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INTRODUCTION

The present work is devoted to the study of the non-perturbative properties of quantum
field theories (QFT) of interacting fermions. The pure fermion theories, which are theories
involving only fermion degrees of freedom as well as systems of interacting fermions and
bosons, are taken into account. Moreover the properties of fermion theories with the
insertion of local composite operators are also widely investigated.

The use of these operators can provide important tools for the description of collective
states, without involving the explicit use of scalar elementary particles. In this sense
the results obtained with the Gross Neveu (GN) model [1], used as a paradigm for pure
fermion theories, are compared with those obtained by studying a Yukawa type theory.

According to the (perturbative) power counting theorem [2], four-fermion interactions
are non-renormalizable. They are at most regarded as effective theories, low energy limits
of more fundamental ones. This is for instance the case of the Fermi theory of weak
interactions [3], which is obtained as the low energy limit of the electroweak (EW) the-
ory [4]. Although (perturbatively) non-renormalizable, it provides a very good description
of physical phenomena at energies below the EW scale.

On the other hand the Yukawa theory, first introduced to describe the nuclear inter-
action, has found a wide application in high energy physics thanks to its (perturbative)
renormalizability. The scalar field of the theory, by acquiring a non-vanishing expectation
value, thus spontaneously breaking the symmetry of the model, provides an acclaimed
mechanism for the generation of the particle masses [5].

In a non-perturbative framework, Nambu and Jona-Lasinio (NJL) showed that, for
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values of the Fermi constant greater than a critical one, four-fermion theories undergo
spontaneous breaking of chiral symmetry (xSB), thus providing dynamical generation of
fermion masses [6]. Moreover, the divergences appearing in such non-perturbative analy-
sis differ from those obtained in a perturbative approach. The specific structure of these
divergences makes the non-perturbative renormalizability of the theory possible (see be-
low).

Gross and Neveu (GN) considered a similar model in d = 2 dimension and found that,
as a result of the instability of the perturbative vacuum, the effective potential develops
non trivial minima, thus showing the occurrence of xSB. In these lower dimensions, the
model turned out to be asymptotically free [1].

In this way the opportunity of describing the mass generation without involving any
elementary scalar was profiled. In four fermion models a scalar excitation arises as a
fermion-antifermion bound state (1)) and in the Hartree approximation, it has a mass
which is twice that of the fermion [6]. Many works, as for instance the studies on techni-
colour and top quark condensation [7], have tried to establish some compositeness condi-
tions in the attempt to show the superiority of a purely fermionic approach.

However the strongest hint to this problem comes from the deep connection between
QFT and critical phenomena.

As is well known, the generating functional of a QFT, which encodes all the quantum
relativistic amplitudes, can be mapped into a correspondent partition function of a sta-
tistical system (which collects all the thermal correlators) by means of a Wick rotation.!

Far from being a simple mathematical curiosity, around the 70’s, this analogy gave way
to many QFT techniques for the study of universality properties of critical phenomena
and the calculation of universal quantities [8]. But most of all it gave the possibility to
interpret the renormalizability of a QFT as corresponding to the scale invariance property
of a statistical system near a continuous phase transition [9]. In this sense, the renor-
malization program can be implemented far from the perturbative regime and the nature
of divergences arising in calculations can radically change from those predicted by the
perturbation theory. If two theories are acknowledged to have equal renormalizability

properties, then they will show the same scaling of the correlators and in this statistical

!This is why all the results of this work are presented in the Euclidean path-integral formulation of
the QFT.
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framework are said to belong to the same universality class.

In d = 4 dimensions, by using the 1/N expansion, it is shown that the NJL and the
GN models have the same divergences of Yukawa theories[10],[11],[12],[13]. Following a
renormalization technique (mean field expansion) introduced by Bender and collabora-
tors [14], the same result was also proven in[15]. In this sense, these four-fermion theories
turn out to be renormalizable [10],[11],[12],[13], although they inherit from the latter the
triviality problem. In d = 3 dimensions, Rosenstein and collaborators performed a similar
computation and showed that these models are 1/N renormalizable [16]. Differently from
the d = 4 case, however, in d = 3 the cut-off can be consistently eliminated without
introducing additional counterterms in the Lagrangian.

These studies were further pursued in [17] and [18], where it was shown that, for
2 < d <4 and in the framework of the 1/N expansion, the GN model and the Yukawa
theory belong to the same universality class.

From this point of view, xSB is nothing but the occurrence of a quantum phase
transition where the order parameter is the expectation value of 1), the analogous of
the magnetization if one thinks of the ferromagnetic transition. In this analogy, the
“temperature” is identified with 1/G (1/G. corresponding to the critical temperature)
and a bare fermion mass plays the role of an “external magnetic field”. For the GN model
in d dimensions and for the corresponding Yukawa theory, the critical exponents around
the non trivial fixed point G, have been computed in the 1/N expansion and turned out
to be the same for the two theories [19]%.

The role of the Yukawian elementary scalar is played by the fermion composite oper-
ator of the GN model which acquires a large anomalous dimension due to the quantum
fluctuations.

As is well known, a profound insight in our understanding of renormalization in quan-
tum field theories (QFT) came with the realization of its deep connection with the Wilson’s
theory of critical phenomena [9]. A renormalized QFT is defined around a fixed point of
the RG equations in the space of the bare parameters.

In such a framework, the renormalizability of four-fermion theories is related to the

existence of a non-Gaussian fixed point GG.. The breaking of chiral symmetry results from

2Contrary to some claims according to which the two models have a different number of parame-
ters [20],[21].
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renormalizing the theory around this point, which also turns out to be the critical point
of the transition [10],[11],[12]. Finally, the fact that in the large N limit the divergences
show a different structure from the one observed in the framework of the perturbation
theory is understood as due to a different scaling of the bare parameters around this
non-trivial fixed point. 3

Within the Wilson renormalization group (RG) approach to critical phenomena, the
critical exponents are computed by considering the behaviour of the correlation functions
around the fixed points (with divergent correlation length) of the RG equations. In a
QFT context, the critical exponents of the analogous quantum phase transition can also
be computed once the “external fields” which correspond to the temperature and/or to
other “relevant” fields (the magnetic field in the ferromagnetic case) are correctly identified
[19],[22],[23].

In the present Thesis work, a generalized GN model in d dimensions with /N flavours is
studied within the framework of the Wilsonian RG approach (as originally implemented
by Wegner and Houghton [24]) in the Local Potential Approximation (LPA).

By following [24] and [25], a new RG equation for a purely fermion theory is estab-
lished. Then, with the help of this equation (and following the method outlined above),
the critical exponents are computed in the large N limit in a purely fermion language.
Our results are found to coincide with those obtained with other analytical techniques.

By introducing a running mass term (which, in the ferromagnetic analogy and near
the fixed point, plays the role of an external magnetic field), it is possible to compute
non-universal I R physical quantities such as the physical fermion mass. This soft explicit
breaking of the symmetry suggests a mechanism for the generation of a finite physical
mass as a cross-over phenomenon, thus indicating a way of performing the chiral limit in
the RG picture.

Since our RG method does not depend on perturbative expansions in any small pa-
rameter (1/N or coupling constants expansions), it offers the opportunity of investigating
questions which remain open within the framework of these typical analytical methods.

In this respect, the equivalence of the Yukawa theory and the GN model beyond the 1/N

3In this respect, it is worth noting that in d = 3 dimensions the correspondence between the four-
fermion model and the Yukawa theory is realized as a mapping between the neighbourhood of the non-
trivial fixed point G, and the neighbourhood of the Wilson-Fisher-Yukawa fixed point of the corresponding
Yukawa theory, while for d = 4 the latter collapses onto the Gaussian fixed point.

4
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expansion at d < 4 has been investigated (see chap.3). Moreover, in the Hartree approxi-
mation (large N), the triviality of the GIN model in d = 4 dimensions, in a purely fermion
language (i.e. with no reference to bosonization techniques), has been reproduced for the
first time. This opens the way for addressing such a question for any value of N, an
analysis which cannot be performed with the help of the usual bosonization techniques.

A novel, intriguing, result suggested by our analysis concerns the possibility that the
non-Gaussian fixed point G, triggers a non trivial physics when the theory, in addition to
the Fermi interaction term, contains also a Yukawa interaction (see chap.5).

This Thesis is organized as follows. The first two chapters serve as an introduction to
the subject and gives the possibility to contextualize our original RG results in a coherent
way. Nevertheless, some new (albeit simple) results have also been worked out. More
specifically, the first chapter contains an introduction to the path-integral formulation of
theories with self-interacting fermions, involving also the presence of fermion composite
operators and scalar fields. The chiral symmetry is introduced and the perturbative
analyses of the GNN and Yukawa models are considered. The Feynmann diagrams of these
models are introduced and the triviality of the Yukawa theory is presented.

In the second chapter some classical non-perturbative techniques are considered and
the celebrated N JL result is recovered in its original formulation, i.e. with the help of the
Dyson-Schwinger equations in the Hartree approximation. Then the large N expansion
method is considered which allows the extension of the field theoretical renormalization
approach to non-perturbative (in the coupling constant) tools. The non-perturbative
renormalizability of the GN model and its equivalence to the Yukawa theory is then
shown.

The third chapter is mainly devoted to the presentation of our original work. Before
doing that, the Wilsonian RG is introduced and the Yukawa theory is studied with the
epsilon expansion method. Then, after introducing our original RG approach, the phase
space of the GN model is studied in a purely fermion language. In the large N limit, its
equivalence to the Yukawa theory is then recovered also in this context. Then our RG
method is applied to the computation of the critical exponents of the GN model in d = 3
dimensions (far from the epsilon expansion domain) and for small values of N.

In this respect, it is worth to note that, within our approach, these models can be

studied even far from the small epsilon domain and for small values of N. This is what
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has been done at the end of this chapter.

In chapter four the impact of higher powers operators, (¥)", in the Wilsonian poten-
tial is considered. In the large N limit, the failure of the hyperscaling and the presence of
a logarithmic behaviour with the scale of the quartic operator (1)1)* are thus recovered
in our RG fermion language. In order to study the theory for small values of NV, it would
be necessary to consider the impact of derivative terms, which is left for future work.
However, the above mentioned scaling behaviour is obtained around a non-Gaussian fixed
point, which is a new and unexpected result.

By considering the impact of odd interaction terms in the potential, the marginality
of the cubic operator in d = 3 dimensions is recovered. The anomalous dimension of this
operator is computed and found to be in agreement with results given in the literature at
the next to leading order in the 1/N expansion.

Finally, in the fifth chapter our RG equation is extended to models involving fermions
and bosons. Some interesting non-trivial fixed point solutions are found which would

suggest a non-trivial behaviour of the Yukawa coupling in d = 4 dimensions.



CHAPTER 1

FUNCTIONAL FORMALISM FOR FERMION AND BOSON
THEORIES

In this chapter the path integral formulation of fermion and boson field theories is
adopted as a useful tool for studying the properties of those quantum systems with the
same techniques adopted for studying the properties of statistical systems. A deeper
insight into the renormalizability of a QFT is provided by this statistical picture.

Indeed the renormalization of a quantum field theory corresponds to the exhibition of
some critical behaviour in the statistical language. On one hand this offers the possibility
of interpreting the usual perturbative results within this framework, on the other hand
allows the extension of the notion of renormalization beyond the perturbative regime.

By introducing the functional formalism, a perturbative analysis of the GN model and
of the Yukawa theory is performed. The Feynmann diagrams, arising from the expansion
in the coupling constants, are found and some basic quantities as the degree of divergence
of a diagram or the scaling dimension of an operator are introduced. In such a framework,
the perturbative non-renormalizability of theories with self-interacting fermions as well
as the renormalizability of Yukawian interactions are shown. How the renormalizability
properties of these models are modified by the use of non-perturbative techniques is the
topic of the other chapters.

Finally, a way of interpreting the perturbative results for the GN model in terms of
the Feynmann diagrams of a Yukawa theory is obtained with the help of the Hubbard-

Stratonovich transformation [26].



Chapter 1. Functional formalism for fermion and boson theories

1.1 Gross-Neveu and Yukawa models

The main topic of our work is the study of the properties of the GN model and of
the Yukawa theory. The first one is given as an example of a purely fermion theory with
fermions interacting through a quartic interaction, while the second one is a model of
fermions interacting by means of a scalar. The Gross-Neveu model is thus defined by the

action: 530,51 = /dd:c {IE({W N %(1;7/’)2} (1.1)

where v and 1 are U(N) multiplets and U(N) is called the flavour group. Each fermion
field possesses a Dirac index and a flavour one. There internal indices are understood.

The Yukawa theory instead is defined by the action:
7 d 7 1 o M2, A

The fermion fields are always in the fundamental representation of the unitary flavour
group. In addition, there is a single self-interacting scalar field ¢.

In order to present the results with a high level of generality, one refers to S;[t, 1] as
the action of a generic purely fermion theory. A generic theory involving fermions and
scalars will be characterized by the action Sp[t, ¥, ¢]. Both these actions are required
to involve only local interactions which in statistical language corresponds to taking into
account only short-range interacting systems [27],[28] .

Expanding the fermionic action in powers of the fields one finds:

S.0] = n;m/mmfm/m~-~/ynzz<ym>-~-@<y1>w<x1>~-~¢<xm>

§rm,
(@) - 0(21) 0% (Ym) -+ 0P (1)

The coefficients of the series with (n + m) > 2 define the vertices of the the theory.

(1.3)

The generic n + m-th derivative of the r.h.s of Eq. (1.3) is represented with the diagram
shown in Fig. 1.1. The locality condition is achieved by means of the factorization of a
space-time delta function in front of each derivative.

