that there is no clear root structure
to be observed for the roots m? > 0. In this case we have the following generic form for
the VBFs in 2 < D < 4, similarly to the Eq. (3.92)

n—2
A, O (_1)n+l(m2)1+@(n—4)(1 + m2)n Zgi(N,D)(mQ)i_G(”_4). (3.96)
1=0

Here, g;(N, D) is defined in a similar way as above in Eq. (3.93), but now, as we can see,
the exponent of m? has changed, hence in the sum Eq. (3.93) there must be D) rather
then D7, where a(j) represents the remaining exponents, after the prefactor of the sum
is factored out. The 6 function in the exponent is just the Heaviside step function:
©(n —4) = 1if n > 4 and 0 otherwise. The first few polynomials from the VBFs for
D=3 and N =2 are:

Xy = —37r2m2(m2 + 1)27

A3 = 3rtmi(m? 4+ 1)3(11m? + 1),

N o= —27a%(m?)%(m? +1)*(23m? + 4),

ds = 275”8(7712)2(7712 +1)° (2993(m?)? + 719m* + 14) ,

¢ = —27?0 (m*)*(m? + 1)° (97167(m?)? + 27418(m?)* + 997m?* — 14) ,

(3.97)
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Contrary to the cases of D < 2, the coefficients g; can take now negative values, too.
From these considerations one can already expect a different root structure from that
we had for D < 2. In Fig. 3.11 we see the VBF curves up to Ag(m?) and in Fig. 3.12 the
root structure up to order n = 41. For our analysis we are going to separate the real line
of m? into three regions. First, we will consider the roots in the interval [—1,0], then

we will turn to the complement set, separately for the intervals (—oo, —1) and (0, 00).
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FIGURE 3.11: In this plot the VBFs up to A\¢ are shown for D = 3, N = 2. For each
A; the root that is closest to —1 (from above) is indicated with a black dot. Note that,

if we consider the position of these points as a sequence then it will converge to a finite
value m? = —0.23, see also in Fig. 3.14.

From Fig. 3.14 it is clear, that in the interval [—1,0] we have a very similar pattern
for the roots (above some n) that we had in the two dimensional case (see Fig. 3.7).
However, there is a striking difference between the D < 2 case and the present D = 3
theory: the roots are seemed to be accumulating around the value m? ~ —0.23, rather
than —1. Although this is of course an approximated value, for the sake of simplicity, we
will use ”equals sign” in the following whenever we consider this value: m? = —0.23. If
one restricts the pattern to the [—0.23, 0] interval, then the random number generating
model for the root pattern statistics becomes available again. Since the distribution of
the points signals the accumulation at m? = 0 and m? = —0.23 the probability density
of finding a root in this interval will have the same form as in Eq. (3.95), the only

difference is that now the Dirac-deltas now centred at m? = —0.23 and m2 = 0 rather

than m? = —1 and m? = 0. We can also check the convergence of the roots by establish
an ordering among them: m?, m2 and m?,}, where the first indicates the root that is
the closest, the second is the second closest and the third is the third closest root to
m? = —1 at each order. The root labelled by m? starts to go towards —1 but at order

n = 6 it stops and starts to converge to m? = —0.23 in an oscillatory way.
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FIGURE 3.12: Here we present the root structure of the VBF curves up to order n = 41,
in the O(3), D=3 model. Observe that, we can distinguish three regions where the roots
are positioned: m? > 0, m? < —1 and m? € [~1,0]. For detailed picture see Fig. 3.14.

On the other hand, the roots m%, mg also converge to this value, and it is possible
to fit a curve on them, but this time the fit is an exponentially decaying one, as it
can be seen from Fig. 3.14a. The convergence of these roots confirms what we expect
from the M™* pattern: the two roots that will remain in this interval for n — oo are
m? = 0 and m? = —0.23, which correspond to the Gaussian and the Wilson-Fisher fixed

point, respectively. One needs to check whether the WF fixed point defines a bounded

potential. Substituting the value m? = —0.23 into the VBF polynomials ), will give
the following result: there are VBF curves for which A\, (m? = —0.23) < 0 and for which
An(m? = —0.23) > 0. This is due to the oscillatory behaviour of the root m?, but we

know that this will converge to a finite value, and finally the WF fixed point can be
defined as the limit of m2. But until this happens, we will find situations which would
give the weird result that the Wilson-Fisher fixed point defines an unbounded potential
from below, hence, strictly speaking, we should not consider it as a physical fixed point.
This is the case for example with A\g and A\g (see Fig. 3.13), hence this tells us that
there is no Wilson-Fisher fixed point at the truncation level n = 8. Even though this
is true, we must not forget that the Taylor expansion is an approximation, so the real
fixed point structure of the theory will be found when n — oo, hence the ”absence” of

the WF fixed point can be considered as an artefact of the expansion.

2 < —1. A magnified picture of it can be seen in

Let us consider now the region m
Fig. 3.14b. Here, we can observe roots which are running into the convexity fixed point
as n grows. The position of the roots would show similar pattern to the M™* pattern,
however, here we have difficulties with the unbounded interval (—oo, —1]. We will show
how it is possible to overcome such situation in the next section, however, there will be

some requirements, which are not fulfiled in the present case.
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FIGURE 3.13: The absence of the Wilson-Fisher fixed point at the truncation order

n = 8. We can see that the root of Ag to the left define a negative valued \s(mi, ),

which will provide an unphysical potential. Moreover, the second root to the right does

not give a sensible potential either. This phenomenon occurs because of the oscillatory

nature of m?, but at n — co we expect to see a stable fixed point potential at the WF
fixed point. Ag has been rescaled with a factor of 2 x 10~7.

Here, we can only assume that all such roots will converge to m? = —1 providing us the
IR (or convexity) fixed point in the n — oo limit. For two of such roots we can show the
convergence by doing a fit. Interestingly, in this case the roots are following a different
trend to approach —1: the first one is an exponential function f(z) = a+ ceb@=12) with
a = —1.014 £0.005, b = —0.39 + 0.01 and ¢ = —1.43 4+ 0.05, the second is power law
g(x) = a + c(z — 20)° with a = —0.885 & 0.003, b = 1.35 4 0.08 and ¢ = —7.2 + 0.06.
Neither of them goes to —1 precisely, however, these are the best fits that can be found.
For large n values, when these roots are very close to —1, they develop an imaginary
part, hence they cannot be considered as true fixed points, strictly speaking. One has
to go so close to —1 that this effect can be considered as negligible, taking into account
that the VBF curves around —1 are extremely flat thanks to the (1 +m?)" factor in Eq.
3.89. Thus, finding roots around —1 is not always a reliable thing, it might depend on
the precision of the root finding algorithm, too.

The remaining region that we need to consider is the half interval m? > 0. The position
of the roots for this region is shown in Fig. 3.14c. One can find again some pattern
which could remind us of the M* pattern, however, in this case beside the fact that the
interval is unbounded from above, the roots do not heave a clear bound even from below.
The general behaviour of the root positions is that they have the last real value at about
m? = 0.01 — 0.02 (indicated by the red lane in Fig. 3.14c), and below that they will
have complex values. Even considering the generated complex roots does not help us to
understand this part of the root structure, however, in the case of the four-dimensional
O(N) models we can use these complex roots to capture the real physics, as we will see
in Section 3.5.4.2.
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F1GURE 3.14: The root structure of the D = 3, N = 2 theory separated into different
regions. In figure (A) and (B) we can conclude for the n — oo limit, that is we will have
the following fixed points: Gaussian, Wilson-Fisher and the IR. These suggestions are
also confirmed with by functions. Regarding (C) for m? > 0, no clear answer is found:

the red lane indicates the last real root for m? > 0. For details see the text.

The most important result of this section is the appearance of the Wilson-Fisher fixed

point. It may well be possible to find more physical fixed points in other fractal dimen-

sions between two and four dimensions for various N values, but it is beyond the scope

of the present study.

3.5.4 VBF curves for D >4

So far we considered D = 1,2 and 3. In this section we are going to investigate the

theories in D > 4. Let us look at the first two VBF curves (A2 and A3) in arbitrary

dimensions and field components. We already derived their formula in Section 3.5.1:

Eq. (3.85) and Eq. (3.87). Now, we are interested in the roots of the general expressions:

0 — 27712(14-7712)2
T (2+n)Ap
. 2m? (14 m3)° (D (14 m?) 2+ N) =4 (24 N +2m2(5 + N)))

2+ N)2(4 + N)A2,

. (3.98)
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for Ao and A3, respectively. The first equation gives zero at m?> = —1 and m? = 0
independently from the dimension. Among the roots of the second equation in Eq. (3.98)
of course we discover again m? = —1 and m? = 0, but factorising with respect to these
roots, one will be left with the equation for the third root, and it will depend on D. Let

us solve it for m?. The result is the following:

5 —DN—2D+4N +38
DN +2D —8N —40"

m (3.99)

01sf |~ A3, D=1 i
= A3,D=2 /
-- A4, D=3 /
010F |-~ X3,D=4 f
A'3, D=5
s flmes] S \ /
0.05} o N
,’/ -------- AN
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F1GURE 3.15: In this figure one can see how the A3 VBF curves change with the
dimension. Observe that the only root from the (—1,0) interval runs into zero as
D — 4. For D > 4 the root obtain a value mZ > 0, hence there is no fixed point
in the SSB phase but there is one in the symmetric phase, which turns out to be
unstable because Ag(m3) < 0. Note that, we indicated only integer values for D but
the transformation is continuous in the dimension, hence all the values between the
integers would define similar curves. For this illustration N was set to 3 and the VBF
curves are rescaled as: A5 o A310~%, where o = 0,4,4,5 and 6 for D = 1,2,3,4 and 5,
respectively.

This expression shows the "running” of the root (the Wilson-Fisher fixed point) with
the dimension. For substituting D = 1,2 and 3 (and N = 3), one would get the results
that we obtained in the previous sections. However, evaluating it at D = 4, we will
loose the N dependence completely. In other words: no matter what O(N) model we
consider, the WF fixed point coincides with the Gaussian in the D = 4 case. In Fig. 3.15
one can see the A3 VBF for various dimensions. The observation is the following: the
only root in the interval (—1,0) drifts towards the positive real values. At D = 4 it
merges into zero, hence, besides the convexity and the Gaussian fixed point, there are
no further fixed points present. Above four dimensions the root gets positive values. We
can address the question if this is a true fixed point or not. If one substitutes the value
of these positive roots into the VBF Aa(m?), one will immediately see that Aa(m2) < 0,

thus defining an unstable potential at this truncation level. As a consequence, there are
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no any other true fixed points besides the Gaussian and the IR, hence we can call the
system trivial. It is possible to derive the dimension dependence for other \;s, too, with
similar qualitative behaviour: the roots start from inside the interval (—1,0) with D =1
and as the dimension grows, they are tending out from the interval. As D takes the value
of 4, the last (i.e. the closest to m? = —1) root of the VBF under consideration merges
into m? = 0, and all the others have already obtained positive values, see Fig. 3.16,

where we illustrate this situation with A4.