The inverse of each second derivative of the action plays a prominent role in the cal-

-1
culations since it defines an inverse propagator. Thus, for example, the matrix ((;f;—(%)

8



1.1 Gross-Neveu and Yukawa models

Figure 1.1: The bare vertex of a purely fermion theory with (n+m) external legs, defined by the expansion
in Eq. (1.3), is represented . Starting from the first label the subsequent indices follow in
counterclockwise order.

is represented by an oriented line with the arrows pointing in the opposite direction to
those of %.

The action Spy[th, 9, ¢] of a model involving both scalar and fermions, as for example
the Yukawa theory, can be expanded in powers of 1, 1 and ¢. The general coefficient of

the expansion of Sy, in powers of the fields is:

5n+m+7"Sfb
(1) ... 0U(20) 00 (y1) -+ - 0, (Yo )0B(21) - - 0(2r)

and it will also be represented by the diagram shown in Fig. 1.2.

(1.4)

Ym V! Y2 y1

Figure 1.2: A diagram, representing either the bare vertex of a theory with elementary fermion and
scalar fields, given in Eq.(1.4), or a vertex defined by the expansion in Eq. (1.5), is shown.
Alternatively each dashed line represents either a scalar field or the composite operator ¥1).
Starting from the first label the subsequent indices follow in counterclockwise order.

Being interested in describing collective composite excitations, as those described by

the local operator ¥1)(z) = Y e Vo (T)Va,a(z) (Where a and a are respectively Dirac’s

9



Chapter 1. Functional formalism for fermion and boson theories

and internal indices), an alternative, quite redundant, expansion of the action Sy in powers
of the composite and elementary fields can be considered. A generic coefficient of this

expansion has the form:

5n+m+r5f
0tp(@1) . 09 (x0) 0P (Y1) -+ 0, (ym) Ot (21) -+ GYtp (=)

which defines a vertex which turns out to be useful for further developments and can be

(1.5)

represented with the diagram in Fig. 1.2.
The dashed line for representing both elementary scalars and composite operators was
used. However, by never considering the impact of local operators in theory involving

elementary scalars, misunderstandings should not occur.

1.2 Elementary fields Green’s functions and contin-
uum limit

The correlation functions or the euclidean Green’s functions are the main object of the
statistical parallel of a quantum field theory. For a theory of elementary fermions they

are defined as:

vamm)(yh e Y Ty ey Tpy) = <¢(yl) . -w(ym)@@(xl) - Qz’(xn» : (1.6)

They are expectation values of products of fermionic fields over the ground state. After
the Wick rotation, this mean value is a quantum amplitude that in many cases can be
related to observable quantities as cross sections and decay rates.

For a generic fermionic theory defined by the action S¢[t, ] the euclidean Green’s

functions can be written through the path-integral formalism as:

Ggfmm)(yl, e Ymy Ty ey Tpy)

DYDY () . (Y) (1) () eSOV
N [ DYDep e~ Sl ’

(1.7)

which are nothing but the momenta associated with the normalized weight function
e~ Srl]

70 where:

Z[0] = / DyYDy e~ Srld], (1.8)

10



1.2 Elementary fields Green’s functions and continuum limit

Since the Green’s functions are antisymmetric, with respect to their indices, the fermionic
functions can be described by means of even elements of a Grassmann algebra. A generic

Green’s function is represented by the diagram shown in Fig.1.3.

Ym V& Y2 y1

Xn

Figure 1.3: The Green’s function of a purely fermion theory with (n4+m) external legs, defined in Eq.
(1.7), is represented . Starting from the first label the subsequent indices follow in counter-
clockwise order.

Without going into technical details, defining the correlators by means of the path-
integral formulation deserves some comments. Each field theory represents a system with
an infinite number of degrees of freedom (1),)) labeled by the spatial index x as well
as as well as any internal indices. In order to define and compute a path-integral it is
necessary to restrict the whole system in a finite box of volume V and then to discretize

the space-time with a lattice of size “a”. So doing, the fields are thus defined over the

N sites z; of the lattice. Each function v (x;) (¢(z;)) with ¢ = 1,... N, represents a

possible configuration of the system. Each configuration is weighted by %[[O?M

(also
calculated for the discretized version of system) so that the path-integral appears as a
well defined statistical sum. From the reciprocal space (momentum space) point of view
the use of a finite box results in a discretization of momentum spectrum. On the other
hand a discretization of the space time implies that each momentum component, say p,
is bounded as |[p| < Z. Thus space time discretization is strictly related with a sharp
cut-off regularization procedure in momentum space, the cut-off implied being A = =

[29]. Throughout the present work this type of regularization will be used. The statistical

system associated with this regularized field theory is a usual discrete statistical system.

11



Chapter 1. Functional formalism for fermion and boson theories

However the path-integral definition requires two different limits, that are:

N,V — oo, with N/V fixed, (1.9)

a — 0,  with finite correlators. (1.10)

The first limit in Eq.(1.9) has an analogy in statistical systems in the so called ther-
modinamic limit. It just represents a way of handling systems with an infinite number
of degrees of freedom but finite density. On the other hand, performing the limit in
Eq. (1.10), while all the Green’s functions are to be finite, corresponds to a very particu-
lar statistical situation. In fact, the size a, from the statistical point of view, characterizes
the typical length scale of the “microstates” of the system. If the “macroscopic” objects,
as the correlators, are insensitive to the microscopic scale, the system turns out to be
scale invariant. The simplest manifestation of scale invariance occurs for systems near
a critical point. (Another example is that of conformal theories). Thus a QFT theory
corresponds to a statistical system near a continuous phase transition [9].

Performing the scaling limit in Eq. (1.10) requires the fine tuning of a small number
of control parameters characterizing the phase of the statistical system, such as the tem-
perature, the external field, etc., near their critical value. This statistical fine tuning
reflects in the predictive power of a QFT. A renormalizable theory is characterized by
the possibility of choosing the bare parameters (the parameters appearing in the action
of the theory) as functions of the cut-off in such a way that correlation functions have a
large finite cut-off limit [27].

Each bare parameter in the action can be identified with the value of a certain mi-
croscopical coupling of the statistical reduced Hamiltonian. (More precisely, the reduced
Hamiltonian identifies a whole class of statistical systems with the same ratio of energy
for temperature). The couplings of a theory near a phase transition must directly corre-
spond to the control parameters of the transition. The other possible interactions must
be discarded from the Hamiltonian.

Thus the first parameters are called relevant, the others are defined “irrelevant” cou-
plings. If we do not discard the irrelevant couplings it means that we are not close enough
to the critical point, so that cut-off effects are not negligible.

This is what occurs when “non renormalizable” interactions are included in the action.

The cut-off cannot be removed and the quantum field theory is called effective [30]. There

12



1.2 Elementary fields Green’s functions and continuum limit

are many way of rephrasing this statement which will be further analyzed in the following.

1.2.1 Green’s functions of composite operators and scalar fields

In the previous section the Green’s functions for elementary fields have been introduced
and their relation to the excitation of fermionic particles or antiparticles has been stressed.
However a theory with a non-perturbative vacuum could also allow the excitations of
composite fields as for example the operator ¥1). The impact of these operators is taken
into account by defining the appropriate Green’s functions, according to the well known
procedure introduced in [31].

A generic Green’s function involving both elementary and composite fields is defined

as:

G;m;";r)(yl, Y Ly ey T 2y ey 2p)

= (W) Ym) (1) . D(za) P (1) - Y(2))

DYDY () - ) (@) - (@) P(2) (s, e S -
- [ DYDyp e=Ss1¥v] : :

The correlators of composite operators are very different objects from the Green’s func-
tions of elementary operators. To recover the correlator of composite operators from that
of some elementary fields requires contracting and permutating some fields and perform-
ing the limit y; — x1, where y; and z; are two distinct points. On the other hand, the
Green’s function of elementary operators can be expanded in terms of a basis of com-
posite operators . Both these procedures are strictly related with the continuum limit.
This can generate divergences showing that the two types of Green’s functions require
different renormalization prescriptions [32]. Thus the correlators of composite operators
are completely independent quantities.

In conclusion the Green’s functions of a theory with elementary fermions and scalars

defined by the action Sy, are introduced. These correlators are as expected:

(msnir) . .
Gry (Yl Ymi Ty T 20 2r)

= <7/}<y1) . 7/’(3/?%)1;(1’1) . 1/_}<xn)¢<zl> - w<z7’>>

[ DYDY [Dop(yr) - - o (ym)h(a1) .. () (21) - . Bz, )eSreld] -
) IDQ/}’D@I'D(b =S¢l . (1.

The diagram representing such Green’s functions is shown in Fig. 1.4.
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Chapter 1. Functional formalism for fermion and boson theories

Ym ys Y2 Y1

X1 X2 X3 Xn

Figure 1.4: A diagram, representing the Green’s functions of a theory with elementary fermion and scalar
fields, given in Eq.(1.12), is shown. Each dashed line represents either a scalar field. Starting
from the first label the subsequent indices follow in counterclockwise order.

1.3 Generating functionals for fermion theories

All the Green’s functions that have been introduced can be calculated by means of an
appropriate generating functional. The knowledge of the explicit form of the generating
functional corresponds to knowing the whole theory, thus many results are presented in

terms of these quantities.

1.3.1 Generating functional for Green’s functions

Starting simply with the generator of the Green’s functions of elementary fermion

fields. For the fermion theory one defines:
Ziln,n) = / DY Dip e~ Sl 1v=[ vn. (1.13)

where 77 and 7 are two Grassmann-valued source fields. The generic correlator chmm) is

then obtained as:

Ggfmm)(yl, e Ymy Ty ey Tp)

1 ) ) o )

- Zg[0] 0n(y1)  07(ym) On(wr)  on(za) Zyln.7 . (1.14)

thus Z plays the same role of a canonical partition function. After the derivatives have

been performed the sources must be switched off. Often it is also useful to work with the
correlators including the fluctuations induced by their own sources.

Zglnal _ 2y

700 = Zio Actually

this functional can be expanded in powers of n and 7. So the Green’s functions can be

Strictly speaking the generating functional is given by the ratio

read as the coefficient of this power series.
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1.3 Generating functionals for fermion theories

&—»— X

Figure 1.5: Graphic representation of the 7 source term coupled with the ¢ elementary fermion field in
the generating functional given in Eq. (1.13).

X > D)
Figure 1.6: Graphic representation of the 7 source term coupled with the ¢ elementary fermion field in

the generating functional given in Eq. (1.13).

Representing the external sources with the diagrams shown in Figs. 1.5, 1.6, the power

series of % is diagrammatically given by the picture in Fig..1.7.

1 v )+ (e
=
e

Figure 1.7: Diagrammatic representation of the series expansion of the functional %}%ﬁﬂ = Z—Zf% in powers

of n and 7. The coefficient of the series are nothing but the Green’s functions in Eq. (1.6).

+

N =
N[~

+
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o—— >0
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N~
N =

+

4 een

Clearly a generating functional of Green’s functions of elementary fermion and scalar
fields is defined as:

Zpln, i, J] = / DYDY / D e Sttt [av=[ Guef T (1.15)

so that all the previous results can be rephrased for this expression.
Finally the generating functional for the Green’s functions of elementary and compos-
ite fermion operators can also be defined. Now an additional scalar source K must be

introduced so that the partition function is:
Zsn,n, K] = /D¢D¢ e~ St nt [ Dt [ K, (1.16)

If source term K is taken as a constant it has the impact of a bare mass term for the

fermion fields. The Green’s functions can be recovered as:

G;m;";r)(yl, e Ym Ly e T 21y e 2y)

1§ g 9 5 6 5
= . . Zylnsn, K] (LAT)

Z 0] 6n(y1)  0n(ym) on(z1)  on(,) 0K (1) 0K (2) i K0
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Chapter 1. Functional formalism for fermion and boson theories

A similar expansion to those shown in Fig..1.7 holds also in this case.

1.3.2 Generating functional for connected Green’s functions

Green’s functions previously defined contain some unconnected pieces [33]. In order
to obtain only connected functions of elementary fields, which cannot be written as a sum
of product of other Green’s functions, an appropriate generator must be defined. In purely
fermion theory including the impact of elementary and composite fields it is defined by

the relation:
Zyln, 0, K] = Wbk, (1.18)

where Z; is the partition function appearing in Eq. (1.16). A generic connected Green

function of elementary fermion fields is obtained as:

Ggl}n)(yl, e Ymy Ty e X))

= <@/)(?/1) (Ym0 (1) - @E(xn»c

0 ) ) ) )
= S S e ey 9

From the statistical point of view W is nothing but the opposite of the Helmholtz free
energy of the system normalized at its own temperature. Expanding this functional in
powers of the sources 77 and 7 and setting K = 0, the Green’s functions of the theory are
achieved as coefficients of the power series. On the other hand by deriving with respect
to the source K also unconnected pieces are generated. The Green’s functions of a purely

fermion theory described by the action:
Sp (w0l =il — [n-or [0 [K0-0, (1.20)

can also be introduced. Such a theory is affected by the impact of the source terms in the
fluctuations. For example a theory involving the source K takes into account the presence
of an explicit bare fermion mass term.

The connected correlators for a theory with elementary scalars and fermions are ob-
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1.3 Generating functionals for fermion theories

tained by defining the generator Wy, = InZg[n, 7, J]. Thus one finds:

Ggf;imr)(yl, e YmS Ty e TS Py ey 2p)
= () BB @) - B)O(1)6())
) 0 ) ) 0 ) i
= S Sl Sl (e 69() 6y A A2

These correlators are graphically represented with the diagram shown in Fig. 1.8.

Ym y: Y2 Y1

Zr

X1 X2 X3 Xn

Figure 1.8: A diagram, representing the connected correlators a theory with elementary fermion and
scalar fields given in Eq. (1.21), is shown. Starting from the first label the subsequent indices
follow in counterclockwise order.