0.006
0.004

0.002

M
0.000

— Ay, D=1
~0.002 - Ay, D=2
-= A, D=3
-- Ay, D=4

A4, D=5

-0.004

F1GURE 3.16: In this figure one can see the different Ay VBF curves for different

dimensions. Observe that the two roots from the interval (—1,0) runs to the right as

D grows. For D = 4 the root indicated with triangle has got already a positive value

and the one which was indicated by a dot, has just melted into zero. For D = 5 both of

the roots have positive value. The triangle is not present in the plot, since it took the

value m? = 0.673. For this illustration N was set to 3 and the VBF curves are rescaled
as: Aj o< \y107%, where a = 5,6,7,8 and 9 for D = 1,2, 3,4 and 5, respectively.

In the following, we are going to discuss the VBF curves at a higher truncation level
for D = 5 in details, as a representative of theories for D > 4. However, we need
to distinguish the case when D = 4, since showing the triviality in this case is not
that straightforward as it is for D > 4, hence, the four-dimensional case is going to be
presented in a separate section. In the last two sections various examples for theories in

dimensions D > 4 are shown.

3.5.4.1 Triviality of the O(/N) model in D > 4

For any D > 4 theories the finding is that the VBF curves has the following structure:

n—2
An o< (1) (m?) (1 +m?)™ Y~ gi(N, D)(m?)". (3.100)
=0
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Notice that, it has essentially the same structure that we had in the cases D < 2, but
there is one crucial difference. For theories D < 2 we found the coefficient functions g;s to
be always positive, hence defining only negative (and complex) roots for the polynomial,
moreover they were inside the interval (—1,0). In this case likewise to 2 < D < 4 we
can obtain negative values for g;s, too, but contrary to that case, here we do not obtain
roots inside the interval (-1,0): all the real roots in this case positioned in the disjoint

union of the complement set of (-1,0), i.e. in (—oo, —1]U [0, 00). The first few VBFs are
the following:

Ay = —24mm2(m?+1)%,
2 6
Ny = 8?” m?(m? + 1)%(39m? — 5),
1 9
M o= — b36m m?(m? + 1)* (576(m?)? — 425m?* + 25),

21 12
%m%ﬁ +1)° (10233(m?)® — 176625(m?) + 36125m” — 1225) ,

(3.101)
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FIGURE 3.17: The VBF curves \; (i=2,...5,8). Observe that the roots of each curve

are always outside the interval (—1,0). For A\g we have negative roots, too. For display
purposes the VBF curves are rescaled as: A} o< A;107%, where oo = 1,3,6,9 and 19 for

1=2,3,4,5 and 8, respectively.

These curves are shown in Fig. 3.17. Now, we are going to analyse their root structure.
In the case for theories in D > 4 we can clearly identify a pattern of the roots again,
just like we did it for D < 2, i.e. the M* pattern. For the particular case D =5, N =3
one can see the position of the VBF roots in Fig. 3.18. What we can observe is just the
reverse of what happened in the O(NN) models for D < 2. The roots are situated only
outside the interval (—1,0), and they have a similar pattern to the one we had for the

D < 2 cases, i.e. each root of \,41 is surrounded by the roots of \,.

113
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FIGURE 3.18: In the upper (lower) panel the roots of the VBF curves are shown for
A3y 5 A10 (X6, oy A15), for m? > 0 (m? < —1). One can observe a pattern of the roots
similar to the D < 2 case: each root of VBF A, is surrounded by the roots of A,.
The only problem in this case is, since the interval is unbounded, this pattern is not
entirely true: indeed, the highest (lowest) roots of A,4+1 now do not have an upper
(lower) neighbour from the roots of A,. We can overcome this difficulty by one-point
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compactifying the real line R. For details see the text.

We can call it only similar, since we clearly have a problem in the present case: we are

not able to use our random number generating model that we did in Section 3.5.2 for

simulating the positions of the roots, because the set (—oo, —1] U [0, 00) is unbounded.

For that reason, the highest (lowest) roots of the VBF A1 do not have an upper

(lower) neighbour from the set of the roots of the VBF \,,. However, we are able to do

the following trick: let us one-point compactify the real line R, meaning that we ”glue”

together the points m? — o0, thus creating a closed set for [0, —1]. This may look an

ad hoc idea but we will see that it works. Let us consider for instance the order n = 6

and n = 7 in Fig. 3.18. The highest valued root in the region m? > 0 from n = 7 would

need a root from n = 6 to restore the right pattern, but apparently there is no such

root.
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FIGURE 3.19: Histograms of the distribution of the points generated in X,,. On the

subfigure (A) the distribution of X5 on the subfigure (B) the distribution of Xjg9 and

on the subfigure (C) the distribution of Xy5000 are displayed. Observe that the points
are accumulating at —1 and 0 but this time from the outside region.

However, if we extend our picture with the compactified real line, we will see that in
the region m? < —1 the right root appears just where we would need it at order n = 6,
and thus the pattern goes on. This is true for all the other roots (see Fig. 3.18), thus
the compactification of the real line is well justified in this way, hence providing us
an M* pattern on the compactified real line. In the interval [0,-1] one can now use
the technique that we introduced in Section 3.5.2. The result of such kind of random
number procedure is shown in Fig. 3.19.

We can see that the position of the roots are again accumulating at —1 and 0, but now
they are approaching from the complement interval of (—1,0). In this way we can see

how the triviality is emerging in the limit n — oo.

3.5.4.2 Triviality of the O(/N) model in D =4

In this section we are going to discuss the D = 4 O(N) models, and a special attention
will be given to the case N = 1, which has been in the centre of interest since triviality
is predicted to occur in the ¢* theory. To have a clue on triviality beyond PT we still
need to rely on lattice simulations, which actually support the trivial behaviour of such
theories [111]. Here, we are going to show a result which suggests that indeed the trivial
scenario holds for such models, i.e. no UV fixed point different from the Gaussian is
present in the O(N) models taking into account all the symmetry respecting terms in

four dimensions (the ¢* case is shown in Fig. 3.15). We are going to present the result
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for N =1 but this holds for general N. The VBF polynomials in D = 4 have the form:
n—2 .
A, X (_1)n+1(m2)1+®(n—3)(1 + m2)n Zgz(NaD _ 4)(m2)z—®(n—3)‘ (3102)
i=0

In particular the first few \; for N = 1:

Ay = _6437T2m2(m2_|_1)2’

Ay = 81952W4<m2)2(m2+1)3,

ao= P a1yt — 1),

A5 = 671‘;818564”8<m2>2<m2 +1)° (168(m?)? — 41m* + 1),

(3.103)

By analysing the root structure of these equations one will find that all the roots are
situated outside the interval of (—1,0) likewise in the D > 4 cases, the only difference
is that at the order n = 7 the VBF curve A7 develops a roots on the complex plane,
too, with Re m? > 0. We have already met such situation in theories defined in 2 <
D < 4 dimensions. In that case, we neglected these roots since we considered them as
unphysical. In the present case we still stick to our convention, that is we neglect them
as possible fixed point candidates, however we can identify an interesting behaviour for
such nonreal roots. Let us look at the root structure of the theory in Fig. 3.21, where

we present the position of the real roots for all relevant intervals of m?2.
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FIGURE 3.20: The real roots of the four-dimensional O(N) model are shown. No root

in the interval (-1,0) is found, contrary: all roots are outside this interval. One can see

that, just like in the case of the D > 4, the roots are approaching —1 and 0 from the

outside region. However, more careful analysis is needed in this case. For details see
the text.
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What we can observe is that the roots are approaching the points —1 and 0, just like
in the case for D > 4. However, as we indicated above, complex roots are emerging:
the first one and its conjugate from n = 7, two and their conjugates from n = 11, three
and the conjugates from n = 15 and from n = 18 four complex roots plus conjugates.
Among these roots, being complex, we cannot make an ordering, however we are able to
do that for the real part of them. The real part of the roots are indicated in Fig. 3.21,
complex roots with negative real parts does not occur, hence it is enough to consider

the Re m2 > 0.

Re m?

o

104F . . E

n

F1cURE 3.21: The real part of the roots. The black dashed line indicates the average
threshold between the purely real and complex root values. It is at about m? = 0.022.
For every value of Re m? under this line we have an imaginary part for the root. New
complex roots are emerging at order n = 7, n = 11, n = 15 and n = 18. At these
orders we can see a ’violation of the pattern” which is being indicated by the arrows:
pointed black arrows for the purely real and dashed gold for the complex roots. Apart
from the newly emerging complex roots the pattern holds. For details see the text.

The figure shows, that for the real part of the roots, there is indeed a pattern, namely
almost the same that we observed both for the cases D < 2 and D > 4, the only
differences are in the orders where the complex roots appear. Here, we observe that above
and below the real part of the newly appearing complex roots the pattern continues, only
at those particular points we find the breaking of the pattern (these are indicated by red
circle in Fig. 3.21): no root from real part of the A, 11 goes between the corresponding
roots of A,. Now, if we consider the limiting distribution of such pattern of the points,
we will find that this anomaly will not have an effect on it: after compactification of the
real line, as we did it for the D > 4, the points are just accumulating at —1 and 0, hence
we will find exactly the same result as in Eq. (3.95), but now only for the real part of m?.
We are not done yet, since we have only considered the real part so far. This result on
the limiting position of the roots does not make any sense if we find a finite imaginary

part of m? in this limit. Let us consider therefore the roots on the complex plane. This
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is shown in Fig. 3.22. We can see the developing imaginary part at the order n = 7 for

the first time.
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FIGURE 3.22: The roots on the complex plane. In the upper panel one can see the
emergence and disappearance of the first complex root (m?). It appears at n = 7 and
tends to zero as we go higher orders in n. In the lower panel the second and third

complex roots are indicated (m3 and m3). They appear at order n = 11 and n = 15

respectively, and coincide with the curve defined by the complex root m?. The fitted

power law curves are defined in the text, and the fitting procedure was performed on
24 data points.

Interestingly, the absolute value of the imaginary part will have a maximum at some
point and it is tending to zero just like the real part. We can also express the imaginary
part as a power law of the real part close to the origin: Im m? = +a(Re m?)?, where the
parameters are a = 0.162+0.001 and b = 0.589 +0.001. Now, considering the "running”
of the second and the third complex root (m3,m3), which are appearing first at the
order n = 11 and n = 18, respectively, we will find that they behave in a very similar
way to the first complex root (m%)7 moreover, they collapse onto each other close to
the origin (see Fig. 3.22), thus approaching 0 with the same exponent. We can see that
both the real and the imaginary parts of the roots are approaching zero as the order n
grows, hence we can say that the roots, although they are not defined as physical ones

when they have complex values, accumulating at —1 and 0 in the n — oo limit. It is
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interesting that only in the limit the imaginary part is absent entirely, and until we take
this limit we will have a gap between m? = 0 and the last noncomplex valued root in
the particular order n. With this procedure we were able to show that only two fixed
points are present (with the Gaussian as the only stable one) in the unexpanded O(N)
model just like in D > 4. Altogether this signals the triviality for the O(NN) theories
when the dimension is D > 4. Hence, we were able to show a non-perturbative evidence
of the triviality for theories defined in D > 4.

Regarding to the D = 3 case, in Section 3.5.3, the roots on the complex plane does
not behave in a way they do in the four-dimensional case (Fig. 3.22), hence we cannot
obtain the distribution of the roots by using the random number generating algorithm

for the compactified M™* pattern.

3.5.5 The N dependence and the large-N limit

In this section we are going show the effect of changing the number of fields, i.e. N,
for particular dimensions. For large-N the RG equation of the effective potential was
provided in Eq. (3.79). From this equation one can derive the VBF curves with the
usual steps just the N dependence is absent from the formula Eq. (3.89). We cannot
show of course the full N dependence, these are only a few checks for particular values
of N. One should derive the root structure for each N independently. However, these

few examples could give us some ideas what is going on when N is changed.

3.5.5.1 N dependence for O(N) theories in D <2

Let us consider three different two-dimensional theories with field components N = 7
and N = 15 and N — oco. The position of their roots are shown in Fig. 3.23. We can
see in the two finite IV cases that there seems to be a problem in the low orders of the
expansion: the position of the roots will not satisfy the requirement of the M™* pattern,

however, as the order grows the pattern restores.

We need to mention that when a particular root gets very close to —1 in the next order
sometimes it becomes complex, but its real part still stays around —1, hence one cannot
see this accumulation exactly, but rather we can say this root "melted” into —1. This
might be related to the fact what we already explained for the D = 3 case: the VBF
polynomials get extremely flat close to —1 because of the (14 m?)" factor in Eq. (3.89),
hence it could mean some problem for the root finding algorithm to provide the right
value. One way or another, a complex root does not define a physically sensible theory,
thus we can still look at this pattern which will provide Eq. (3.95) as the probability

density of the root positions when n — co. However, no complex roots occur for the
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F1GURE 3.23: The N dependence of the root positions in D = 2. We can see that the

M* pattern restores at larger order of the expansion for various N. Sometimes one will

find complex roots close to —1 which can be considered as unphysical. In this way it

does not actually matter if we consider the limit of the distribution of the roots or it

gets complex providing an unphysical situation. When the n — oo limit is taken the

only two roots that can be found is —1 and 0. In the large-NV limit no complex valued
root has been found till the order n = 34.

large-N case where, we know that there must be only the symmetric phase present, as
it was proven analytically in Section 3.4 in the framework of FRG. The fact that a root
gets complex or accumulates at one of the stable fixed points —1, 0 is irrelevant from the
point of view of the physics: in both of the cases only —1 and 0 survive when n — oo.
For D = 1 we can find similar results. These were, of course, only a few checks on the
N dependence and it should be considered case by case for every N, however, from our
experience we could assume that in the n — oo roots inside the interval (—1,0) either

get complex or they are arbitrarily close to —1 or 0 for any field component N.

3.5.5.2 N dependence in 2 < D <4

In dimensions 2 < D < 4 for finite N we will get a very similar result to the one which
we obtained in Section 3.5.3. For these values of the dimension, one has the richest
fixed point structure of all, hence it should be checked case by case. However, here we
will only focus on the integer valued dimension D = 3. For the large-N in D = 3 the

position of the VBF roots show a significant difference comparing them to the finite NV
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(compare Fig. 3.24 and Fig. 3.12). Here, we can identify the Wilson-Fisher just as we
did it in Section 3.5.3, but in this case we cannot see the additional ”fake” fixed points
at any truncation level. Also for the m? > 0 roots we can see differences: they start to
be organised in the pattern which leads us to the distribution found in Section 3.5.2,
Eq. (3.95). In this case it is also remarkable that no complex roots are found unlike for
finite V.
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F1GURE 3.24: The roots of the VBF in D = 3, N — oo are shown. Comparing it
to Fig. 3.12 the most striking difference is that there are no ”fake” roots between the
root which is indicating the Wilson-Fisher (m? = —0.388) and the one which is for the
Gaussian, i.e. m? = 0. It is equally interesting that in this case we do not find any
threshold which after the roots become complex in the m? > 0 region.

3.5.5.3 N dependence in D >4

One of the most important result for theories D > 4 was the triviality (Section 3.5.4).
Our finding is that the modification of the number of the field components N does not
give any qualitatively different result for any such theory, when N kept finite. However,
we can discover differences between the results when N < oo and N — oo for theories
inD > 4.

In four dimensions we will see the ”compactified” M* pattern of the real part of the
roots as in Fig. 3.21. The only question is wether the convergence on the complex plane
towards the origin still holds. We present the results in Fig. 3.25, for N =4, N = 15,
N =40 and N — oco. We can observe that the convergence to the origin slows down as NV
grows, however, for the N < oo cases, it is possible to fit a curve on them near the origin.
The same form of the power law is found for each N, that is f(x) = ax®, just like in
the case of N =1 in Section 3.5.4. The parameters are the following a = 0.193 + 0.001,
b = 0.587 £ 0.002 for N = 4, a = 0.249 £ 0.002, b = 0.586 £ 0.002 for N = 15 and
a = 0.302 £ 0.006, b = 0.584 £ 0.004 for N = 40.
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FIGURE 3.25: The convergence to the origin on the complex plane is shown for (A)
N =4, (B) N =15 and (C) N = 40. On the figure (D) the N — oo presented, in
this case the number of the data points is not enough to fit a curve on the points near
the origin (the expansion order in this case n = 53, for the finite N cases n = 35).
However, the same behaviour is expected: the convergence to the origin slows down as
N grows. For the finite N cases a power law fit can be found around the origin (the fit
was performed on 24 data points), which exponent seems to be universal. For details
see the text.

It is interesting that close to the origin the exponent of the power law seems to take
the value 0.586 + 0.002, and thus one can speculate wether it is universal. Regarding
the N — oo case, we did not reach the region where we could do the fit, however, the
absolute value of the imaginary part reached its maximum and started to decrease. We
expect the same behaviour (maybe with different exponent) as for the finite N cases,
however, to see that we would need to go to a higher expansion order than that was
used in this case (n = 53).

For theories in greater than four dimensions the fixed point structure does not change
much comparing to the results of Section 3.5.4, only quantitative differences can be ob-
served. We will present a few plots on the roots positions in Fig. 3.26. Arbitrarily we
have chosen the cases {D = 5,N =6}, {D =8, N =10} and {D = 11, N = 12}. The
roots are positioned in a way that they accumulate more and more at the two stable
roots —1 and 0, which is essential for triviality. There can be minor deviation from the
pattern M™, however, at some point the pattern restores completely, and one can obtain

the triviality in a way we did it for the case D =5, N = 1.
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More interesting case, that can be found, is in the large-N limit. From Eq. (3.79) one
can derive again the VBF curves in D > 4. In the present section we are going to study
only the D = 5 theory for the large-N limit. In Fig. 3.27 one can see the root positions
for this model. The first thing that we can notice, there is a stable line at m? = 0.139
which would signal a new fixed point solution. There has been a recent work ([53]) on
the topic, wether such fixed point exist in models 4 < D < 6 and the answer was that, if
there is such fixed point it will provide an unphysical fixed point potential. In an earlier
work [112] related to holography a similar conclusion was drawn. In the papers [52] an
IR fixed point was found for an O(N) symmetric theory with N +1 scalarsin D =6 —¢
for sufficiently large NV, including a cubic interaction, too. It was argued that this IR
fixed point of the cubic O(N) theory with N + 1 scalars is equivalent to a UV fixed point
of the O(N) model in the large-N, which would imply an unexpected asymptotically
safe behaviour of such theories. Now, since we have found such a fixed point, we need to

check whether it gives a stable fixed point potential. Substituting the value m? = 0.139

2 . sy 3 : i
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(c) D=11, N =12

FIGURE 3.26: The VBF roots of the O(N) model: (A)in D=5and N =6, (B) D =38

and N =10, (¢) D = 11 and N = 12. On each plot the accumulation of the roots

at m? = —1 and m? = 0 can be observed. For the roots m? < —1 there can be small

deviation from the M™* pattern (most likely due to the extreme flatness of the VBFs
around -1), but at some point the pattern restores completely.
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into the VBF polynomials will provide the exact value for the corresponding coupling at

that fixed point, hence defining the fixed point potential. The finding is the following:

the highest order in the expansion is n = 46, and what we get is \,(m? = 0.139) < 0
for 2 < n < 46. This signals that the fixed point potential defined by this root is

unbounded from below in agreement with the findings in [53]. However, a further study

is needed to investigate the existence of such fixed point in 4 < D < 6 at finite N

using approximations beyond LPA. In Fig. 3.27 one can also observe that there is a gap

between the root corresponding for this newly found unstable fixed point, which can be

filled in by considering the real part of the roots. In the same figure considering the

lower panel, we can see how the real part of such roots behave. We can fit a power law

decaying curve again on the real part of the first root. This curve goes through on the

line m? = 0.139 and in the asymptotic limit goes to zero. The imaginary part behaves

pretty much in the same way as in D = 4 case (see Fig. 3.25). Here, we can use the same

argument as for D = 4, N = 1: one needs to consider the positions of the roots on the

complex plane in order to catch the physics behind. According to our findings, the real

part of these roots exhibit the same M™* pattern, hence for n — oo we can expect them

to accumulate at m? = 0, leaving us with three fixed points, which are defined by the

roots: m? = —1 (since for m? < —1 the root structure is the same as it was for the finite

N case), m? = 0 and m? = 0.139. Out of these three roots only the Gaussian (m? = 0)

seems to provide a stable fixed point potential, thus triviality was found again.
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FIGURE 3.27: In the left panel the root structure provided by the real roots are shown.
A stable line of the roots can be observed at the value m? = 0.139. In the right panel
the same root structure is shown, but now the real part of the complex roots has been
taken into account, too. The real part of the complex roots show the M™* pattern, and
also a power law curve can be fitted on them: f(z) = az®, with a = 0.807 + 0.005 and
b = —0.492 + 0.002. In the n — oo we expect to find triviality again. For details see

the text.
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3.5.6 The fractal dimensions

We will present a few example on the fractal-dimensional cases in the intervals of the
dimension that we have investigated. In Fig. 3.28 the results are shown for {D =
1.3,N =1}, {D =26,N =1}, {D = 31,N = 1} and {D = 4.6, N — oo}. In the
first three cases the usual fixed points are found, however it, could be possible to find
additional fixed points for 2 < D < 4, but that would require a more detailed study of
this interval of the dimension. For the two D values, which are in this interval, we found
the WF fixed point, too, and it can be observed that they are situated at different values
of m?: for D = 2.6 m%,VF = —0.34 and for D = 3.1 it oscillates around m%VF = —0.16.
The most remarkable case is when we set N — oo and choose D = 4.6 € (4,6). Just as
we saw it for the large-N in D = 5, here, we find again a fixed point candidate at the
value m? = 0.108. However, again in agreement with [53], this fixed point found to be
an unphysical one, i.e. the root m? = 0.108 defines an unstable fixed point potential.