For our purposes, it is important to compute the the expectation values:

as well as the connected correlator:

() = (Pp(x)) BT (1.24)

The latter, which is a fermion condensate, is a scalar quantity. Therefore, unlike the
expectation values in Egs. (1.22)(1.23), it can be different from zero without violating
the Lorentz invariance but spontaneously breaking the chiral symmetry. More on this
point in the section dedicated to the symmetries of our models. The classical fields in

Egs. (1.22)(1.23) can be written in terms of the functional generator W; as:

¢c($) = %@)Wf[nv’mK]v (1'25)
Poa) = Wil K] (1.26)
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Chapter 1. Functional formalism for fermion and boson theories

As the classical field 17, can be calculated by the relation:

Deriving twice Wy the dressed fermion propagator is obtained:

52W;
5ﬁa5nb
1 0°Zy 1 67567

Z; 610y Z2 S Oy
= (Yath) = (Ya) (), (1.28)

(Yatho) =

where in the present case a, b collectively indicate spatial and internal indices. The imag-
inary poles (since the Euclidean formulation is employed) give the dressed fermion mass.
In the following it will be seen in which cases a fermion mass can be generated by quantum
fluctuations.

The bound states of the system can be found by studying the poles of the function
[34]:

W - _ _
G = 5isre = (Pvadin) = (90u) (o) (1.29)

which, as will be seen, provides informations about the propagation of collective modes.
Finally, the generator of one particle irreducible (1P1) correlators is defined. With the
help of this functional, the usual systematic treatment of the renormalization properties

of a QFT can be extended to non-perturbative approaches.

1.3.3 Generating functional for 1P/ Green’s functions

As is well known, the 1PI generating functional is the Legendre transform of the
generator Wy(n,n] = InZ¢[n, 7] with respect to the sources coupled with the elementary
fields. It is so called, since it generates diagrams which cannot be separated into two
pieces by cutting a single propagator line. On the other hand, this functional I'y can be

defined, as !:

Ff[wcﬂvzc] = Ff[wcﬂzca[(”l(:o’ (130)

1On the other hand, the functional %[wc,ﬂc,K]’ = 0, generates 1PI functions with one 1)
K

operator insertion [27]
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1.3 Generating functionals for fermion theories

where:

Pf[?/)c,?/_fc,K] :_Wf[n7naK]+/n¢C_/@Ecn (131)

While both Z and W are functional of the external sources, I' is a functional of the
classical fields, defined in Egs. (1.25),(1.26). From a statistical point of view, it can be
regarded as a sort of Gibbs potential.

By deriving I' with respect to the classical field 1. one finds:

o'y _ oWy on on -
0.~ own T [ spte T Gt
= —7, (1.32)

where the identities found in Egs. (1.25),(1.26)were applied. Similarly, it is found:

5T,
= = — 1.
51/10 n’ ( 33)

The relations given in Egs. (1.32),(1.33) show how I', in terms of its arguments, satisfies

the same relations obeyed by the classical action S in the presence of external sources.
For this reason I' is also called the “effective action” and the previous equations can be
regarded, with a grain of salt, as the quantum equations of motion. Further developments
are found in the next chapter. From these relations it is shown that the classical values
of each fields are given by the minima of the effective action.

The 1PI Green’s functions are obtained by expanding the effective action in powers
of the classical fields around 1, = ¢, = 0 one obtains the 1PI correlators. These are the

coefficient of the series:

Dot = i;m/lffl/mwmwlwwl

X I’Scmm)(xl,...,xn;yl,...,ym). (1.34)

The derivative term is represented in Eq. (1.34) Clearly the 1PI functions for a theory
of scalars and bosons can also be defined starting from the appropriate functional I'f; a
generic correlator of a theory with elementary scalars and fermions is represented with
the diagram shown in Fig. 1.9.

Returning to theories involving only elementary fermions one can see that it is possible

to expand the I'; around a generic non zero classical configuration. Clearly, different series
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Chapter 1. Functional formalism for fermion and boson theories

Y1

Xn

Figure 1.9: Graphical representation of the 1PI vertex defined by expansion of the functional I' ;. Start-
ing from the first label the subsequent indices follow in counterclockwise order.

define different irreducible correlators. Expanding around a minimum of the functional
the most interesting results are derived.

Indeed by using the identity:

e dtbe on  0n 10
57 6 e o |
(aéﬁ &f’c>.<6§% 5&)‘(01)’ (1.35)
o on 6the e
it is immediately found, with the help of Eqgs. (1.25),(1.26) and Egs. (1.32),(1.33):
52Wf 52Wf 52Ff 52Ff -1
707] i dpedrpe ) 0the
< (;5277% (?2"1% ) = _< ?21“? 53@{2}# ) . (1.36)
sqon  omon 5pecde  6pcde

which shows how the second derivative of the effective action calculated for a generic field

configuration is related to the inverse dressed propagators. Therefore, setting the external
sources at zero, the second derivatives of the effective action calculated at the minimum
are found to provide information about the particle spectrum of the theory.

Following the procedure introduced by Cornwall, Jackiw and Tomboulis C'JT [31] one

can eliminate both also the source K via a double Legendre transform:

Cylbede b = Wilnn K1+ [a-ve— [Gen+ [ Kov+ [Kow a3

Thus with the help of Egs. (1.25),(1.26),(1.27) one finds:

‘;gf[wc,z/?c,@wc] = 0+ K¢, (138)
or - - _

S, Ve Ver 0] = = = K, (1.39)
ol T

m[@bcﬂ/fc,@/}%] = K. (140)

These equations
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1.4 Symmetries

1.4 Symmetries

The symmetries of the Hamiltonian, together with the field content, uniquely char-
acterize the critical behaviour of a statistical system. Indeed the last, near a continuous
transition, no more depends by microscopical details. Similarly, it is well known by some
perturbative renormalization arguments, that quantum field theories are uniquely speci-
fied by the type of fields involved in the action and by their symmetry transformations [35].
This poverty of detail is a consequence of the universal behaviour implied by the scaling
limit. There are some cases in literature in which a classical symmetry is violated by the
quantum fluctuations [36],[37]. In this section only systems will be considered in which
quantum fluctuations are consistent with the ones possessed by the action. However as in
the case of the GN model and the Yukawa theory the quantum fluctuations can sponta-
neously break a symmetry by generating a non vanishing expectation value for the fields
(38].

Briefly summarizing the symmetries of the GN model and of the Yukawa one, they
turn out to be the same for both of these theories.

Clearly Lorentz and translational invariance are both symmetries of the model. It
should be noted that, in the Euclidean version of the theory, the Lorentz group in d
dimensions is simply the special orthogonal group SO (d).

The set of d gamma matrices satisfying the Clifford algebra are:
{7, "} = 26", (1.41)

If the dimension d of the space is even, another matrix can be constructed which extend

the relations in Eq. (1.41). this matrix 441 is defined as:

Yarr = (—i) I 7, (1.42)

With this position v3,, = 1 and {y441,7,} = 0. In odd dimension the Clifford algebra is
fulfilled only by the «, and such a matrix cannot be constructed. Clearly the orthogonal
group associated with the spinor transformation can be different from those acting on
the space-time coordinates. Sometimes a four-dimensional representation of the gamma
matrices is chosen also for 2 < d < 4 for facilitating the analytical continuation of the

results.
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Chapter 1. Functional formalism for fermion and boson theories

e Spatial reflections. In addition to the usual Poincaré invariance, the reflections
are needed in order to obtain the full orthogonal group. A full reflection is given by

the transformation:
¥ =—x. (1.43)
Now even and odd dimensions have to be distinguished.

If the dimension of the space is even the full reflection transformation is represented

by:
V' (7) = Yap ¥ (—2), (1.44)
V' (2) = (=) yas1- (1.45)
Since 441 commutes with all the SO(d) transformation the Dirac representation
is reducible. (However it is an irreducible representation of the whole orthogonal
group.) By means of the 74,1 matrix all the other spatial reflections can be con-

structed in order to cover all the transformations of the O(d) group. In conclusion

the scalar is left unchanged by a spatial reflection, that is:
¢'(z) = ¢(—a). (1.46)

If the dimension of the space is odd, there is no v441. Since the matrix —1 has

determinant —1, then the total space reflections are represented by:
P(x) = —¢(-a), (1.47)
V' () = (). (1.48)

(Moreover it should observed that the matrix —1 also represents the other spatial
reflections.) In contrast with the even dimension, under a reflection the scalar

changes its sign:

¢(z) = —¢(—x), (1.49)

thus preserving the Yukawa interaction. For odd dimensions the presence of an

explicit fermion mass violates this symmetry.
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e Chiral symmetry. However both the models possess, in even dimension, an-
other internal symmetry which prevents an explicit mass term. By transforming

the spinors as:

P'(x) = Yar1¥(2), (1.50)
U (2) = =(2) a1, (1.51)

and the scalar field as:
¢'(x) = —¢(z), (1.52)

the kinetic terms as well as the interactions are left unchanged. Conversely a fermion
mass term is forbidden. One of the main purposes of this work is to investigate the
generation of a fermion mass through the spontaneous symmetry breaking of this

chiral symmetry or spatial reflections.
Since these are a discrete symmetries no Goldstone bosons are generated.

e Flavour symmetry: The introduction of an U(/N) symmetry in these models is a
very useful tool for investigating the theory with the methods of the 1/N expansions.

Moreover several physical situations can be described with the help of the unitary

group. For historical reasons this N is referred to as a flavour number.

The spinors of the models transform in the fundamental representation according

to:
Y — ey (1.53)

where T are the U (N) generators. The scalar ¢ transforms as a singlet of the
group. This type of symmetry ensures that all the fermions acquire the same mass

from the SSB mechanism.

Charge conjugation and hermitian conjugation are also discrete symmetries of the

model. For further remarks the reader may refer to [27].
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1.4.1 Symmetries in functional formalism

In order to describe the behaviour of the generating functionals under a general symme-
try transformation a compact notation is introduced with ¢ = (1, %, ¢) and J = (7,7, J).2

The linear representation F' of a generic symmetry group acts on the field as:
o — Fo. (1.54)

The statement that a quantum field theory possesses a symmetry can be rephrased in the

conditions:

S[F¢] = S[¢] (1.55)
D(F¢) = Dg¢. (1.56)

The first Eq. (1.55) is the condition for the classical symmetry, the Eq. (1.56) provides the
quantum extension. The above equations imply that the quantum fluctuations leave all

physical quantities unchanged. For the partition function:
Z[J] _ /D(b efs[¢]+fJ-¢> _ /D(F(b) efS[F¢]+fJ-F¢>
= / D e SUHIENTe — Z1pT g, (1.57)
For the generating functional of the connected correlators this immediately implies that:
WIFTJ] = W[J]. (1.58)

As for the classical field one finds:

4} 4]
T T 19 T
G| F T 5(FTJ)W[F J=F 5JW[F J]
)
= Fl— =F! 1.
5777 1] e[/, (1.59)
which, once inverted, gives:
FT ¢ = J[F~ ' ¢.). (1.60)

2Clearly one should also require that any generic transformation preserve this structure [39].
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1.5 Non-interacting fermions and bosons

The symmetry condition for the effective action then reads:
T[F '] = —W[JF o] + / J[F'¢) - F' .
= ~WIFTId + [ FTI8) - F e,

==—WUWM+/ﬂ@k@
— T, (1.61)

which can also be written as:
[[F¢.] = Tod]. (1.62)

Eq. (1.62) shows that the effective action obeys the same symmetries as classical action.
This property turns out to be very useful whenever the computation of some correlator
can be simplified with the help of symmetry arguments.

It is important to stress that, although the action possesses symmetry, the quantum
fluctuations can spontaneously break this symmetry by inducing a non-vanishing expec-
tation value in the effective action. This is exactly the way in which the chiral symmetry
is broken in the considered fermion models. For the GN model, for example, the <@MJ>

condensate acquires a non vanishing value.