(More precisely, it is a metastabe potential.)
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FIGURE 3.28: The root structure is shown for some fractal-dimensional cases. The

usual fixed points are found for 4 < D, thus the most remarkable is figure (D), where

we obtain a fixed point candidate for D = 4.6 in the large-N. However, it turned out
to define an unstable fixed point potential just like it is shown in [53].
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3.6 Chapter summary

In this chapter we studied the phase and fixed point structure of the O(N) model in the
framework of FRG. After a short introduction was given, we examined the fixed point
equation on the LPA level using analytical considerations. In Section 3.4 we showed
that the LPA fixed point equation for the effective potential gives qualitatively correct
results regarding the existence of SSB phase. For systems with continuous symmetry
(N > 2) LPA gives no SSB for D < 2 and shows SSB for D > 2 in agreement with
the Mermin-Wagner theorem and its extension to systems with fractional dimension.
In particular, simple analytical expressions are found in the large-N limit, correctly
retrieving the expected results for the spherical model. However, from the analytical
study did not turn out what is the situation in the case of the discrete symmetry, i.e.
for the Ising model. The answer to that question was given in the subsequent section.
In Section 3.5 we investigated the fixed point structure of the O(N) model for various
dimensions an filed components. For our analysis we used the LPA again with a Taylor-
expanded potential around zero VEV of the field. In this case from the fixed point
equation one is able to express all the fixed point couplings through a polynomial in
the mass of the theory, see Eq. (3.89). Each nth polynomial is obtained from the fixed
point equation of the (n + 1)th coupling, that is the equation for d;\,11(Ap, m?) = 0
can be solved for A, = \,(m?), hence the name VBF (Vanishing Beta Function) curve.
A general property of these polynomials is that they have always a root at m? = —1
and m? = 0 corresponding to the convexity (or IR) and the Gaussian fixed point,
respectively. These polynomials can be obtained for arbitrarily components of the field N
and dimension D. To find a true fixed point at a given level of truncation, we established
the following rule: let m% be a root of the polynomial \,(m?), then a physically well
defined (i.e. bounded from below) fixed point potential is given by the set of couplings
{An—1(md), An—2(md), ..., \i(md) = m3}, provided \,_1(m2) > 0 (if it happens to be
a root for the (n — 1)th polynomial, too, then the same rule holds for the (n — 2)th
polynomial, and so on). Using this rule to find fixed points at a truncation level n gave
us a nice opportunity to make considerations about theories in different dimensions.
First, we considered theories for D < 2, and in particular, we analysed the case of
D = 2 in detail. The finding is that for all the theories we considered up to and
including dimension two behave qualitatively in the same way for N > 2. In such
theories for continuos symmetries the Mermin-Wagner theorem must hold as we showed
in Section 3.4. We provided a statistical approach to show the validity of the theorem
by considering the statistics of the root patterns. It was found that for such systems
(D < 2) all the roots are in the closed interval [—1,0]. Since at every truncation level a
new root appears, it seems to be paradoxical to prove the Mermin-Wagner theorem: we

would not expect any root inside the interval but practically there appears (countably)



Chapter 3. The Functional Renormalisation Group Study of the O(N ) model 127

infinitely many. A true fixed point in this interval signals an SSB phase, hence the MW
theorem seemed to be violated. However, it turned out that is only the case for finite n
truncation. As n — oo we can recover the MW theorem, by simulating the position of
the roots and derive their distribution in the infinite limit, see Section 3.5.2. For discrete
symmetry N = 1 the O(N) model is equivalent to the Ising model which has an SSB
phase in D = 2. This result is also shown as a part of this section.

In Section 3.5.3 we investigated the theory for D = 3 with N =2, andin2 < D < 4
the finding is that the theories that has been considered have similar properties. We
found the an additional fixed point beside the Gaussian and the IR fixed point, namely,
the Wilson-Fisher fixed point. Although these fixed points have been found, we could
not clearly analyse the root structure for the m? > 0 region. It is also possible that one
could find additional fixed points in 2 < D < 4 for fractional dimensions, but it would
require more detailed study. The main result of this section was that we were able to
show the appearance of the Wilson-Fisher fixed point.

For D > 4 we found two qualitatively different results (see Section 3.5.4), however,
essentially they lead us to the same physics, namely, to the triviality of the model, that
is only the Gaussian fixed point exist for such theories. For theories D > 4 we analysed
the D = 5 case, where the fixed point structure shows similarity to the D = 2 case,
but now the roots only appear outside of the interval (-1,0), however, for the the root
pattern the statistical simulation can be used again if we compactify the real line of m?2.
In this way triviality can be shown. The situation for D = 4 is different: here, we need
to consider the complex roots that appear during the calculations, but it can be shown
that both the real and the imaginary part converges to the origin on the complex plane,
hence leading to the triviality of the model.

In Section 3.5.5 we showed some results considering different values of IN. The most
interesting outcome is connected to the recent results in [52, 53], where it was argued
that in the O(N) model for N — oo if a non-trivial fixed point exist in dimensions
4 < D < 6, then it defines an unstable fixed point potential. From our analysis we found
this particular fixed point, and indeed, it can be shown that it defines an unbounded
effective potential. In the last section we gave some results for fractional dimensions,
obtaining similar behaviour to the integer-dimensional cases.

According to our findings, we can draw the conclusion that although we used the Local
Potential Approximation during our computations, that seems to be enough to obtain the
right qualitative physical results (Mermin-Wagner theorem, the presence of the Wilson-
Fisher fixed point and triviality), when one extrapolates to infinite order the results
obtained in a given order of the Taylor expansion. On the other hand, one has to be
careful with such expansions, since as we saw, at finite level of the truncation it can

generate "fake” fixed points from the physical point of view.






Chapter 4

Summary and thesis statements

In this dissertation we studied two different non-perturbative methods, namely, the 2PI
(Two-Particle Irreducible) functional technique and the Functional (or Exact) Renor-
malisation Group (FRG) method. The former is based on resumming a particular class
of Feynman diagrams, in a well-controlled, systematic way. The latter is using the
Wilsonaian idea of renormalisation, that is we integrate out the rapid degrees of free-
dom of the system in order to obtain its large distance behaviour.

In general, the truncated 2PI resummation works as a non-perturbative approximation
technique, and the system of self-consistent equations it provides between the two-point
function and the self-energy, cannot be solved exactly. However, in the case of the
Bloch-Nordsieck (BN) model, which was designed to mimic the infrared limit of Quan-
tum Electrodynamics in order to prevent the infrared catastrophe, we showed that, if we
include the Ward-Takahashi identities as a further input in the equations, one obtains
an integral equation equivalent to the Dyson-Schwinger equation, which can be solved
exactly. The new approach also makes it possible to extend our computation to finite
temperature. In the finite temperature analysis of the BN model the Closed Time Path
formalism is used, and we compute the fermionic spectral function of the theory. In this
case the model remains exactly solvable, providing a closed formula for the finite tem-
perature spectral function in the rest frame of the fermion. For the finite temperature
theory, we derive the 2PI equations, too. Matching its solution to the exact one, gives
the running of the 2PI coupling with respect to the temperature.

In the second part of my dissertation, we study the occurrence of spontaneous symmetry
breaking for O(/NV) models using FRG techniques. We show that even the Local Poten-
tial Approximation (LPA), when treated the effective potential exactly, is sufficient to
give qualitatively correct results for systems with continuous symmetry, in agreement
with the Mermin-Wagner theorem and its extension to systems with fractional dimen-

sions. We discussed the derivation of the so called Vanishing Beta Function curves,
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which can be used to explore the fixed point structure of the theory under considera-
tion, for arbitrary field components N and dimensions D. The technique is based on the
most popular approximation scheme, namely, the polynomial expansion of the effective
potential in the LPA. In this case, as an artefact of the approximation, spurious fixed
points show up. Using statistical arguments, we can extract the physical fixed points of
the theory in accordance with earlier results regarding D < 4. For D > 4 triviality of
the O(N) model was shown which is a new result using FRG in LPA. For the large-N
O(N) model in dimensions 4 < D < 6, we found a new interacting fixed point, that
defines a metastable critical potential. The existence of this fixed point is a subject of
current studies in connection with the asymptotic safe scenario of the model.

The thesis statements are listed below.

I It turned out that in the BN model the Ward-Takahashi identities make a a one-
to-one correspondence between the fermion propagator and the vertex function. As
a consequence, it is possible to extend the 2PI self-energy equation with the vertex
function by expressing it with the fermion propagator. The result is an integro-
differential equation equivalent to the Dyson-Schwinger (DS) equation. This equa-
tion is linear in the fermion propagator, and taking good care of renormalisation, it
is possible to solve analytically, providing the exact solution of the BN model. This
is a new way of obtaining the exact solution in the Bloch-Nordsieck model. And,
while the original solution method is very hard to generalise to other theories, the
generalisation of the Ward identity improved 2PI equations, could be easier. The

results are published in [40].

II After generalising the Ward identities to finite temperature the a Dyson-Schwinger
equation similar to the T' = 0 case can be obtained in the BN model. The exact
fermionic spectral function of the BN model is derived at finite temperature. Ana-
lytic results are presented for some special parameters, namely when we perform the
computation in the rest frame of the fermion, for other values we have numerical re-
sults. The spectral function is finite and normalisable for any non-zero temperature
values. The real time dependence of the retarded Green’s function is power-like for
small times and exhibits exponential damping for large times. Treating the temper-
ature as an infrared regulator, a safe interpretation of the zero temperature result

is also given. The results are published in [41].

IIT The BN spectral function was numerically determined at finite temperature in the
framework of the 2PI approximation. The finding is that the results of the 2PI com-
putation nicely agree with the exact one, provided that a matching of the coupling
constant is performed. The mapping between the two parameters results in the

finite temperature running of the 2PI coupling constant. This result may apply to
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v

the finite temperature behaviour of the coupling constant in QED, too. The results
are published in [42].

The occurrence of spontaneous symmetry breaking (SSB) was studied for O(V)
models using FRG. It is shown that even the Local Potential Approximation, when
treated exactly, is sufficient to give qualitatively correct results for systems with
continuous symmetry, in agreement with the Mermin-Wagner theorem. This was

shown analytically both for N < oo and N — oo. The results are published in [43].

We discussed the derivation of the so-called Vanishing Beta Function curves, which
can be used to explore the fixed point structure of the theory under consideration, for
arbitrary field components N and dimensions D. The technique is based on the most
popular approximation scheme, namely, the polynomial expansion of the effective
potential in the LPA. In this case, as an artefact of the approximation, spurious
fixed points show up. Using statistical arguments, we can extract the physical fixed
points of the theory in accordance with earlier results regarding D < 4. For D > 4
triviality of the O(N) model was shown which is a new result using FRG in LPA.
For the large-N O(N) model in dimensions 4 < D < 6, we found a new interacting
fixed point, that defines a metastable critical potential. The existence of this fixed
point is a subject of current studies in connection with the asymptotically safe
scenario of the model [52, 53]. The results are published in [44].






Appendix A

One-loop integral in the
Bloch-Nordsieck model

The one-loop contribution to the self-energy reads, with a generic u vector in Feynman

dk 1 1
¥ = —ie? 2/ : Al
etu (2m)* k2 + ie ut(py — ky) —m +ic (A1)

gauge:

This is Lorentz-invariant, if we do a Lorentz transformation both on v and p. So we may
choose a special frame where Au = (ug,0,0,0). If u is a proper 4-velocity, then ug = 1;
if it is w = (1,v), then ug = v/1 — v2, but still constant, since v is a parameter of the
theory. We find then

m d*k 1 1
€ U O(UO bo 26)7 O(a) 7’/ (271')4 k2 +ic a+ kO ( )

Thus it is enough to consider Iy only. There we transform to positive frequency integrals

ia d®k 1 1
Io(a) = dk
ola) / 0/ )P kE— K2 +ic a? — k2

o0

a d3k 1 1
= — [dk A3
7r/ /27r3k:2—|—k2a2—|—k2’ (A-3)

0

where in the last step we performed Wick rotation (the choice of the imaginary part of

a is crucial for the direction of the rotation on the complex plane).

Now we can write up the integral in kg and k space, in the latter using 3 —2¢ dimensions:

3—2¢
dk:g &k 1 L (A4)
(2m)3-2¢ k3 + k2 a® 4+ k3
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We use the relation
a2 2(4mp?)e
2e 2 _ d—1+42¢ 2
———F f(k*) = dk k k
e [ e 1) = e / 1)
(4mp?) ! 55—1-
= dz —€ A5
(4m)4/2T(d/2 — ¢) / Uc (A.5)
0
to proceed as
a 7 1 (4mp?) 7 451 1
Iy = — [|dk dz (K
0 7T/ O a1 k2 (4m)3PT (3 — ¢ (ks +2)
0 0
_ a(dmp?)°L (-1 +¢) 7Odk kg%
N 8m2\/m 0 a2+ k2
0
_ al'(—3 +e)L(1 —¢) (4nu? EF(E)
167r2ﬁ a?
—a |1
We write it as
a
1 D.—In—|, AT
"7 ar [ ! u] (A7)
where
1 Inm —vg
D.=—+1 A.
TRttt T (4-8)
Therefore )
e” |1 UopPo
Y= -m)— |— — 21 24+Inm — A9
(uopo — m) 32 [5 woit t2+nm—9E (A.9)
We also need to compute
dt 1 1 1
I = 1 —
() Z/(27r)4 k2 +ic ko a + ko
i T ¥k 1 1
= /dko/ 3 1.2 2 4 o a2 2
™) (27)3 k§ — k2 +ic a? — kg
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Appendix B

The 2PI functional technique

The generating functional Z[J] discussed in the Introduction has a functional dependence
only on one local source J(z). There is no restriction which could prevent introducing
non-local sources in the functional. In particular, adding a bilocal source K (x,y) yields

the following form for the generating functional in Euclidean metric:
Z[J, K] = /Dwe—s”z'%%%mj%. (B.1)

Here, we generalised the partition function for a vector variable p(z) = (v1(z), ..., on(z))
with a source J = (Ji(z), ..., Jo(z)). The products are Jip; = >, [ dPzJ;(x)p;(z) and
ilijo; =2 [dPz [ dPypi(x)Kij(x,y)e;(y). Similarly to the case of Z[J], we can
define the generating functional for the connected correlation functions corresponding

to the partition function Z[J, K]:
W1J, K] = In Z[J, K]. (B.2)

However, in this case the connectedness only holds for the differentiation with respect

to J, since differentiating by the bilocal source K will generate disconnected diagrams,

too:
il = 1 , A —S+Tipit+ 20 Kijp; JK JK
ST (x)0;(y) M/Dwz(w)%(y)e Hhieitaeilises — PR (2)95 (y)
= (i) )" =G (),
SW 11 S et hee,
0Kij(x,y) QZ[JK]/D“’%(@%(y)e gtz eilye
1

= (G @ +a@e w). (B.3)

Where gb;]K(:B) = 0W|[J,K]/§J;(z) is just the field VEV in the presence of the two
source J and K. In the following, both ¢ and G are understood in the presence of the
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sources, however, we will neglect the upper indices which are indicating it. Now, we
can define the 2PI effective action by a double Legendre transformation with respect to

both sources:

oWIJ, K WI(J, K
Llg,G] = W[J, K] -J; 5[52 }_Ki' 5%;.]
1
= W[J,K]—Ji¢i_§Kij(¢i¢j+Gij) (B.4)

Here, we used the usual sign convention for the Legendre transformation, whereas in
the Introduction we defined it with opposite sign. The latter convention is used by the
FRG community. We also neglected the fact that all these quantities are a function of
space-time, but we should keep it in mind, of course. From this definition we are able

to derive the useful relations:

N[NE]

—— = —J;— K;j¢;,
Jon 7

.G 1.

In the former equation we used the fact that K;; is symmetric. These are the ”quantum
equation of motion” from the 2PI effective action with external sources. Via variational

principle we can find the stationary mean field and the propagator solution from the

equations:
5¢ Pp=¢s,G=G5
T [¢, G] ‘ _ 0 (B.6)
5G p=0¢5,G=Gs

These two equations called the ”field” and the ”gap” equations, respectively. It is easy
to see that the defining 2PI effective action at the stationary point of the propagator,
i.e. for G = G, will give us the 1PI effective action for any ¢ defined in the Introduction

(just with opposite sign due to the convention which we will not indicate here):

Lop1[¢, Gs] = Tip1[d)]. (B.7)

It can be also shown that the 2PI effective action can be written in a compact form in

terms of the diagrammatic expansion (see in [15])
1 1
T[¢,G) = =So[¢] - 5 TrIn G- 5T (Go'G — 1) + i[9, G). (B.8)

In this notation Sy[¢] = (1/ 2)¢Z~G6j ¢; is the free action, Gy is the free propagator, G
corresponds to the full propagator and the term I';,;[¢, G] contains all the closed 2PI
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skeleton (without self-energy insertion) diagrams constructed with the vertices defined
in Sine[® + ¢] (where only the higher than quadratic terms in ¢ are found).

The description of the 2PI functional technique above, of course, leads us to an exact
expression of the 2PI effective action in Eq. (B.8). However, we always need to truncate

I'[¢,G] at some point to be able to perform calculations. Hence, we will have the

equations
6:[1“" [¢7 G] ‘ _ 0
5¢ P=¢s,G=CGs 7
0T [¢, G] ‘ — 0 (B.9)
6G ¢:¢57G:GS

where T'"[¢, G] is the truncated 2PI effective action. Applying the first one to the
truncated version of Eq. (B.8) yields:

d) _GU 5F€:Lt[¢7 ]’ ’ (BlO)

067 ly=g..0=G.
where I'/", is the truncated interaction term. Now, applying the second one to Eq. (B.8)

gives for the propagator:

G—l — Gal o Ffzt[(ﬁ?

' = =
. (B.ll)
G ¢ ¢87G Gs

From the equation of the propagator we can immediately identify the self-energy by

using the usual Dyson equation
G l=Gyt -2 (B.12)

Hence, from Eq. (B.11) and Eq. (B.12) we get

X6 = 5F“€§gb -l (B.13)

The Dyson equation from Eq. (B.12) together with the self-energy from Eq. (B.13)
represents a self-consistent system of equations, which serves as a basis for the 2PI

resummation schemes.






Appendix C

Basics of the finite temperature

field theory in CTP formalism

The appropriate quantity that contains both the quantum and the statistical fluctuations
is the density matrix of the given system, which we will denote by p. Given the density

matrix, one is able to compute correlation functions with the formula:

Tr[pO(x1)O(x3)...0(xy,)] '

(O(x1)0(x2)...0(xy)) = T (C.1)
For a general density matrix we can define the partition function as follows:
Zlp) = Trlp] = > _(¢lpl o), (C.2)

¢

where |¢)s are state vectors in the Heisenberg picture, and they form a complete set.
For the time evolution operators one can define a path integral representation [49], using
a time contour integral on the complex plane. If the same external source can be found
in the forward as well as in the backward evolution, then the two operators cancel (since
they are complex conjugates) and the initial value remained. Nevertheless, in general we
cannot assume this situation, thus different sources can be introduced for each direction
of the evolution: J; for the forward and Js for the backward. In the path integral

representation this time-dependent generating functional can be written as

t
L[ ds [ d32( LM )+ Ty oM~ (L(p@) 4 T )]
Zlp, Ji, Ja] = /Dw(”l?so@) (¢1,0]p|¢2,0) € 0 :

(C.3)

Here |¢12,0) are the initial Hilbert space states corresponding to the initial field config-

urations: @ |¢1,2,0) = <P(()1)’(2) |¢1,2,0). It is more convenient to write this integral on
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the domain of the complex plane of the time on a given contour. Let us call this contour
C = C1 Uy, where the Cq runs from 0 to ¢t and Co from ¢ to 0. The corresponding time

evolution operator is:
US = Ul (£,00Uy (t,0) = TCe! Je dsd’a (s:)pls.2) (C.4)

The contour C is called the Schwinger-Keldysh closed time path, and TC is for contour
time path ordering, which is the ordinary time ordering if one considers C; but it is the

anti-time ordering on Cy. Thus the time integration along the contour C is

t t
/ds = / ds — / ds. (C.5)
C 0, Cy 0, C2

Then the partition function can be written in a compact way:

o2
P)+Jp)]

([ ds [ d3x(
7= [ DDl (61,011 62,0 /mec (o)

(1)

This form of the generating functional is very similar to the usual vacuum case. Variation
of the partition function respect to the source J will provide the correlation functions

which are specified by the initial density matrix p.