1.5 Non-interacting fermions and bosons

The first analysis of the present fermion theories is provided by the perturbation tech-
niques. This tool gives the possibility of understanding some aspects of these models,
and by means of this technique the Feynmann diagrammatic, which will be useful for
further developments, can be introduced. First of all the partition functions for the non
interacting theories must be calculated. Then by plugging the fermion interactions the
Feynmann rules for the calculations of the correlators of elementary and composite oper-
ators can be established. In the perturbative frame a new diagrammatic representation
is also introduced making it possible to distinguish the Hartree’s contributions from the

Fock’s ones.
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Chapter 1. Functional formalism for fermion and boson theories

1.5.1 Free fermion theory

One can begin by considering the massless free fermion action:
St =— [dtagdo—— [ [Gpe (163
aJy

According to Eq. (1.16), the corresponding generating functional Z¢[n, 7, K] is:

sl K /waexp[//w )w(y)+/ﬁ~w—/1/7~n}, (1.64)

where D! (7, y) = (§+K)0D(x,y). The Gaussian integration, extended for a Grassmann

algebra, is given by the formula:
/ d0y...d0ne 20" AP0 — (et A)/2 2 AP, (1.65)

where 0 = (04, ...,0,) aswell as p = (p1, ..., pn) are two different sets of Grassmann num-
bers and A is an antisymmetric n x n matrix. With the help of Eq. (1.65) the integrations
in Eq. (1.64) can be performed obtaining:

st = [l [0 (g, @) ()
- Ju(3)]

3 fon (5 2 (0)
— N'det(DDR) exp ( / / ﬁDKn>. (1.66)

Clearly, the pre-factors A' or N’ have no impact in the computation of the correlators.
The two factors appearing in Eq. (1.66) can be interpreted with the help of the dia-

grammatic representation introduced in Sec.1.1. Using the identity:

det(A) = exp (TrlnA), (1.67)
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1.5 Non-interacting fermions and bosons

the first factor appearing in the partition function can be rewritten as:

det(DDy') = exp(Trln(1+ DK)) (1.68)
= 1+ Tr(DK) + % ((Tr(DK))* — Tr (DK DK))

é ((Tr(DK))® - 3Te(DK)Tr (DK DK) + 2Tr (DK DK DK))

+ O(K*). (1.69)

The trace Tr is performed over the internal indices as well as over the space-time coordi-
nates. For simplicity the matrix K = K(x)d(z,y) was defined. The series in Eq. (1.68) is

diagrammatically represented in Fig. 1.10. From these diagrams all the correlators of the

Figure 1.10: Graphical representation of the series expansion in Eq. (1.68). Loop contributions arise in
the free theory because of the insertion of the ) composite field.

composite field can be extracted. On the other hand the second factor in Eq. (1.66) can

be expanded as:
exp (NDicn) = 1+ 0D + %(nDKn)Q + O’ 7%). (1.70)
Using the operatorial expansion:
(A+B) ' =A 1 —A'BA 4+ AT'BATIBAT — | (1.71)
a series for the second factor appearing in Z; is found. This is:

exp (7Dgn) = 147Dy —7DKDn+ 7DKDK Dy
1, N
+ 3 ((mDn)? + (DK Dn)?
—  2(nDn)(7DK Dn) + 2(77Dn) (DK DK Dn)) + O(n*, 7, K*).(1.72)
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Chapter 1. Functional formalism for fermion and boson theories

From Eq. (1.72) the diagrams contributing to the correlators of elementary fields as well
as to the correlators of composite and elementary ones can be computed. The series in

Eq. (1.72) is represented with the diagrams shown in Fig. 1.11. As expected the two point

Py
-————
——————

1 + o0 - Op—>r—0 + O—Pp—>p—>p0

P
-

-———
[ )

2090 0>—>»—0 +20—P—00—’—>—>—0)

Figure 1.11: Graphical representation of the series expansion in Eq. (1.72). The massive propagator D
comes from the resummation of an infinite series of massless propagators D with source
insertions.

fermion function is nothing but the propagator D, that is:
GY Y (z;y) =D 1.73

The four point elementary function is disconnected and factorizes in the product of the

two point correlators. One finds:
G;M) (21,223 Y1, y2) = —D11Daz + D12 Doy (1.74)
The free contribution to the one point function of the composite operator is given by:
GV (@) = trD(z, ), (1.75)

where, in the present case, the trace covers only the internal indices. The two point

composite function is given by:
Gy () = eD(a, 1)t D(y.y) — tr(D(x,y) D(y, v)). (1.76)

Finally the function of two elementary fields and one composite operator is calculated.
This is:
Gy (wiy:2) = D(w,y)d(x. 2). (L.77)
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1.5 Non-interacting fermions and bosons

In the following how these expressions will be modified by the presence of interactions is
studied.
Starting from the result of Eq. (1.66) the functional Wy can be calculated. It turns

out to be:

Weln, 1, K //nDKn+Trln (DD, (1.78)

where the trace Tr is over spatial and internal indices. Thus, with the help of the

Egs. (1.25),(1.26),(1.27) the values of the classical fields can be computed. These are:
Ye(z) = /DK T, 2)n (1.79)
G@) = = [0 Dxlzz). (150

By applying the following derivative rules for operators:

A
%TrlnA - <A 12:5) (1.81)
dA~1 dA
dx — —A 1@14 17 (182)

the first term in Eq. (1.78) becomes:

6Dk 6D
~jc = D5 Drc (1.83)

The second term gives instead:

) 0D
5—KTrln (DD ) = Tr (DKD 5K)

= trDg. (1.84)

Thus the expectation value of the composite operator is given by:
(Y1) = e~ the+trDi (1.85)
= P Yo+ Y. (1.86)

By taking K = 0 the second term in Eq.(1.85) vanishes so that in a free theory the
expectation value of the composite operator is simply given by % - 1.. This is not the

case when the interactions are taken into account.

29



Chapter 1. Functional formalism for fermion and boson theories

With the help of Egs. (1.80) and (1.80) for the classical values of the fields, the effective

action defined in Eq. (1.30) can be computed. After some manipulations one finds:

Lt [the, e, K] = —//1;6 Dyt . — Trln (DD[’(I) . (1.87)

Setting K = 0 one finds that the effective action, in terms of its arguments, has the same

form of the classical action as a function of the fields.

1.5.2 Free theory with fermions and scalars

Now a free theory with elementary fermion and scalar fields in considered. The action

of this theory has the form:

Splub.0) = [ ' [0+ 50(~0 + M), (1.59)

so that the partition function in Eq. (1.15) is given by two decoupled Gaussian functional

Zpn 7 J] = /D@/}D&exp[/x/yi@1w+/n-@/}—/1/7-n}
/ng exp {_%/m/y¢D;1¢+/J¢} (1.89)

With the help of Eq. (1.65) for the integration of Grassmann variables and by applying

integrals:

X

the usual Gaussian integration formula, that is:
Cla A ibi, _ 1
Hk/d:pke 2midigzithics — Af(det A)~Y% exp <§b,~Aij1bj) , (1.90)
the generating functional Zy;, is easily computed and it is found:

Zpln,n, J] = Nelz [ ID0 ] [f [ Dn]

which is just the product of the generating functionals of the two independent fermion

and boson free theories. The generating functional of the connected Green’s functions is:
Wip[n, 1, J] = InZg[n, 7] + mZ,[J] = Wyn, 7] + W[ J], (1.92)

so that also the effective action can be immediately computed, giving the result:

Cplie o] =5 [ [~ [ [ . (1.93)
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1.6 Interactions and perturbation theory

Again it can be noted that the effective action is obtained from the classical one by
replacing in the classical theory the elementary fields with the corresponding classical

fields. mean values. The only connected functions are the two point correlators.

1.6 Interactions and perturbation theory

Once the partition function of a free theory is known, the impact of interaction terms
is usually analyzed by performing a perturbative expansion in the coupling constants.
Although the aim of this section is to review the perturbative diagrammatic rules for
the GN and the Yukawa models, some general formulas will be worked out that can be
applied to any local potential possessing certain symmetries. The one-loop amplitudes of

the GN model will be worked out explicitly.
1.6.1 Perturbations in fermion theories with composite opera-
tors

The partition function for a model of fermions interacting via a local potential V (1, )

is given by:
Zi i K] = / DD el-Sa- T VAT o= ine] K] (1.94)

where Sg is the free action given in Eq. (1.63). If only the Green’s function of elementary
fields given by the generating functional in Eq. (1.13) are needed, the usual perturbative

formula can be applied, which is:

2zl =exp |~ [verinaton]|exn | [ [ a4 (1.95)

The vertices appearing in the expansion of the first factor are represented by the diagrams
in Fig. 1.1. The propagators, coming from the expansion of the second factor, are
represented by the usual continuous oriented line.

In order to calculate the Green’s functions of the composite operator 91/ the Eq. (1.94)

must be considered. As is well known, the identity :
[ PG ) el S
5 B B _ _
= % / DYDY ol =St [ nv—[dnt[ Kw-w]7 (1.96)
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Chapter 1. Functional formalism for fermion and boson theories

is the basis of perturbation theory.

Now, the potential V (,1) = V(1)) can be expanded in powers of the fields and of
the composite operator, as shown in Eq. (1.5) then the Eq. (1.96) can be applied and the
partition function in Eq. (1.94) can be rewritten as:

[ b5 6 0 \] - . 7 7
Zinn K] = R Ve DuDibel=Sc+] 1o—[ bt [ Ki-y]
7 [0, K] P | / (577’577’5K>_/ VDie

b 6 6] _
= exp _—/V(%,%,é—K)_ZG[n,n,K]

= exp _—/V (%%5%) det(DDZ") exp (//nDKn) (1.97)

where Zg [n,7, K| is the partition function of the free fermion model and has been com-

puted in Eq. (1.66). The Feynmann rules can easily be worked out. The potential V' can
be symbolically expanded in powers of the derivative with respect to the sources of the
elementary and of the composite fields. Then a generic vertex can be represented with
the diagram shown in Fig. 1.5.

Thus the functional Z can be calculated by linking every possible vertex with the
contributions given in Egs. (1.68),(1.72).

1.6.2 Perturbative expansion of Fermi theory

The previous results are applied by evaluating some amplitudes of the GN model by
means of the Feynmann diagrams. The one-loop contributions to the two point and four
point functions of elementary fields are computed by applying the formula in Eq. (1.95).
Then the one-loop contributions to the one point and the two point correlators of the

composite operator are calculated with the help of Eq. (1.97).

Perturbation with elementary operators

By deriving the interacting part of the action of GN model one finds:
Vv
09pa(2)010p(y)1pe(2)0tha(w)

thus the vertex splits into two contributions as shown in Fig.1.12. The first diagram is

= G (0apOed — Oadlpe) 0(x,4)0(y, 2)0(z, w), (1.98)

called the “direct” or Hartree term, the second one is the “exchange” or Fock term.
Now the one-loop contribution to the 1PI two point and four point function of ele-

mentary fields can be calculated. The one-loop correction to the 1P two point function
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1.6 Interactions and perturbation theory

XX

Figure 1.12: According to Eq. (1.98) the four fermion vertex splits in a direct (s-channel) contribution
and in a exchange one (t-channel).

(the inverse propagator) is of order G in perturbation theory. The Feynmann diagrams

contributing to this function are shown in Fig. 1.13. The explicit calculation of the inverse
— + —>—Q—>— - 4>Q>‘

Figure 1.13: One loop contributions to the 1PI fermion-fermion amplitude. The Hartree and the Fock
terms are respectively the second and the last diagram.

propagator gives:
Ty (2.y) = Dy (2,9) + G [butrD(z, 2) — Das(z, 2)] 8(x, y)- (1.99)

By taking the Fourier transform of the previous expression, one finds the form of the in-
verse propagator in momentum space. If fgjl)(p, q) is the Fourier transform of ngl)(:c, Y),
by defining IV (¢) from TV (p, q) = TUM () (27)0(p, ), one finds:

ddp —’Lp —+ mpg / ddp _Z.pab + chSab
tr —
21)4 " p?2 +m% (2m)d  p2+m¥

I (q) = if , +mpoa + G léab / ( (1.100)

where for convenience a bare mass mpg was introduced in the fermion propagator. It is
important to note that the one-loop correction is momentum independent. The integral
appearing in Eq. (1.100) is divergent for d > 2, thus a cut-off A (or another kind of
regularization) is implied.

The one-loop contributions to the 1P fermion four-point correlator are listed in
Fig1.14. The computation of each diagram is performed in the App.A.1. Here the

result is presented after all the external momenta were settled to zero. So the correlator
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Chapter 1. Functional formalism for fermion and boson theories

XIS

FsNeRSReRE

Figure 1.14: One loop contributions to the 1PI four point vertex function. The diagrams from (a) to
(c) are s-channel terms, those from (e) to (g) are t-channel terms, finally (d) and (h) are
u-channel terms .

in the momentum space turns out to be:
d'p —p* +mj
(2m) (p? + m})?

r'%2(0,0,0,0) = (2r)%5(0) [G _ G2Ntil /

ddp m2
+G2 / (27T)d (p2 + 73;1%)2] (5‘1b50d - 5ad5bc) . (1101)

The results in Egs. (1.100),(1.101) are useful in testing the RG equations that will be

derived in the following.

Perturbation theory with composite operators

According to the form of the action in Eq. (1.1), the expansion of the potential gives
the result:

_/V(a/én,é/én,c?/M) - %//5(:6’@5;@) 5K5(y)
G 0 ° °
= 2 [ Lo S

+%de/yL/ (z,y)0(y, 2)é(z, w)

s 5 4
5?7(93) on(y) on(z) on(w)

Thus the perturbative expansion for the functions of the composite operator can be ob-

X (5ab50d 5ad5bc)

(1.102)

tained by linking the diagrams given in the series in Eq. (1.68) with these three different
types of vertices. The diagrams contributing to the connected one point function of the

composite operator are shown in Fig. 1.15.
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1.6 Interactions and perturbation theory

Figure 1.15: Graphical representation of the contributions to <1E1/1>, given in Eq. (1.103), up to the order
G in perturbation theory.

By explicitly performing the calculation the tadpole contribution is obtained, it turns

out to be:
(pp(z))y = trD(z,z) — G/tr [D(z,2)D(z, x)] trD(z, z)
- //tr (x,2z)D(z,w)D(w, x)]. (1.103)

By evaluating the diagrams that contribute to the two-point connected correlator of

the composite operator, which are displayed in Fig. 1.16, one obtains:

Figure 1.16: Graphical representation of the contributions to the two point connected correlator , given
in Eq. (1.104), up to the order G in perturbation theory.
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Gyyle,y) = —tr(D(x,y)D(y,x))+G/tr[D(ﬂf, 2)D(z, 2)]tr[D(2,y) D(y, 2)]

z

/ te[D(, 2)D(z. 4) D(y, ) tz[D(z, 2)]

/ t[D(x, 4)D(y. 2) Dz, 2)]tx[D(z, 2)]

z

- G/tr[D(x,y)D(y,z)D(z, 2)D(z, x)]

z

- G/tr[D(a:, 2)D(z,2)D(z,y)D(y, x)]

+
@

+
@
8

<

— G/tr[D(a:, 2)D(z,y)D(y, z)D(z, x)]. (1.104)

It is important to note how the contributions in Fig. 1.15 look very similar to the one
loop contributions to the scalar mean value of the Yukawa theory. On the other hand
the diagrams in Fig.1.16 are very similar to those of a scalar propagator, apart from a
bare propagator term which is lacking. This not an accident, the similarity found a clear

interpretation with the help of the bosonization technique.