C.1 Propagators

Here, we are only going to consider the most simple scalar case. Since we introduced

the contour C, the correlation functions will have a matrix structure:

)_< 1 82Zp, J) 1 6Z[p,J] 1 (5Z[p,J]>
V= Z10] 61y (z) didy(z)  Z[0] 6iJy(z) Z[0] didp(x)

iGab(x ) (C7)

J1=J2=0

where a,b € {1,2}. Each field variable is living on one of the given branch of the time
contour C, hence we will use the notation ¢ (t;) to indicate the fact that t; € C;. In
what follows, will not use the spatial coordinate of the space-time, but the dependence

on them as variables are understood implicitly. This definition gives a 2 x 2 matrix for
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the propagator with the following elements:

iG2(t,t2) = (TCW(t)p®(t)) = (plta) (1))
i (1) = (TP () M(t)) = (elt)elt2))
iGU(tt) = (T ()M (k) = (Te(t)e(t))
= O(t; — t2)iG? (g, t1) + O(ty — t1)iG*2 (11, t2)
iG2(t,ts) = (TP ()P (t2)) = (T*p(t1)(t2))
= Oty — 11)iG* (ta, 11) + O(t1 — t2)iG"? (1, t2). (C.8)

Where T* is the anti-time ordering. The contour propagators are not independent, and

as a consequence, we can write down the following identity:
G+ G? =GP+ G (C.9)
Sometimes it is more convenient to work in the R/A basis which is defined as:

(7’) . ¢(1) _|_ @(2)
2 - ’

M) — @, (C.10)

Now, we can define the propagator in this new basis, too:

QT — <Tc¢(r)(p(r)> i(zG11+zG12+zG21+zGQZ) ZG12_51'G21,
iGr = (TCp) = % (iGM —iG™ +iG* —iG?)
= GY —iG1?2 = 0(t1 —to)p(t1, t2),
Qo — <Tcg0 90 > _ zGH G2 g2t iGQQ)
= GM —iG* = —9( 2 —t1)p(t1, t2),
G = <T%<a>¢(a>> =G — iG'? — iG? +iG?. (C.11)

Here, we introduced the spectral function which is the commutation relation of the fields

(for fermions it is the anticommutation relation):
pltite) = iG* —iG? = iG™ —iG" = (p(t)g(t2) — @(t2)p(tr)) . (C.12)

Some remarks on the R/A formalism: the propagator aa is always zero; G™ and G is
the retarded and advanced propagator, respectively; G sometimes called the Keldysh
propagator.
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C.2 Equilibrium

In the special case, when the system initially is in equilibrium, the density matrix is

given as

1
_ —BH _ my.—BH
Peq = 770 e 71 Z[0] = Tre™ "+, (C.13)

where 3 is the inverse temperature and H is the Hamiltonian. The prefactor in the

partition function in Eq. (C.6), thus can be given as

—iB
i [ dt [d3z L(p3)
(61,01pl 62,0) = [ D2 , (C.14)
where this path integral is over field configurations satisfying the boundary conditions:

e®@0,x) =", @ (=if,x) =P (C.15)

Thus, we found a path integral representation for the partition function Z in which the
time integral runs along the imaginary axis from ¢ = 0 to ¢ = —if3. Hence, the contour
is given now as C = C; U Cy U C3, where C3 represents the new section of the contour

on the imaginary axis (Fig. C.1). In equilibrium the system has the property of time

Imt

Cs

Tt —if

F1cUre C.1: The time integration contour in the equilibrium. In this case the system
has a time translation invariance, hence the initial time (¢;) and final time (t;) time
can be shifted arbitrarily.

translation invariance, hence it is possible to set the initial time to ¢ — —oo instead
of t = 0. This gives an enormous simplification in the description of the system. For
instance, if we have a correlation function, which is defined by operators living on Cf 2
and on Cs, the propagation between the "real” and ”imaginary” sections of the contour
takes infinite time. Now, in every realistic system there is a damping, which ensures for
such correlation functions to always be zero. This means that computations involving

the contour section C'3 decouples from the calculations performed on the real contour
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lines, and hence there is no need to extend the matrix structure of the propagator.
Nevertheless, G3? can be computed.
In the following, we will give the propagators in equilibrium. Here, we can make a

simplification by setting t; = 0 and t9 = t using the translation invariance in time:

iG2(t) = (TN (0)) = —=Trle ™ p(0)e(1)],

i6(1) = (TP 0e™M(0)

611 = (V0 = ZTre I To(t)e(0)
= O(t)iG* () + 0(—t)iG*(t),

iG2(t) = <T%<2><t>so<2><o>>=Z%mTr[eﬁHT*so(t)so(on
= O()iG2(t) + 0(—t)iG*'(t),

GH() = (TP (0) = FTle  Tep(=in)e(0)

(C.16)

The formulae in the R/A formalism are straightforward to obtain using Eq. (C.11). In
fact it, is enough to consider G'? and G?! only, since everything can be expressed by
these two correlation functions. A famous identity was given by Kubo, Martin and

Schwinger, which is usually being referred as the KMS relation. It reads:

G2 (t) = ;mTr[eﬁH¢(0)¢(t)] _ ;mTr[eﬁHeﬁH¢(t)eﬁH¢(O)]
= %Tr[€_6H¢(t — B)p(0)] = iG* (t — ip). (C.17)

More details about finite temperature field theory can be found in [49].






Appendix D

Local operator equations

D.1 The Dyson-Schwinger equation

The operator equations of motion give relations of the different Green’s functions, for-
mulated as the Dyson-Schwinger equations. These equations are local, and so they are
valid in generic non-equilibrium situations, and, of course, in a thermal medium, too.

The generating form of the Dyson-Schwinger equations for generic fields ¢; reads [7]

5S . n k—1 n
<6¢i(y)¢a1 ($1> ce ¢an(xn)> =1 ;(Szaké(y - $k) <ll;11: (Z)al (ml) H ¢am(xm)> .

m=k+1
(D.1)
We can define the fermionic self-energy in the usual way using Eq. (D.1)
O(a.) = 6wy + [d''dy 00w a) S )G 0), (D)
Then we find in the Bloch-Nordsieck model
Y(z,y) = ie*uy, /d4wd4z G(z,w)G" (z,2)T)(z; w, y), (D.3)

where the tree level vertex is eu,, the proper vertex is denoted by el',. At finite tem-
perature we use the same definitions, but we need to take care of which time contour do

we perform the integration:

G(z,y) =Q(O)(x,y)+/Cd4w’d4y’g(°)(x,w')2(m’,y’)g(y’,y% (D.4)
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where the symbol fC means time integration over the contour. In the Bloch-Nordsieck

model

Y(x,y) = ia(:no)eQU#/d4wd4zg(az,w)G“”(x,z)I’,,(z;w,y), (D.5)
C

where a(zg) is 1 if 29 € C; and —1 if g € Co. This factor appears because we

expressed the functional derivative #”?y) through the derivatives of the Lagrangian,

which, however, changes sign on Cy. For details of the finite temperature formalism see

Appendix C.

D.2 The vertex function

The second use of the Dyson-Schwinger equation is to have a form for the vertex function.

From Eq. (D.1) we find for any gauge theories
08 —
i = D.
(5 0)) =0, D)
where O is any local operator containing ¢) and 1. This implies, in particular
(Ap(@)¥(y)d(z)) = o d'a' G (2, 2') (57 (@) (y)P(2)) (D.7)

where j, is the conserved current. The vertex function shows up in the Aypt correlator

as

(Au(@)p(y)P(2)) = /(C)d4w'd4y'd42”’ iG (2, 2")iG(y, ¥ ) (—ie)I” (2, y', 2')iG (¢, 2).
(D.8)
From here, we find

. dYy'd*2"iG(y, ) el (w;u, v)iG (v, 2) = (" (x)(y)¥(2)) - (D.9)

In the BN model the fermion propagator is a scalar, moreover j, = eumﬂw is propor-
tional to u,. Therefore, the vertex function is proportional to u#, too. This is written

in the Fourier space as
T (k;p,q) = T (k;p,q) (27)*6(k + p — q), (D.10)

where we also used the energy-momentum conservation. The C' in the parenthesises
as a subscript of the integral stands for the time contour in case of finite temperature

computations. The vertex has the form of Eq. (D.10) at finite temperature, too, with
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the corresponding additional indices. For the contour integration in finite temperature

calculations see Appendix C.

D.3 Ward identities

The local equations expressing current conservation can be used in a similar manner.