1.6.3 Perturbations in theories with fermions and scalars

By following the same steps used in the previous sections the partition function for a
theory with scalars and fermions that interact via the potential V (1,1}, ¢) can be com-

puted. For this theory it turns out to be:
Zfb[n7 ﬁ? J] = /‘ID’I/}D’lp / D(b eiSG[wﬂvadﬂ*‘[ V(¢71Z7¢)+f ﬁwff 1]).17+f Jé

— exp | [ viosn.sion 6/5J>] Zopln. i, T

= exp — / V(5/577,5/577,5/5J)} exp { / / nDn}
X exp _%//JD;,J]. (1.105)

In such a way the perturbative expansion can be performed.

1.6.4 Aspects of perturbative renormalization

Since the perturbative regime is considered the classification of field theories which is

based on the dimensional analysis can be applied [2]. The usual results are summarized in
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1.6 Interactions and perturbation theory

order to stress the basic concepts that will be applied in the study of the non-perturbative
renormalizability. Some elementary quantities as the scaling dimension and the pertur-
bative degree of divergence as well as their connection with the renormalization program

are reported in the following.

Scale invariance of a theory: classical conditions

The renormalizability of a field theory is achieved once that the correlators can be made
short distance insensitive by means of the fine tuning of a finite number of bare parameters
[27]. This form of scale invariance is reflected on the request that the correlators must
be homogeneous functions of their arguments and is related to the scaling properties of
these functions under a scale transformation. Actually the renormalizability of a theory
requires the invariance of the theory under a wider class of transformations. This will
be the subject of chap. 3. However in some cases these are reduced to simple scale
transformations. Thus it is important to analyze how the several quantities behave under
a scale transformation [40].

A contraction transforms the space time coordinates as:
" = b, (1.106)

with b < 1. A gradient d, and a momentum p,, are affected by their contraction as:

/

ATy (1.107)
0 0

— = b= 1.1
oz'r OxH (1.108)

Generally if the quantity A scales as A’ = b~P4 A under a contraction, then its scaling

dimension [A] will be defined as:
[A] = Dy. (1.109)

As is well known, for a free theory, the scale invariance can be simply rephrased on the
condition that the Green’s functions transform in such a way that the effective action as
well as the action are invariant, under a scale transformation. Since the effective action
of a theory of free fermions and scalars is given by Eq. (1.93) the scaling dimension of free

fermion is defined through the behaviour of the fermion tree propagator. This propagator
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Chapter 1. Functional formalism for fermion and boson theories

is a homogeneous function of degree « = —1. That is:
P 1
D(—) ~b—,  p— oo (1.110)
b ip

Thus in d space-time dimensions the scaling dimension of the non interacting fermion

fields is defined as:
B d+a d-—1

= [+ = ) 1.111
W] =[] = — > (1.111)
This means that in a free theory the fields transform as:
(1-d)
Y(br) = bz Y(x), (1.112)
Dlbr) = b g(a). (1.113)
For a scalar field instead the propagator behaves as:
p 2 1
Dp (g) ~B poe, (1.114)
showing that it is an homogeneous function of degree &« = —2. Thus the scaling dimension
for the scalar is given by:
d+a d—-2
= = , 1.115
0= = (1.115)

With these positions the scale invariance of the theory is simply satisfied which also
means the action and the effective action must have a vanishing scaling dimension, i.e.

they must be invariants under a scaling [27].

Anomalous dimensions of elementary fields

Far from the perturbative regime the Green’s functions of a renormalizable theory can
acquire a different scaling law. For example the fermion dressed propagator can behave

near the critical region as:
b __ 11—
A(E> = b1 A(p). (1.116)

The number 7, is called the anomalous dimension of the correlator since it represents
the difference between the scaling of the propagator an that of the connected two point

function.
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1.6 Interactions and perturbation theory

In order to preserve the scale invariance of the Gaussian part of the effective action

the fermion fields transform as:

Y(bx) = b~F 2,2 (b)y(a), (1.117)
D(bx) = b5 2, P (0)g(x). (1.118)

Thus one finds:
Zy =", (1.119)

From this result the scaling dimensions of the fermion fields can immediately be calculated:

g d=1

Wl =W =——+5 =Wo+w. (1.120)

Then v = 1,/2 is called the anomalous dimension of the field. By deriving the Z,, function
given in Eq (1.119) one obtains:

dlIlZ¢ . . ’)/¢
= = (1.121)

The same arguments can be applied for a theory including a scalar. If the boson two

point correlator scales as:

Mg (§) =0 0n0), (1.122)

the scalar field must transform as:
o(bz) = b7 2,7 (b)o(), (1.123)
in order to preserve the scale invariance of the effective action. This gives :
Zy=1b". (1.124)

The anomalous dimension for the boson field can be calculated from the following relation:

dh’lZ¢ ’)/d)
= = =, 1.12
dnb T 79 (1.125)
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Perturbative scaling of the composite operator 1)

The canonical dimension of a local derivative operator is simply given by:
Olo =1+ _[Wilo+ > _[¢rlo, (1.126)
j k

where [ is the number of derivatives acting on the operator. Thus for example, the

composite field ¥ has the dimension:

[0 = 2[¢]o- (1.127)

On the other hand the scaling dimension of this local operator can be defined by the

one of the two point function:
Gopla) = / d'x / dly e 1CIGy, (x,y)

= /ddx/ddye_iQ($_y)tr(D($>?/)D(y>$))
d

- / %ww@wpw» ~ ¢, (1.128)

The last equalities come from an explicit calculation that will be analyzed in the following.

Thus the scaling dimension of the field is given by:

[y]* = d- [Giﬂ =2d — 2, (1.129)
[by] = d—1=2[¢],. (1.130)

From this result it should be clear that also in the free case the canonical dimension and

the scaling dimension of this composite operator coincide.

1.6.5 Perturbative classification of divergences

In a free field theory the scaling dimension coincides with its canonical or engineering
dimension. The last one is simply obtained, through dimensional analysis, by measuring
all the quantities in powers of an energy scale. Thus since the action is a dimensionless

quantity the canonical dimensions of the fields are [¢]p = [¢]o = (d — 1)/2, and [¢]o =
(d — 2)/2. This result coincide with the scaling dimensions found in Eqgs. (1.111),(1.115).
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1.6 Interactions and perturbation theory

Starting from the canonical dimensions of the fields the canonical one of an interacting

term can be computed, so finding:

mpl, = 1, (1.131)
[M?], = 2 (1.132)
for the fermion and scalar masses, or
Gl, = 2—d, (1.133)
4—d
9o = —5— (1.134)
A, = 4-d. (1.135)

for the dimensions of the Fermi coupling G of the Yukawa interaction g and of the scalar
quartic coupling respectively.

From the perturbative point of view the scale invariance depends on the way in which
the cut-off scale appears in each diagram. If at every order in the perturbation theory
new positive powers of the cut-off scale are generated, which cannot be removed by tuning
a finite number of parameters, the scaling limit cannot be performed. The origin of new
cut-off effects in a diagram can be taken into account by defining the superficial degree of
divergence D of a Feynman diagram. This quantity will be calculated for a theory with
scalars and bosons. The degree of divergence is nothing but the power law by which a

diagram seems to diverge when the cut-off is sent to infinity. 3 One finds [41]:

D =d— Eyt)o — Egldlo — Y _[galoVa, (1.136)

a

where Ey is the number of fermion external legs, E4 the number of scalar ones and [g,]o
is the canonical dimension of the coupling associated with the a vertex.

The divergences occurring in the perturbation theory permit the classification the

QFT’s in the following way [27]:

e Non-renormalizable theories: If there is a vertex with a coupling g, of negative
(canonical) dimension (irrelevant coupling). The number V, can be arbitrarily in-

creased in order to obtain an infinite number of diverging diagrams.

3This statement must be revisited when overlapping divergences appear beyond the one loop order

[2]-
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Chapter 1. Functional formalism for fermion and boson theories

e Super-renormalizable theories: If all the vertices have couplings with positive di-
mension (relevant couplings) only a finite number of diagrams is divergent. The

divergences can be treated by tuning only this finite number of interactions.

e Renormalizable theories: 1f the dimension of a coupling vanishes (marginal coupling)
and there are no couplings with negative dimension then an infinite number of
diagrams diverge. However the maximum degree of divergence does not change for
fixed external legs and does not depend on additional insertions of the coupling with

zero dimension.

According to these results one finds that, for 2 < d < 4, the GN model is perturbatively
non-renormalizable, while the Yuwaka theory is super-renormalizabile. At d = 2 the
G N model became renormalizable while the Yukawa one is always super-renormalizable,
conversely at d = 4 the Yukawa theory is renormalizable since both the coupling g and
the quartic coupling A have zero dimensions. When a theory is super-renormalizable its
action is scale invariant near the perturbative region. For small values of the interactions

the action satisfies:
[S] = 0. (1.137)

This implies that in the perturbative regime of a super-renormalizable theory the scal-
ing dimension of the fields and their canonical dimension coincides. Moreover from the
Eq. (1.137) the scaling dimension and the canonical dimension of the couplings must co-

incide.
[9.] = [9alo (1.138)

In a perturbative renormalizable theory the Eq. (1.138) is no longer satisfied. Weak
violations to the trivial (canonical) scaling occur and the scaling of the fields does not
follow a simple power law.

Finally when a theory is non-renormalizable, in order to preserve the scale invariance

of the theory, an infinite number of coupling must be introduced.

1.6.6 Field theoretical renormalization of the Yukawa theory

As already stressed, the Green’s functions of a (super-)renormalizable theory are cut-

off independent for an appropriate choice of a finite number of bare parameters. Also
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1.6 Interactions and perturbation theory

renormalizable theories can be made cut-off independent by imposing a finite number of
conditions. However, in the last case, the scaling limit cannot be performed so that the
I R scales and the UV cut-off can never be completely decoupled. From a field theoretical
point of view the cut-off A can be removed by setting a finite number of renormalization
conditions [41]. As an example the one loop perturbative divergences of the Yukawa
theory at d = 4 are considered. According to the formula in Eq.(1.136) the divergent

diagrams are listed in Fig.1.17. Just the 1PI diagrams can be considered since the

-
e A
' 0y
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........

a b c
L] -~
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-~ *
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Figure 1.17: One loop divergent diagrams in the Yukawa theory. The (b) and the (f) diagrams correct
to the coupling constants, the (c) give a correction to the scalar mass and the scalar field,
while the diagrams (d) and (e) vanishes because of the symmetry. Finally only the fermion
field is corrected by the (a) diagram since the correction to the fermion mass is zero.

divergent parts of reducible diagrams are products of the divergent pieces corresponding
to their irreducible parts. However diagrams (b) and (e) vanish because of the symmetry
of the theory. At an I R renormalization scale << A the renormalized connected Green’s

functions are defined by performing the fields transformations:

Uile) = 2,5 {ghul). (1.139)
bile) = 2,5 {gh)i(), (1.140)
o) = 2,5 {ghol), (1.141)
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so that the renormalized correlators are related with the original or bare ones by the

relations:

(r(@1) (@)D (1) - - D () D (21) - D (22))
= 7,7 2, (@) () () - @( W)o(21) . b)) (1.142)

In principle these are not the same quantities appearing in Eqgs. (1.117),(1.118),(1.123).
Instead, they are defined by the conditions:

Ar(p)_l(pv Gr, )‘Talua A)’pgz_;ﬁ == 07 (1143)
d
d_AT( ) 1(p797’7>‘7"7,u7A) == ]-7 (1144)
p p2=—p2
A (p) ™ (0, grs Ars 1 )| o2 =0, (1.145)
d _
T3 A5(0) 7 (B, g0, v 1, ) = 1. (1.146)
1% p2=—p2
(1.147)

As the bare correlators are functions of momenta, bare parameters and cut-off scale,
so the renormalized ones are just functions of the momenta, of the scale p and of the

renormalized parameters.* The renormalized parameters are given by the conditions:

P(ﬁlﬂ'&({p}? Gr, )\7"7 K, A) }s:t:u:—;ﬁ - M4_dgr, (1148)
F¢¢¢¢({p}7 Gr; )\7"7 My A) |s:t:u:,u2 = H4id>\r, (1149)

where s,t and u are the three kinematic channels. If the theory had been super-renormalizable
(as it is at d = 3) the number of arbitrary renormalization conditions equates the number
of bare relevant parameters that have to be tuned in order to reach the critical region.
For example, the conditions in Egs. (1.143), (1.145) fix respectively the fermion and the
boson bare masses near their critical value. Similarly, the conditions in Egs. (1.148),
(1.149) tune the Yukawa and the quartic scalar coupling near the origin. As the con-
ditions in Eqgs. (1.144), (1.146) are redundant, so they turn out to be just a simple
rescaling of the fields. In this sense, near the critical point they coincide with those given

in Egs. (1.117),(1.118),(1.123). When the Yukawa theory is just renormalizable (at d=4)

4Eventually they may depend on terms involving the cut-off that are suppressed near the scaling
region.
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1.7 Bosonization technique

the scaling limit cannot be performed. The renormalization conditions tune the value of
the relevant couplings, as done by Egs. (1.143), (1.145), as well as those of the marginal
ones (conditions in Eqs. (1.148), (1.149)). They give, together with the conditions in Egs.
(1.144), (1.146), the opportunity of removing the cut-off from the renormalized functions.
However by the presence of the marginal couplings some logarithmic divergences arise in
the bare correlators so that the cut-off can be sent to infinity just at the price of finding

a non interacting theory.

1.7 Bosonization technique

As previously stated there is a strict analogy between the Green’s function of a com-
posite operator and those of an elementary scalar coupled with the elementary fermion
fields. This parallel is favoured by the diagrammatic representation that was introduced
but it has deeper reasons. In principle, the presence of an elementary scalar in a fermion
theory and the insertion of a composite operator should describe two distinct physical sit-
uations. The inclusion of a scalar composite operator in theory should model the effects
of the collective boson excitations of the system. On the other hand the use of an elemen-
tary scalar assumes that all the boson effects must be described with the introduction of
a new scalar elementary particle. It is a difficult task to establish if these alternatives can
produce different distinguishable effects. In this section a technical trick is introduced

which allows the comparison to be clarified.

1.7.1 The Hubbard Stratonovich transformation

The Hubbard Stratonovich transformation for the Fermi interaction is obtained through

the Gaussian identity [26]:

[ren]- [ gt [ (Eviv)o] =new [/g(mgf

. (1.150)
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then for the GN model the expression in Eq. (1.16) can be rewritten as:

Zsn,n, K] = N/Dzﬂ)z/_}/l?aexp/{ ((?+a)q/;——+n v —1- 77_,_5

wl G

K
— Ne Tz, ln i, G}. (1.151)

X

Apart from a source dependent pre-factor, the partition function looks like very similar to
that of a theory of elementary fermions and scalar interacting via a Yukawa term. How-
ever some additional remarks are required. First of all there is not any scalar derivative
term ensuring the particle propagation; for this reason this field is often called auxiliary
scalar. Moreover a scalar self-interaction lacks from the original Yukawa theory. Thus
the Lagrangian has fewer bare parameters than those of a Yukawa theory. These obser-
vations could mislead. In the past, attempts were done trying to establish whether the
theories without fundamental scalars could be more predictive than those with the same
symmetries but involving an explicit scalar [20],[21]. Different analysis, performed in the
framework of 1/N expansion, have shown that this is not the case [17] [18]. More on this
point in the next chapter. For the moment some aspects of the Hubbard-Stratonovich
trick are presented. The mean value of the composite operator in the GN theory in the
presence of explicit sources, is given by:

) E—_—

i Kok, Zyln,n, K. (1.152)

On the other hand the mean value of the auxiliary field can be defined as:

[ DYDY [ Do ool =Selb.01+[ To+ [ b= [ o]

(o)1 i ' 7 7
[ DYDY [ Do el Tow ] ni=f i)
B m;} QUAE (1.153)
where J = & and Sy is the action given by the Lagrangian:
Ly=—-9@+o)+ %C’ (1.154)

Now it is easy to establish the relationship between the original correlators and those

of the bosonized version. Clearly one can immediately verify that the classical values 1.
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1.7 Bosonization technique

and 1. as well as all the correlators made of fermionic elementary fields coincide either for
the purely fermion version of the model or for the bosonized one. By deriving the original

partition function one finds:
()" = K + G (g)""" (1.155)

The result shown in Eq. (1.155) is the well known relation between the mean value of the
auxiliary scalar and that one of the composite operator [6]. The source term explicitly
appears. Minding the form of the partition function in Eq. (1.16) one can realize how the
source term, being positive, plays the role of a bare mass for the fermion fields.

The relationship between the two point functions can also be calculated. These Green’s

functions are then related according to:

7 7 777K 521 1 Kl A,
(U )" = =B+ K — o (o)
K )
- gﬁ (o)™ + oz (o109)" . (1.156)

All the detailed calculations can be found in the App. A.2.
Now some expressions are derived for the two other generating functionals and for the
their own correlators.

From Eq. (1.151) one deduces:
KQ

Wi ln,n K1 =Wy [0, 7] = [ 57 (1.157)
where clearly Z, = ¢"». Thus the propagator of the scalar theory is given by:
&2W; L 1
= 1.158
KoK, G &2 (o102)c - ( )

The effective action for the bosonized version is defined in a natural way as:

Dy [thes Do 0] = ~ Wy 1,7, T / Tou+ / e — / Fen. (1.159)

After some manipulations, all reported in the App. A.2, one finds:

2
Ff[wt:a@cﬂ/_}wc] + / %(1/_1%)2 = Fb[wcﬂ/_}caac] - / g—é -+ /O'c ’QEQ/JC (1160)

Clearly 7). and o, are not independent variables but are related according to the Eq. (1.155).

A more fruitful relation is given by:
or r
L _ gt
0V, Yo
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Twice deriving this relation one finds that the second derivative of the two theories are

related in the following way:

52Ff -1 _ 9 521‘\{) -1
<m) —orG <506506) : (1.162)

Finally the 1PI correlators of one composite and two elementary fields differ from the

dressed Yukawian interaction simply by a proportionality factor. Indeed by deriving both
sides of Eq. (1.161) one obtains:

Ff

vie =Gy (1.163)

Yo
1.7.2 Perturbation theory of the GN model in the bosonized

version

The first advantage provided by the Hubbard Stratonovich transformation is the fol-
lowing: The perturbartive expansion of the correlators of the GNN model can be rephrased
in a perturbative series for the bosonized version. The perturbative calculations for the

composite operators are more simple if performed with the bosonization technique. After

the shift:
o — VGo, (1.164)
and by defining;:
G = g%, (1.165)

the partition function in Eq. (1.151) becomes:

2

_ - K
Zinn k] = N [Dunid [Do e [ |50+ g0y~ G anev—dn+ 5o
KQ
s
= N’e’fJTQZb[n,ﬁ,J], (1.166)

where J = % was defined. According to the relation in Eq. (1.165) a term of order G"
becomes of order ¢g?* in the bosonized theory. Thus the pertubative scheme shown in

Eq. (1.105) can be applied. Here the potential is V' = gott) and the boson propagator is
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simply Dy(z,y) = 0(x,y). All the results found from section 1.6.2 can be easily recovered.
In particular the result of Eq. (1.98) finds an interesting interpretation in this language.
The Hartree term looks like the direct contribution (or s channel) in a four point am-
plitude obtained by means of this “auxiliary” Yukawa theory. On the other hand the
Fock contribution appears as the exchange term (or t channel). The relation found in
Eq. (1.163), performing the appropriate rescaling becomes:

Ff

wi iy = 9T (1.167)

Yo
The usual Feynmann rules can simply be applied in order to evaluate the one-loop con-

tribution at the function Fi’b bor The diagrams involved in the computation are shown in

Fig. 1.18, while the amplitude turns out to be:

Figure 1.18: Diagrammatic representation of the 1PI Ty, calculated in Eq.(1.169) by means of the
perturbative expansion in the bosonized version of the model.

§°T,
e (2)0%e(y)d0(2)

= gd(z,2)d(z,y)
+ ¢*D(y,2)- D(z,2)6(z,y) (1.168)

By applying the result in Eq. 1.167, the 1PI function of two elementary fields and one

composite operator at the one-loop order can be written. This is:
&y
09e(w) 0t (y)50t)e(2)

= Gi(z,2)d(z,y)

+ G?D(y,2)- D(z,2)6(z,y). (1.169)
These one-loop results will be very useful for further developments in the framework of
the 1/N expansion.

1.7.3 Non renormalizability of the bosonized theory

A word of caution is necessary. Although the diagrammatic picture of the bosonized

version could resemble that of a Yukawa theory the scaling and the pertubative divergences
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of these two models are very different. It should be stressed that, at this stage, the
bosonization technique was just a way of rephrasing the perturbative results, that were
previously found. The perturbative classification of the divergences in the GN which
is very far from that of the Yukawa theory must not be altered if all the quantities
are expressed in the bosonized version. From the action Sy, it can be deduced that the

canonical dimension of the auxiliary field is equal to:
[o]o = d/2. (1.170)

Looking at the auxiliary propagator one obtains:

1
Dolp) =1= 5. (1.171)
consistently with Eq. (1.170). Again from the action Sj, or from the relation in Eq. (1.165)

the dimension of the coupling g can be calculated. This turns out to be:

d—2

[9lo = —5— (1.172)

Also in the bosonized version the model is perturbatively non-renormalizable.

50



CHAPTER 2

NON-PERTURBATIVE ANALYTICAL TECHNIQUES I:
D — S EQUATIONS AND LARGE N EXPANSION

The perturbative analysis has shown that self-interacting fermionic theories are not
renormalizable. Thus the cut-off used in regularizing the theory cannot be sent to infinity,
while keeping finite all other quantities. It represents the physical scale at which these
models no longer apply. However this non-renormalizability statement must be restricted
to the perturbative domain, i.e. when the bare parameters are closer to zero. Indeed,
as will be seen, it is possible to find a region of the bare parameter space, far from the
perturbative one, where the divergences can be removed by an appropriate tuning of
the couplings. This implies a different connection from the usual one between the bare
parameters and the cut-off scale.

Originally the first analytical tools used for studying the non-perturbative behaviour
of fermion theories were the Dyson-Schwinger (DS) equations [42]. The generation of a
fermion mass via a non trivial critical value of the Fermi constant was one of the results
of the NJL analysis and it was achieved by means of the DS method [6]. Therefore
the last one is introduced in this chapter in order to present the NJL results and the
non-perturbative aspects of the xSB.

However, generally the DS equations cannot be solved exactly and consistent approx-
imations are needed. A parameter expansion could be introduced making the systematic
estimation of errors possible [26].

Anyway the usual perturbative expansion in the coupling constants, besides from be-
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ing a simple calculation technique, also provides the scheme for establishing when the
divergences arise in a theory and how to heal them. Following another type of expansion
one can establish a new systematization of renormalization which is far from the pertur-
bative region. The 1/N expansion can be used for this objective and will be introduced

later in the chapter.

2.1 Dyson Schwinger equations for the GN model

The Dyson-Schwinger equations are a system of algebraic relations between the corre-
lators of a theory. They can be seen as the quantum equations of motion, extending the
variational principle for the classical degrees of freedom to their the quantum counterparts.
Similar equations exist for statistical systems and are often applied to non equilibrium
problems [43],[44]. In the construction of the DS equations the exact Green’s functions
of the theory are involved; however analytical approximate solutions can be found with
the introduction of a small parameter expansion. As an example, if a Green’s function
is written in a power series of the coupling constant, at each order in the expansion, the
corresponding perturbative approximation of the correlator will be found as a solution
of the DS equations. On the other hand, by resumming the Feynmann diagrams up to
a certain order in the coupling constant an approximate solution of the DS equation is
obtained. A certain class of diagrams whose resummation satisfy the DS equations is
called Dyson series which can be found by grouping diagrams in a different way from the
perturbative prescription. In the following a Dyson series whose resummation gives the
first order of the 1/N expansion, also called Hartree approximation [34], is presented.
The DS equations for both elementary and composite operators are then recovered. Fi-
nally, by using the Hartree approximation, the NJL result providing the generation of
a fermion mass and a relation between the fermion mass and the mass of the composite

particle is found.

2.1.1 Dyson series

Now, by following the perturbative approach, an infinite class of diagrams is resummed.
However the validity of this result holds beyond the perturbative hypothesis. What will

be found is a truncation of the DS equations called the Hartree approximation [31].
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Indeed the rule for selecting this particular class of diagrams is entirely justified in the
framework of the 1/N expansion. This procedure was first introduced by t’Hooft in [45].
If one supposes that the coupling G is of O(1/N) then every Feynmann diagram will have
a weight in powers of N given by the number of couplings G and the number of closed
loops involved in its construction. A closed loop is a fermionic loop in which the product
of propagators is traced over. Each of these loops gives a contribution of order N. As an
example, the diagrams obtained in Fig. 1.13 for the corrected inverse fermionic propagator
can be considered. The bare inverse propagator is of order N° as well as the first one loop
diagram in the picture, since it is formed by a closed flavour loop and a fermionic vertex
G. The last diagram instead has a weight of order 1/, since the propagator is not traced
over, thus at the leading order in the 1/N expansion it can be neglected, while it has to be
retained at the next order. A second example is given by the one loop contributions to the
four point fermionic function shown in Fig. 1.14. The bare vertices are of order 1/N, as
well as the one loop contributions “a” and “¢”. The other diagrams are of order 1/N? and
must be neglected at the leading order. As it should be clear the 1/N expansion collects
the diagrams in a different way from those given by the usual perturbative expansion.
Indeed the bare functions and their one loop corrections are both included in the Hartree
term.

The Dyson series giving the Hartree contribution to the correlators of the Gross Neveu
model are now summed. In Fig.2.1 the diagrams at O(G?) giving the Hartree contribu-

tion to the two point 1P function are represented. Since the 1P function I, is nothing

Q
o _ . _Q

Figure 2.1: The Hartree contributions to the two point 1PI fermion function are represented up to two
loop order. Such terms are often called tadpole diagrams.

— +

but the inverse matrix of the fermionic dressed propagator <1/1 1/_1> = A, the Hartree con-

tribution at the one-loop order can be written as:
AL =Dyl + Gogtr (D) + O (G?), (2.1)
where a, b are generic spatial and internal indices. On the other hand the connected two
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point function satisfies at the same order:
A=D-GDtr(D)A+0(G?), (2.2)
where now all indices are understood. Tracing over all the internal indices one finds:
tr (A) = tr (D) — Gtr (DA) tr (D) + O (G?) . (2.3)

Thus at every order in the bubble resummation, thanks to the Eq. (2.3), the series of terms
in Eq. (2.2) can be replaced by a trace over the dressed propagator. The error belonging

to the next order in G. So doing the following equation is obtained:

A" = D'+ Gtr(D)— G*tr (D) tr (DA) 4+ O (GY)
= D'+ Gtr(4). (2.4)

The second line is true at every order in the perturbation theory and represents the sum
of the series.