The generating form reads

n k—1 n
6<j“<w)¢a1(x1>...¢an(mn>>=—z‘Z&mk&x—xk)<H¢al(xz)A¢i<y) 11 ¢am<mm>>,
=1

oxH
k=1 m=k+1
(D.11)

where A¢; is the transformation of the ith field generated by the conserved charge
Q = [ d®xj°(t,x). This means, in particular

O u@)p(y)d(2)) = eb(x — )Gy, 2) — ed(z — 9)G(y.2).  (D2)

OxH
We can write the corresponding equation for the vertex function, using Eq. (D.9):

0

py o d*ud v iG (y, u)TH(2;u,v)iG(v, 2) = (z—2)G(y—2) —6(z—y)G(y—2). (D.13)

In momentum space we have:
kD (ksp — k,p) =G (p) — G (p — k). (D.14)

Which holds for finite temperature case, too, with the corresponding additional indices.
The C' in the parenthesis again stands for the contour integration for nonzero tempera-

ture calculations (see Appendix C).
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BN model calculations at 7" > 0

E.1 The calculation of Eq. (2.116)

Using the free form of the photon propagator Ga;, we can write:

4
J(w) = —62U2/(g7:;4 ulk (1+ n(ko)) o T (ko — k) — 6(ko + k) Gra(w — uk) =
—e2U? [ d®k 1 [1+n(k) 5
- T2 /(%)3 k [ugk ak Iralw — (uok — uk))

1+ n(—k) B
Gl (~uok — k)| =

_ 2U2/ Bk 1 [1+n( )Q_m( ~ (ugh — uk))

2 (27)3 k |uok — uk
- UOZ(J’:) - Gra(w+ (uok—i—uk))] =
= _62U2 /dk/ [;r_n Gra(w — k(uo — u))
- u:(_kl Gra(w + k(ug — WU))} =
uo+u
- _;igﬂ/dk / ZZ (1 + n(k))Gra(w — ks) — 1(k)Gra(w + ks)] =
—62U2 uzoj:uds q
= / / 1+ Qm(w Q)—n(s)gm(erq)} =
—e?U? uo+uds q
- = / 44 Gralw — q) / & (1en (D). (E.1)
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E.2 The calculation of Eq. (2.137)

Using basic identities we have:

1 (—1)e/m
+

. (o  pw . oz+ﬂw

in| = —i— in| = —
Sy T Slg T

1 eia
= +

e hﬁw . oa,hﬂw e th—l—' a_hﬁw
in — - — — sinh — in — — — sinh —
S 2cos 5 zcos2s 5 S 2cos 5 zcos2s 5

(1 + em) sin % cosh %U 414 (1 — em) cos % sinh ﬁ7w

Q Bw 2 Q Bw 2
sin — cosh — | 4+ [ cos — sinh —
2 2 2 2

/2 gin o (cosh %ﬂ + sinh Bw)

2
cosh? %ﬂ (1 — cos? %) + cos? %sinh2 %U
el/2eBw/2 giny o B 2¢1/2eBW/2 gip

a  cosh(Bw) — cosar’

Bw
cosh? =— — cos? 5

(E.2)



Appendix F

One-loop correction in the BN

model at finite temperature

We are going to use Eq. (2.172) as our starting point. For the one-loop calculation we
insert the spectral function of the free theory for both the fermion and gauge fields. The

one-loop self-energy discontinuity reads

d*k
: 2
Dise Sur(p) = ¢ [ (557 (1 mho) =y (po — )
x 21 sgn kod (k& — k2)276 (uo(po — ko) — u(p — k) — m)

— 62/ d'k (1 + ny(ko) — ny(po — ko))

)t
(2r)?
X 2/k| [6(ko — |K|) — (ko + |k|)] & (uo(po — ko) — u(p — k) —m)
d®k
= [ e (0 m0K) = s = D) 57008 o = ) = k) = m)

— (1= mp(=[k]) = ns(po + !kl))

62
= O [ame / = 100+ mo(KD) (o — K1)
0

S8 (sl + )~ u(p 10~

X 8 (uopo — up — uglk| — |uf[kfz —m) +
+ (no([kl) + 75 (po + [kI)) & (uopo — up + uolk| — |ulk|z —m)]. (F.1)

In the last step we used that

1 1
1 W) =1+ = = —np(w). F.2
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In the last step we also introduced the variable x which stands for the cosinus of the
angle between the two spatial three-vectors u and k. For the sake of simplicity, in the
following we are going to use the notations pu = pyug — pu for the scalar product in
Mikowski space, and k = |k|,u = |u.

First we would like to integrate out the angle, that is x. The deltas are centered at

pu + kug —m

According to the limits of the integral, this means that they will only give nonzero

contribution if:

=+ kug —
PUEP T o o lpu £ kup —m| < ku. (F.4)

x| = T

In the inequality above we assumed that u* is a time-like four vector, since we interpret
it as the four-velocity of the fermion. Also, since k* is obviously time-like the, the scalar
product in Mikowski space of these two time-like four-vectors is definitely time like, i.e.
ku > 0. Thus, we can neglect the absolute value function. We distinguish two cases
corresponding to the two signs in Eq. (F.4).

Let us consider first the case when |pu + kug — m| < ku. Here, we need to distinguish
again two subcases. Firstly, when we have pu + kug — m > 0 then Eq. (F.4) reads as

pu + kug —m < ku. These two conditions imply

m — pu

. F.5
uQ Uug —u ( )

This forces m — pu > 0 meaning pu < m, i.e. "under the mass-shell”’. On the other

hand, when pu —m + kg < 0, we have

lpu + kug — m| = —pu — kug + m < ku. (F.6)
This implies
UL ey WP e (F.7)
Uy + U uQ

Since here m — pu needs to be positive again, hence this is again a situation where we
have a momentum under the mass-shell.

Now let us consider the other case, when we have a — sign in Eq. (F.4). With a
similar reasoning as above we will have two domain of validity again. Firstly, when

pu — kug —m > 0,

S iy (F.8)
Uy + U ug

pU—m
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and secondly, when pu — kug —m < 0,

pu—m<k<pu—m

. F.9
UuQ Uug —u ( )

The two inequalties describe a situation ”above the mass-shell”. Evaluating the z-

integral in Eq. (F.1), we end up with the expression

62 7
DiscZur(p) = o [ AR+ m(k) ~ gl — 1)
0

dmu

X (@ (p“_m<k<p“_m)+@<p“_m<k<p“_m)>
ug +u UQ UuQ ug — U

+ (no(k) +ns(po + k)

X (@(m_pu<k<m_pu>+®<m_pu<I<:<mﬂm))}
Uy + U UuQ UuQ ug — U

g
62
= o eu-m) [ e ) g - b)
pu—m
utug
m—pu
u*uo
+ O(m — pu) / dk (np(k) +nyp(po +k)) | - (F.10)
=

Now we have the formula for the discontinuity of the self-energy, therefore we can study
its limit in the zero temperature case.

Firstly, we are taking the limit w — 0. It should give us the zero three-velocity case
of the fermion, but still on at finite 7. The only non-trivial place where u appears in
the expression is in the limits of the integration. We consider the two boundaries of the

integral and take the limit v — O:
.1
lim — / dk f(k), (F.11)
u—0 U

where f(k) is an arbitrary u-independent function. Since the boundaries are approaching
each other (the range shrinks to a point), we can evaluate the function f(k) at this
particular point. Hence we replace f(k) by f(xpoF:) = f(£poFM), where M = m/uo.

The integral itself reads as:

+ (pu—m)
1 2
i [ ) = (o~ M) G F M) (F.12)
u—0 U Uup
L (pu—m)

u0+u
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Using this result we can evaluate Eq. (F.10) in this limit, which gives:

2

Disc Zar(po) = 276ruO [©(po — M)(po — M)(1 + np(po — M) — np(M))].
+ O(M — po)(M — po)(ne(M — po) + ny(M))]
2
= G 00 = M)(po — M) = (po — M)mp(M) + |po — Mn([po — M])].

(F.13)

We have now the expression for the discontinuity of the self-energy at finite 7" and u = 0.

In the zero temperature limit we will have the following expression for it:

2

lim Disc X =
TILHO ploSC ar (Po) 2mug

O(po — M) (po — M). (F.14)

This is exactly the discontinuity of the zero temperature self-energy in Eq. (2.46). Thus,
this result is consistent with the zero temperature case.

However, if we consider it in general (i.e. for u # 0) we will have some problems. Let
us take first the limit 7" — 0. This gives for the expressions in the bracket of Eq. (F.10)
(note that k& > 0 in any case):

lim 1+ (k) = ny(po — k) = 1— Ok —po) = Olpo — k), (F.15)
lim (k) +np(po +K) = O(-po—K)=1-O(po+k).  (F.16)

The first line in Eq. (F.15) tells us that the upper boundary of the integration by k

cannot exceed pg in the first integral of Eq. (F.1). Hence, we need to compare py with

pu—m
uo—u

the upper limit which is . The prefactor is ©(pu — m), which ensures pu < m,

however, it does not give us enough information, i.e.

pU —m

sgn <p0 — ) = undefined. (F.17)

ug —u
We are facing a similar problem when we try to evaluate the second integral:

m —

po) = undefined. (F.18)

sgn <p0 B Ug + U

Since we are unsure in the signs of the expressions above, we are going to have for the

complete expression of the discontinuity of the self-energy the following formula:
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Disc X4r(po) = —O(pu—m)
P

pu—m

up—u

ug —

x ®<p0—i00__7z> /dkz+@<p0_

pu—m
ug+u

Ppo

) ]

pu—m
ug—u

X (1—@(m_p0+pg>) /dk—@(—po—m_po) /dk:
Uy + u Uy + U

—Ppo

(F.19)

Because of Eq. (F.17) and Eq. (F.18) the expression in Eq. (F.19) is not well-defined.
To resolve this problem, we need to treat the fermion as a hard probe of the system, i.e.
as not being a part of the heatbath. Hence, the only solution to this problem is to set

the Fermi-Dirac distribution exactly to zero:

ng(po £ k) = 0. (F.20)

In that case Eq. (F.10) simplifies in the following way:

pu—m m—pu
2 uTuo u—ugq
Disc X4 (p) = 467 O(pu —m) / dk (1 4+ np(k)) + O(m — pu) / dkny (k)
Po TU
e o
pu—m pu—m
2 wTro u—ug
e
= I O(pu —m) / dk (1 4+ np(k)) — O(m — pu) / dkny(—k)
pu—m pu—m
utug utag
p—m
u—uo
Y R F.21
—m/ (1 +np(k)). (F.21)
pu—m
utug

bu—m pu—m

. Te? e vmuo —1 e? Te? 1—e v
Disc 34 (p) = " In = = %@(pu—m)(pu—m)+4ﬂu In —gpum
bo e utuy — 1—e u+ug

(F.22)
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And taking the limit 7" — 0, one gets Eq. (2.46):

2

Disc Sar (p) = ;—ﬂ_@(pu —m)(pu —m). (F.23)



Appendix G

Derivation of the RG equations

G.1 The exact RG equations

We are going to consider a simple scalar theory in order to derive the RG equations. We
define

21 = [ D exp (-slol - asilol + [ 16),
ASo) = 5 [ Rul@) 9l 6(-0)
Wi[J] = 1In Zy[J],

rlel + Weld = [ 65 [ 90 Rute ) ot0), (G.1)

where the definition of ¢(x) is given by:

Wy,
0J(x)

= o(z) = (o(x)). (G-2)

When J(z) is k-independent (as in Zg[J]) then ¢(z) computed from Wy, is k-dependent.
Contrary, if ¢(x) is fixed (as in I'y[¢]), then J(z) computed from Eq. (G.6) becomes
k-dependent.
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G.1.1 RG equation for Wj[J]

akewk:_/m (/ o) OuRu( — ) <y>)
xexp ;/qu —q) + /J¢>

N <; vy 8’“Rk(xy)5Ji:c) 5J§(y)> M (G9)

Therefore, the RG equation for Wy is:

52w, Wy W,
Wil :‘/ Ol <5J( TORENC 6J<y>>’ (G-4)

which is equivalent to the Polchinski equation.