The Dyson series for the mean value of the composite operator 1) can be immediately
calculated. Looking at the diagrams in Fig.1.15 it is possible to note how the first two
terms are Hartree contributions. By performing the series resummation with the help of
Eq. (2.3), it is found:

(i) = tr(A). (2.5)

Using Eq. (2.4) and Eq. (2.5) the fermionic propagator and the vacuum expectation value

of the composite field are related according to:
AT = DTN+ G (W), (2.6)

Now the analysis of other series can be treated. For example, the 1P 4-point function,
that has been calculated at one loop level in Eq.(1.101), is considered. The Hartree
contributions to it are shown in Fig. 2.2 (b). First of all it should be observed that in such
a series all the diagrams group in an s channel term and in a ¢ channel one. Indeed the
four point function can be organized as:

6Ty
0% ()0 (y) 0t (2)0a(w)

- g(xvy)é(yaz)é(sz)éabécd
- g<y7z)5<x7y)(s('zaw)éadébc, (27)
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2.1 Dyson Schwinger equations for the GN model

where G(z,y) is the same function for both these channels. Thus the series for the s
and the t contributions becomes a series for the only G(z,y) function. First of all, one
supposes that only the bubble chains diagrams give a contribution to the series. As a

consequence one found the expression:

Q(x,y) - G(S(ZL‘,y) - GQtr (D({L‘,y)D(y,l‘))
+ &3 /tr (D(x,2)D(z,x)) tr (D(z,y)D(y, 2)) + O (G4)

= Gi(z,y) — G/tr (D(z, 2)D(z,x))
x [Gé(z,y) — G*tr (D(z,y)D(y,2))] + O (G*)
= Go(x,y) — G/tr (D(z,2)D(z,2)) G(z,y) (2.8)

4
In order to include all the other corrections to the fermionic propagator (the tadpole
contributions) it should be observed that at every order in GG the dressed propagator can

be replaced for the bare one in Eq.2.8. Finally one gets:

G(z,y) = Gé(:p,y)—G/ztr(A(x,z)A(z,x))g(z,y). (2.9)
>0 IO O -0 - 00
030 0.0
o O

Figure 2.2: (a) The Hartree type contributions to the s-channel of the four point 1PI fermion vertex are
shown. In this approximation both tadpole and bubble diagrams are included. The t-channel
contributions can be immediately worked out by a simple reflection, while all the u-channel
contributions are discarded. (b) The Hartree type contributions to the connected correlator
of two composite fields.

The result that has been found has also an interesting interpretation. The Hartree
diagrams contributing to the connected Green’s function of two composite operators
GSS;COV;Z) (x,y), calculated at one loop level in Eq. (1.104), are shown in Fig. 2.2 (b). Looking

at the diagrams in Fig. 2.2 (a) one finds that in the Hartree approximation the function
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ch?gﬂ) (x,y) can be related to the function G(z,y) defined in Eq. (2.7). This implies the

equation:
G(z,y) = Gd(x,y) — G2 GLo (2, y), (2.10)

which is nothing but the same relation found in Eq. (1.158). The function G(z,y) turns
out to be the propagator of the auxiliary scalar in the bosonized version. An extension of
the relation in Eq. (1.98) to the dressed functions was found. At the leading order in the
large N expansion the four point fermionic function can be rewritten as the sum of the s
and ¢ channel contributions of a particular Yukawa theory. Now however the propagator
in the amplitude is the function G(x,y) which includes all the bubbles resummation. It is
often called improved propagator, since it is a correction of the trivial propagator of the
auxiliary scalar [12].

Some important properties of the GN will soon be investigated by means of the DS
equations. Before this the D.S equations of the model will be recovered in a more rigorous

procedure.

2.1.2 Dyson-Schwinger equations for elementary fields

The Dyson-Schwinger identities are derived starting from the functional identity for
the partition function found in Eq.(1.96). By applying a functional operator to the
partition function of elementary fermionic fields one gets:

5S; 148 & o
—[%,%} Zsn,m) = /DWM

50 50 L v, o]

exp{sf[w [no- /wn}

ol =S b1+ [ 7= [ dn]

X

bound.
_ /DwD@/) ﬁe[*sf[¢7¢]+f o— [ )

= =N Zsn, 7] (2.11)

where an integration by parts was performed minding that the fermion fields vanish at

the boundaries. Similarly, by applying the same arguments to the first derivative in v

(% P 0 } + n) Zsln,n) = 0. (2.12)

one finds the equation:
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2.1 Dyson Schwinger equations for the GN model

Now a generic functional F'[n,7)] is considered. The partition function Z; can always be

Wy

expressed in terms of the functional Wy as Z; = e"7. For a single application of the

derivative 0/0n one finds:

(LI A P

So that the DS equations (see Eqgs.(2.11),(2.12)) can be rewritten as:

exp (— Wy, 7) (%) exp W, .71 E . 7

6, [8 6 !
(ve[nm]é_J {5_?7’%} eWrlnl +7—7) Fln,n = 0, (2.14)
<6Wf[77777]% léiﬁ’%] ve[n,n]+n) Fln.i] = 0, (2.15)

Thus applying the result found in Eq. (2.13) the DS equations for the generator of con-

nected Green’s functions Wy are immediately obtained. They are:

@{5 Wy 0 —5Wf}+77:0 (2.16)

5u Lon " on on T Ty

0Sp |6 oWy 6 OW;

o1 [57‘7 oq o on )" (217)
The DS equations for the effective action are quite involved. Using Eq. (1.22) and

Eq. (1.23) the derivatives with respect to the sources can be expressed in terms of deriva-

tives with respect to the classical fields. One finds:

5 /(wc 5 +/5zﬁc 5
on 6n 6, 5n 0.

Wy 6 W, 6
_ 2.18
/ 5157 50 +/ 576 30 (2.18)
5 /cwc 5 +/5J}c 5
on 57 St 61 61
2 2
SW, 5 [8W S 219

5707 00 ) Smon ou

so that I'; satisfies the following equation:

Ty _ ST, SW, 8 SWy 6
e oY [° 0mon 0t onon 0.’
. Wy 6 SW, 8
_ |, 2.2
Vet | Suon 50 o7 (wj (2.20)

Here the second derivative of the W functional must be expressed in terms of the deriva-

tives of the I'y, according to the Eqgs. (1.36). As an application of these results the DS
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equations for the connected and 1PI Green’s functions for a fermionic theory, with a bare
mass term and a quartic coupling in the action, are calculated. All computations are
reported in the App.B.2. The physical request that odd Green’s functions must vanish
is motivated by the results in Sec.1.4.1. Under certain conditions if the action possesses
any symmetry this cannot be violated by the quantum fluctuations. This assumption
also implies that (¢.) = (¢.) = 0, in order to preserve the Lorentz and the U(N) invari-
ance. The two point 1P function satisfies the equation shown in Fig.2.3. The diagrams
represent the equation for a generic two point fermion correlator in which the classical

fields are collected in the multiplet § = (’(/}c, @Z_)c) Two types of diagrams contribute to

—o—- +§®+é®

Figure 2.3: The DS equation for the 1PI fermion two point function. The exact inverse propagator is
given by the sum of a tree level inverse propagator, of a one-loop Hartree-Fock diagram with
a four fermion bare vertex and of a two-loop diagram involving the exact effective interaction.
All loops involve the exact connected two point functions

this equation: the tadpole diagram which is the first one appearing in the figure and the
saturn diagram which is the second. In the Hartree approximation the saturn diagram
can be discarded. In order to trust this assumption one can expand each function in the

following power series:
(m;n) - 1 (m;n)
r = E —TI , (2.21)

and identify the terms of the same order. At the leading order in this expansion the same
result shown in Eq. (2.4) is recovered for the two point 1P fermion function.

Similar results hold also for the four point 1PI function. After performing the cal-
culations one finds (see App. B.2) the result which is diagrammatically shown in Fig.2.4.
Once again all the odd contributions have been discarded. Moreover, in this case, the
contribution given by the six point function was removed. One can verify that in the

Hartree approximation this equation reduces to the results found in Egs. (2.7),(2.9).
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N =

1
2

+
+

N =
N =

1
Figure 2.4: The DS equation for the 1PI fermion four point function. The r.h.s. of the equation involve:
the bare fermion vertex, the three one-loop Hartree-Fock terms, giving respectively the s,t

and u contributions, and the two-loop terms, made of a the bare vertex and two dressed four
point functions. The term involving the six point correlator is descarded.

2.1.3 The NJL result

In this section the Nambu - Jona-Lasinio (NJL) mechanism for the generation of a
fermion mass, by means of the quantum fluctuations, is recovered . Actually, this result
was originally found by the authors for a model in d = 4 dimensions with a continuous
chiral symmetry [6]. However, many of their arguments were also applied to the GN
model. For the moment, only the system in four dimensions is considered. Starting with
the Eq. (2.4) and writing the result in the momentum space one finds:

_ _ d4p
AOfﬁl,ab(p) - Daﬁl,ab(p)+G5a65ab/WtrD(p),

. d!
= (i, + mBdag) dus + Gduplan / ﬁ

where the Greek letters stand for the Dirac indices while the Latin ones are used for the

trD(p) (2.22)

internal flavour space. The mass mpg must be removed in order to preserve the symmetry
of the model. This procedure is usually called the chiral limit. From the perturbative
analysis it is known that the corrections to the propagator are momentum independent.

Since a similar loop appears in the DS equation the following ansatz is assumed:

Assaw(p) = (%6 + méaﬁ) Oab (2.23)
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The equation for the inverse propagator becomes a self consistent equation for the fermionic

mass. One finds:

(2.24)

The integration can be explicitly performed by means of a sharp momentum cut-off A.

Thus the gap equation for the mass turns out to be:

A2
m =mg+ NG % [AZ — m?n (1 + —)} . (2.25)
7I

m2

Setting mp = 0 (chiral limit), one obtains:

m? A? 472
—Ih(l+—|=1— ——. 2.2
A2 n( +m2) NNG (2.26)

Since the first member of the equation is always non-negative a non-trivial solution for

the mass m exists only if:

47
> = .
G =G A2N

(2.27)
The generation of a fermionic mass and the related ySB are triggered by a critical value
of the coupling constant. This result is far from being an accident. Indeed the occurrence
of a symmetry breaking has a clear interpretation in the statistical language. The critical
value of the coupling is related to the occurrence of a phase-transition in the statistical
system. Thus the coupling G must be related to the temperature of the system while
the fermion mass should correspond to the order parameter of the transition. All these
aspects will be clarified in the following.

The Eq. (2.9) involving the auxiliary field of the bosonized model is now considered.

For d = 4, in Fourier space, it can be written as:
d*p
Gl = G-G Wtr (Alp) - Alp+a)) G (a). (2.28)
The previous result can be immediately rewritten in terms of the inverse propagator as:

G(qg)™ = 1/G+TI(q), (2.29)
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where:

B dp (1 1
II(q) = /(2ﬂ)4t (z’p+m z’(p+¢)+m>' (2.30)

The evaluation of this function is quite involved. All the calculations can be found in the
App. C.3. Following the NJL procedure the function G(q) calculated when G = G. is
reported. It is found:

G0 = o (¢ +am) fiog (2

m2
¢* + 4m? bt \/ﬁ

V@ +4m?
This expression shows that the propagator has a pole in ¢> = —4m?. Minding that the

Euclidean version of the model is used, one finds that in the Hartree approximation the

collective bosonic excitation possess the mass:
M =2m. (2.32)

For a long time this result was considered as evidence that a purely fermionic model is
more predictive than a model with an explicit scalar. However it will be seen how a fixed
ratio between the boson and the fermion masses can be found also in the usual Yukawa
theory.

Another important observation concerns the presence of the logarithmic divergence
in Eq.(2.31). Since the dimension is fixed at d = 4 the II function in Eq.(2.30) has
both quadratic and logarithmic divergences. However while the leading divergence was
canceled by the use of the gap equation it was not possible to remove the sub-leading one.

At the critical point when m = 0 one obtains:

472
2 A ’
q ln(q)

Thus the theory remains effective. The scaling of the function is very different from

G(q) = (2.33)

the perturbative case. In [15] Tamvakis and Guralnik, with the help of the bosonization
technique introduced by Bender et al. [14], have shown that the divergences of self-

interacting fermionic theories in four dimension are equal to those of certain Yukawa
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models in the perturbative region. The presence of this logarithm was related to the
triviality of the Yukawa theory. The renormalization of the bosonized version of the theory
can be performed at every order in the perturbative 1/N expansion by adding a finite
number of counter-terms in the Lagrangian. The number of renormalization conditions
are equal for both the bosonized GN model and the Yukawa theory. More on this point

later.

2.1.4 Dyson-Schwinger equations for theories with composite
operators

A complete study of the phenomenon of ySB involves the mean value of the vn)
condensate. Also the two point function of this composite operator plays an important
role. Thus the DS equations satisfied by the Green’s functions of composite operators
will be explicitly derived. It will be seen how the bosonization technique is a necessary
tool in order to establish these relations. First of all by applying the same arguments
used in the previous sections and by following the same passages the DS equations for a

theory involving fermionic and bosonic degrees of freedom are given by:

Spl[o o o1 _ .
v Lon oy’ 87 Z - 2.34
<5w _5’[7’5’[7’5J_ +n) fb[77>77>J] O, ( 3)
Spwl[o o0 ] .

v Lon oy’ s Z - 2.
<5w 1677 0’ 6 | +77) ol 1, J] =0, (2.35)
S [0 0 o] i

5 Lo onsr]~7)7 =0. 2.
<5¢ 10’ on’ 0 | J) sln, 1, J] =0 (2.36)

The partition function of the elementary and composite fermionic operators of the GN
model can be rewritten in a bosonized version according to Eq.(1.166). In principle the
results in Egs. (2.34),(2.35),(2.36) can be applied also to the bosonized version of this
model. Since these DS equations are indeed satisfied by the functional Z,.