G.1.2 RG equation for I'y[¢]

We first derive the quantum equation of motion. The Legendre transform is symmetric
with respect to the two functions that are transformed. Here, in the k-dependent effective

theory, the Legendre transform of Wy, is T'y, + 1/2 [ ¢ Ri¢. Thus,

4 1
e (rk b5 o Rz ) ¢<y>) ~ Jw), @5)
and then
5T
so(x) J(z) = /yRk:(JT —y)o(y). (G.6)

In the Polchinski equation Eq. (G.4), the k-derivative is taken at fixed J(z). We must

convert it to a derivative at fixed ¢:

ol = aul, + [ 00l 550 (@)

Acting on Eq. (G.1) with 0| ;, we obtain:

TRl + OWiLJ]], = / 7041,

I ouRu( — ) (@) bly) — / R — 1)o(2)0k0 ()], (G.8)

2 x7y x7y
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Subsituting Egs. (G.4, G.6, G.7) into this equation we finally obtain

52W,

AT == [ OBk —y) 8J(x)6J(y)

(G.9)
2 oy

In the last step we rewrite the RHS of this equation in terms of I'y, only. We start from
Eq. (G.2) and act on it with 6/0¢(2):

N (52Wk _ (52Wk 5J(y)
0 =2) = 5700 ~ /y 57 (x)6J(y) 66(2) (G-10)
Now, using Eq. (G.6), we get
B 52W, 6Ty, .
w-2= | e (a0 + =) - (G-11)
We define
2
Wi (e) = 6J((;)V<[5/§(y)’ (G12)
and thus
a2 = [ WPy (I + R 0,2) (G.13)

F,(f) + Ry, is therefore the inverse of W,gm in the operator sense, and this relation is valid
for arbitrary ¢. Note that, although we did not specify it, W,g2) is a functional of J(z)
and F,(f) a functional of ¢(x). The RG equation Eq. (G.9) can now be written using I'x:

_1 (2) -
OTklel =5 | uRile—y) (T + Re) (@) - (G.14)
:I/.?y
In Fourier space this equation becomes:

orulol = 5 [0 (I +R) (-a) (G.15)
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G.1.3 The RG equation in the LPA for the O(N) model

We define the potential as I'g[¢] evaluated in a uniform field configuration ¢. By sym-

metry arguments, we can choose any direction for the N-component vector ¢. We take

o=1. |- (G.16)

The RG equation on the potential in LPA writes as

1 02U, -
oU, = 3 Tr (5,5Rk(q) (3@ GI;j + (q2 + Rk)&j) ) , (G.17)

where the trace means summation over O(N) indices and integration on the variable gq.

Since

AU, U, 0%U,
— .. . h . 1
96:90; ~ O dij + a2 bi 95, (G.18)

where p = 1/2¢2, we obtain

>+ Ry + Ul +2pU}!

02U, @+ Ry + U]
b (¢ + Ri)di; = ‘ k . (G.19)

0p; O,

(]2—|-R]€—i-U,/f

It is straightforward to invert this matrix and to compute the trace. We find:

1 N -1 1
U = = | R + . (G20
e 2/q eRe(d) (q2+Rk+U,; q2+Rk+U,g+2pU,;’> (G-20)

This equation on the right hand side defines a loop-integral structure with the propaga-

tors of the N — 1 Goldstone modes and the single massive radial mode.



Appendix H

Proof of the nested formula

We would like to prove the nested formula for the coupling constants in Eq. (3.88). The
easiest to consider first the case for the large-N, D = 2, because the RG equation has the
most simple form for these parameters (see Eq. (3.79)), however, it can be generalised
to arbitrary N and D, which we will present after this simpler example. Our starting

point is the RG equation, and we start to differentiate it with respect to p:

D = —2u(p) + U(SH
, ) u"(p)
Btu = —2u —_— 5,
(TR
2u”(p)? u® (p)

o = —2u" . ’
2O ) W)+ 1)

6u"(p)®  6uP(p)u"(p)  u(p)

atu/// - u(S) _ ’
2 i+ T W) 1P W)+ 1)

(H.1)
Let us rewrite the last three equation in the following form:
o/ = Fy(u') + g(u)u”,
atu// _ Fg(u',u") +g(u')u(3),
o = Fy(u/, v, u") + gu)u. (H.2)
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Where we defined:

Fi(u) =-2ud'(p),
' " 2u" (p)? u® (p)
Fo(u',u = _—2u _ ’
) 2 (W(p) +1)°  (w(p)+1)°

6u”(p)*  6ul(p)u"(p)

2 ’LL/7U”,U”/ = _2u(3) p) — 7
( : W(p)+1)" @ (p)+1)°
1
V) = H.3
1= gy "
We can find the following relation between Fjs:
0F, 0F dg(u)
F !/ " _ " 112
o(u',u") ap + Vi + L
8F2 (9F2 8F2 ag(u’)
F !/ 14 n — /" n " ///‘ H4
s(u',u” u™) ap + A + o LU (H.4)

Of course, dF;/0p = 0 since in this case there is no explicit p dependence, but for the
sake of consistency, we will indicate this term, as well. We can make the following

statement for n > 1:

atu(n) = Fn(ula ulla u///’ st u(n)) + g(u/)u(n—l—l)’

Fo(u,u" ", ..., u(n)) _ 8Fn—lu// OFn_1 ( OFp1 6g(ul)u//> u™.

o’ + ou" ue et Juln=1) o’

(H.5)

We are going to show this by induction. Let us suppose Eq. (H.5) is true. We are going
to show that it holds for n 4 1, too. Let us differentiate Eq. (H.5) once with respect to
p. It yields:

atu(nJrl) — 8Fn + 8Fnu,, + 8anul//_'_ L+ aFn u(nJrl) + ag(u,) u//u(nJrl) +g(u')u(n+2),

dp  ou ou” T oun) ou’

oF,  OF, ,  OF, OF, | dg(u
atu(n—i—l) _ 5 + o o + S M <au(n) .(9;;1/' )u//> w1 +g(ul)u(n+2),

o™ = F (" w4 g )u ),




Appendix H. Proof of the nested formula 163

In this way it was shown that the RHS always depend on the highest derivative of u(p)
linearly, e.g. (™1 in Eq. (H.5). Now, if we look for the scaling solution then the LHS
vanishes, hence from Eq. (H.5):

(n+1) — _Fn(ulvu”7u”/7 7u(n)) (HS)
g(u)
Evaluating this expression at p = 0 gives:
Fn()\la )\27 >\3a ceey )\n)
Aptl = — H.9
n—+ g()\l) ( )
From this expression the nesting is straightforward:
Fr(A1, A2, Mgy ey A F(m?
)\n-l—l _ n( 1y A25 A3y -eey n) _ n(W; ) (HlO)
9(A1) g(m?)
Here, we used the notation m? = A\;. Thus, the formula of the nested couplings in

Eq. (3.88) is proved for N — oo and D = 2.

Note that in the finite NV case there are terms in the initial RG flow like pu’ and pu”.
Evaluating the equation at p = 0 is crucial to be able to neglect these terms, which
would prevent us to perform the nesting. Thus, expanding into Taylor series around
zero is the only case when we can define VBFs.

In what follows, we will give a proof of the nested formula in Eq. (3.88) for arbitrary
field components N and dimensions D. Let us start again by differentiating the RG
equation (in this case Eq. (3.63)) with respect to p:

N-1 1
w(p)+1  2pu"(p) +u(p) + 1’

— D w3 u
il = (D — 2)pu(p) + (D — 2)u(p) — Dul'(p) — (N =1Du"(p)  2pu(p) +3 (ﬂ)

deu = (D —2)pu’(p) — Du(p) +

W)+ 17 Cou(p) +/(p
2 () ()

~
+
—_

\_/

g = (D — 2)pu®(p) +2(D — 2)u" (p) — Du"(p) + (N — 1) <(u’(p) +1)° (W(p) +1)°

2 (20u® (p) +3u"(0))"  2pu®(p) + 5u) (p)
2pu"(p) +u'(p) +1)°  (2pu”(p) +u/(p) +1)°

Let us express the equations above in the following way:

o' = Fi(u, pu”") + g(u)u" + h(u, 2pu") (3u" + 2pu®),
O = Fy(ul ", pul®) + g(uu® + h(ul, 200" )(5u® + 2pul),
(H.12)
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where

Fi(u, pu") = (D = 2)pu”(p) + (D — 2)u'(p) — Du'(p),
Fy(u,u”, pu®) = (D = 2)pul® (p) + 2(D — 2)u” (p) — Du"(p)
20" (p) 2 (2pu®(p) + 3u" ()’

VGG 0 o) + ) + 1)
(W) = __N-T
! (w(p) + 1)
h(u',2pu") = — ! (H.13)

(2pu"(p) + /' (p) +1)*

We can establish the relation again:

oF, | R ,  OF

(.o 3y —
2(“ 7u 7pu ) ap au/ + 8u//p 8u/
(H.14)
We can make the following statement for n > 1:
™ = F,(u/, ..., pu™) 4 g(u)uHV
+h(u', 2pu") <(2n + 1)u™tY + 2pu("+2)) ,
OF,— OF,— OF,_
n+1 n—1 n—1 n—1 n-+1
Ey(u ..., pu" D)) = ap + 9 u 4.+ WPU( +1)
ag(ul) n dh n+1 n
—i—Wu”u( ) + a <2pu( D(p) + (2n — 1)u )(p)> :
(H.15)

Let us suppose that Eq. (H.15) is true for the nth term. Now, we will show it is true for
the n + 1th term:

oF, OF, oF, Ag(u’
8tu("+1) = aip + WUH + ... + Wpu(n+2) + %Sf)u//u(n—‘rl)’

dh
N, (n+2) (n+1) (n+2)
+g(u')u + p ((2n +1)u +2pu ) ,

+h (<2n +3)ul"+2) 4 2pu<”*3)) :
= Fpa (/0 pu™2)) 4 g(u)u™2) 4 ((2n + 3t 4 2pu(n+3)) ’
(H.16)
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where
Fn+1(ul’ u”’ ] Pu( +2)) - 67p ou' u,/ Tt aun+1 pu( 2
/
+8%(7jj )u//u(n-i-l) + ;H; ((2n + 1)u(n+1) + 2pu(n+2)) )

(H.17)

In this way by induction we could show the statement of Eq. (H.15) is true. Here, (in
the case of finite N) we have to set p = 0 and only then it is possible to do the nesting
like in Eq. (H.10). From this point it is straightforward to show this.
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