By following the same arguments applied in Eq. (2.13 ) one finds:

J2 1) J2 1)
S ol I I I N
e <5J)6 Zf <5J+J)Zf
, g2 (0
= Ne I3 (5) Zy,. (2.37)

Thus applying the first derivatives of the bosonized action S, to the generating functional
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Z¢ one derives:

0Sp [6 6 & 1 _ _

5Sy[6 & & ] o

5Sy[6 & & ] o

(% _5—?7,%, E + J— — J) Zf[ﬁ,n, K] =0. (240)

These are the DS equations for correlators of elementary and composite functions. The
DS equations for the connected Green’s functions can also be calculated. They turn out

to be:

5S, (6 SW, 5 §W, & W, )
Oop |0 Oy 0 0% 0 0 ~ 0 2.41
Ls?ﬁ 57 50 oy os T eg T ! (241)
J[6 W, 5 SW, S5 6w, -
[577+ 577’577+ 577’5J+ 57 +Jl+n = 0, (2.42)
5S,[6 6W, & 6W; § W,
g O W o — 2.4
Lﬁﬁ s A S B (2.43)

By using Eq. (2.43) the equations for the one and the two point functions of composite
scalars can be calculated. After some brief manipulations and the appropriate rescalings
the equation becomes:

SW; 52W; SW; 6W,;
O g () gy (2O 2.44
oK r(énén) r(én o )= (2.44)

which can simply be rewritten as:

(V) = the - Yo +tr (A) . (2.45)

The diagrammatic representation of this result is shown in Fig.2.5. It is an extension
of the Eq. (1.85) to the interacting theory but it also represents the same result found in
Eq. (2.5). In the present case a non-vanishing expectation value is induced by a non-trivial
propagator.

It is possible to look at this result with the help of Eq. (2.42). Performing some straight
calculations one finds:
oW, n 052Wf oWy OWy oWy _

Dfl
on T 95ken T s TUSK on

(2.46)
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Figure 2.5: The DS equation for the expectation value of the 17 composite field. The first contribution
in the r.h.s. involves the mean values of the elementary fields. It must vanish in order
to preserve the Lorentz invariance of the theory. The second one is a one-loop tadpole
contribution including the dressed fermion propagator.

Most people prefer working with the directly with the DS equations for the bosonized
theory. By deriving the Eq. (2.35) and setting to zero all the external sources and the mean
values of the elementary fields one obtains the DS equation for the improved propagator.
This is:

3Wy

(2.47)

The result is represented in Fig.2.6. The last term of the Eq.(2.47) vanishes in the

Figure 2.6: The DS equation for the dressed fermion propagator. Apart from the tree level term two
other diagrams appear in the r.h.s of the equation. The first one involve the auxiliary scalar
expectation value. It suggest a relationship between the generation of a fermion mass and
fermion condensate.

ladder approximation, the first one is nothing but the same tadpole contribution shown
in Eq. (2.3). Indeed once the classical value of the scalar field, given by Eq. (2.45) through
Eq. (1.155), is replaced in Eq. (2.47), where 9. = 1. = 0, the self-consistent gap equation
for the fermionic propagator is recovered. In the ladder (Hartree) approximation the
fermionic mass generation is immediately related to a non-zero fermionic condensate in

a similar way as that theorized for superconductors [46]. Finally the correlator of two
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auxialary fields is calculated. Deriving Eq.(2.36), with respect to the source .J, one

obtains:
82W, B3W, Wy 6° W, Wy oW,
—— =gt tr [ — t —_— | . 2.48
5700 9 r(éjénéﬁ) 9 r( 5 5J577) 9 r(éjén 57 ) (248)
Thus by setting ¥, = ¢, = 0 it is immediately found:
Ggf?gg) (r,y) = gtr G%g;l)(:c; x;y). (2.49)

2.2 Large N expansion

The large N technique has been the most fruitful method applied for investigating the
non-perturbative aspects of the self-interacting fermionic theories. It has shown how the
Dyson-Schwinger equations can also be treated by means of a certain expansion, however,
in principle, there is no natural small parameter which could be used. Moreover, relying
on the validity of expansion it could become a bit cumbersome. For example, the idea
that the impact of the quartic self-interaction %(@MJ)Q can be replaced with the effective
term G <@Ew> ) — % <@Ew>2 is justified only if the fluctuations of the composite field v
are much smaller then those of the fermionic field itself [47]. This cannot be expected a
priori from the DS analysis. Instead the large N expansion, formulated in terms of the
bosonization tool, provides a solution to this problem in the spirit of the central limit
theorem. When the flavour number N is large, an U(N) scalar as the composite field 1)
will be a sum of many terms and therefore have small fluctuations from its mean value. In
this sense, the bosonization technique is just a way of rewriting the theory in terms of the
collective degrees of freedom, in such a way that the main contribution to the partition
function is given by the mean value <1/3¢> For this reason the leading order of the mean
field expansion, around this collective excitation, is also called Hartree contribution [31].
In the following section the large N techniques for the study of the Gross-Neveu model are
presented. The results found by means of the DS equations are recovered and extended.
First of all some of the usual bosonization tools will be introduced, then by performing
the 1/N expansion the N JL result, found at d = 4, will be extended to 2 < d < 4. With
the help of the large N techniques a systematic analysis of the divergences of the model

can also be provided; the theory turns out to be renormalizable at 2 < d < 4 [19],[22],[23].
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However, thanks to the systematic nature of the 1/N tool, the corrections to the leading

order can also be computed. How this can be done will also be illustrated.

2.2.1 Other bosonization tecniques

The simplest bosonization technique is the Hubbard-Stratonovich transformation. It
has also been introduced in the previous chapter. By using the result shown in Eq. (1.151)
and following the relation between the mean value of the auxiliary scalar and that of the
composite operator 17, found in Eq. (1.155), when the source term has been switched off,

one can replace:
G, - -\ - G, - \2
5 W) = G () i — = ()" (2.50)

This position is justified when the fluctuations of the field o can be discarded.

However the Hubbard-Stratonovich trick requires a quadratic interaction in powers
of ¥1). In order to evaluate the impact of the higher powers of the composite field in
the potential another method is required. Thus the bosonization technique for a generic
potential V (¢)1)) which is a function of the composite fermionic operator is presented [47].

In this case the functional in Eq. (1.16) is given by:
Zpln.n, K] = / DYDy el W= V@O 1= ] bt Kbu] (2.51)

Inserting a delta function, an auxiliary field X can be introduced so that the generating

functional Z; can be rewritten as:
Zi .7, K] = / DYDY / DX 6(X — o) el V0= VEOR mo=fwnt [ KX] (3 59)

For a generic real parameter x the delta function is represented in terms of a Fourier

§(z) = /iw d—k", e~k (2.53)

oo 2T

transform as:

where the variable k£ belongs to the imaginary axis. By extending this result to the

path-integral formalism the partition function turns out to be:

Zin,n, J] = /\/’/D@Z)DQ/}/D(I)

/ DX ol F@ O] eX [ V)] o[ b+ [ IX] (2.54)
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With these positions the fermionic degrees of freedom appear just as quadratic terms.
Thus they can be completely integrated out, then generating an effective action made
only by the collective auxiliary fields X and ®. Differently from the Hubbard Stratonovich
approach, in this case two auxiliary fields are needed. However the correlators of the field

X can be immediately related to those of the composite field 1.

2.2.2 The saddle point expansion

Since the GN model is investigated the Hubbard-Stratonovich transformation, giving
the expression in Eq.(1.151), is resumed. As was anticipated, a systematic large N
expansion relies on the assumption that, when the number of flavours is very large, the
invariants of the U(N) group self average, as for example the composite operator .

Thus for example using Eq. (2.50) one finds:

(()?) — () =0, (2.55)

showing that fluctuations around the mean value are negligible. Now, the way to imple-
ment this assumption is analyzed. First of all the generating functional of elementary
fields and the auxiliary scalar shown in Eq.(1.166) is considered. Then the fermionic
source multiplets 7 and 1 are chosen having just one non-vanishing component. Since
the theory is symmetric under the U(N) group, all the results, written in terms of the
group invariants, will not depend on this particular position. Integrating out the (N — 1)

fermionic degrees of freedom which are not coupled with the sources one obtains:

Zyln, 0, J) = / Dy / Dy / Do el 907 6=S.s 1[0+ ] =] bnt[ To
= /Dw/D@/Do— e*Seff'W@JHIW*I@MIJJ’ (2.56)
where D;1 =@+ o and:
o? 1
Seff.[a] = 2—92 — Trln (AAO, ) , (2.57)

was defined. A functional f of the form:

) = /_OO do e~ "2+ (2.58)

o0
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can be calculated by expanding the argument of the exponent around its maximum x as:

s(z) . s(wo) 1 525 )
s(x 1 6%
= )y - 3 | 1O (2.59)

where /ey = x — 2 and the small parameter € has been explicitly shown. By retaining

terms up to the first order in € one finds: Thus obtaining:

fG) = e in / dy e~ 3P =5 T O 0E?)
—00

Lty [T i [ € @) _< (3))2 6 2
e’'%e / ye 2 o1 y+72 s’ ) v+ O(€)

—00

s(x - aes 5
= Ve~ Himo—iinl(sf) ] [1 - é(sg)*%g‘*’ + 2—2(53)3@53’)2} +...,(2.60)

where the usual Gaussian integrations were performed. From this calculation it can be

immediately verified that at the leading order, when:
. _sle) g
fG) = e e, (2.61)

one gets:

BNV
fGyo; "

Now by applying the same arguments to the path-integral in Eq.

(), = (2.62)

(2.56) one can verify
that the action in Eq.(2.57) is of order N thus the position € = 5 can be done. The

saddle point condition reads:

_ §D;! 5Ses+.
_//w0 5o 0 50{f =J (2.63)
/D(m@bo =7 (2.64)
/ oDy, = —1]. (2.65)

Expanding around this configuration and discarding terms up to the second order in the

fluctuations, the partition function is approximated by:

7, = ¢~ SersWosdo00) =3 STn(SD| ) o[ Gon+ ] Too (2.66)
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where the matrix S is the super-matrix:

Sos Spo Syo
S =\ S5 Sps Sys | (2.67)

Sov Sgy Sy
and where STt designs the super-trace. With some involved calculations reported in the
App.D.1 the form of the effective action at the next to leading order is calculated. It

turns out to be:

) _ 1 0°Sesy.
T[4, o, 00] = Seff-[wo’%’ao]JrQTﬂn(éT;:

1 528\ !

The form of the 1PI Green’s function for the fermionic fields and the auxiliary scalar

) — Trln [D, ]
0

Q/JODUOQ/JO> . (2.68)
0

can be obtained by expanding this expression. It should be emphasized that the trace over
the logarithm of the fermionic propagator appearing in Eq. (2.68) runs only over the Dirac
indices, and not over the flavour ones, since the N — 1 spinors were previously integrated
out. Often people prefer to include this last term in the definition of the action Seyy.
for the reasons which will be clarified soon. The mean field expansion has an important
diagrammatic interpretation that can simplify the calculations. Indeed a saddle expansion

is always a loop expansion. It is well known [41] of the number of loops L is equal to:
L=P-V+1, (2.69)

where P is the number of propagators and V' is the number of vertices. Looking at the
action of the example in Eq. (2.60) one finds that the leading order of the expansion has

no internal line nor vertices thus corresponding to tree level contributions. By this way:
O(e) =L —1. (2.70)

However this loop expansion is very different from the ordinary one. Indeed the propaga-
tors and the vertices implied are derived by the action Sy, not by the original action of
the model S;. As an example the bosonic “tree” propagator S, is the so called “improved
propagator” obtained from the infinite resummation of Hartree type diagrams given in
Eq. (2.9)). This propagator is represented by the diagram shown in Fig. 2.7. The induced

or improved bosonic vertices can be read off by expanding the action Scss. For example
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Figure 2.7: The leading order contribution in the 1/N expansion, defining an improved bosonic propaga-
tor for the auxiliary field. A comparison with the digrams in Fig.2.2 (a) shows that, in this
approximation, the four point function can be rewritten as the sum of two tree level channels
involving the improved propagator.

.
.
.
' S R
N
! ~:
( ; ) .
. . N
. S R .
.
. .
.

Figure 2.8: The three point and the four point scalar vertices, arising in the improved action Scsy., are
shown. Their presence affects only the higher orders contributions of the 1/N expansion.

the diagrammatic representation of the cubic and quartic scalar interactions, giving con-
tributions at two loop order, are shown respectively in Figs. 2.8 (a) and (b). The fermionic

propagator is massive and is given by:
A(p) = (ip+ 00) . (2.71)
It is represented with the ordinary solid line. The computation of the improved vertex

gives:

83Sers
51ha ()00 (y) 60 (2)

It is the only vertex linking boson and fermion lines and it will be represented as a usual

= —0u0(x,y)d(x, 2). (2.72)

Yukawian interaction. One more observation. The one loop contribution in Eq. (2.68)
involves the one loop diagrams containing fermionic bubble and tadpoles, represented by
the trace over the logarithm of the fermion improved propagator, as shown in Fig. 1.10.
If this contribution is absorbed in the redefinition of the action S.s these types of graphs
have to be discarded from the corrections to the leading order.

Finally it is important to stress how the systematic expansion also provides a criterion
for the renormalizability of the theory. By studying the form of the 1PI primitive diver-
gences one can establish if all divergences can be systematically removed. An example of

this procedure is described in the following section.
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2.2.3 Divergences and renormalizability of GN model at d = 3.

A proof of the renormalizability of the GN model at d = 3 was given by [16]. From
the saddle point condition, stated in Eqs. (2.63),(2.64),(2.65), by setting 1y = 1)y = 0, the
gap equation for the fermion mass is obtained, representing the analogous at d = 3 of the

result in Eq. (2.24). It turns out to be:

5 - Jor (=) am

As found in Sec. 2.1.4, a non trivial expectation value of the auxiliary field induces a non

trivial fermion mass, so that one can simply replace m = oy.

The comparison with the Eq. (2.24) also shows how the bare mass mp does not appear
in Eq.(2.73). Indeed since mp must be identified with the source term, it has been
removed. More precisely one should set mpg = %. The critical value for the coupling G is
obtained by setting og = 0 thus finding:

1 d*p 1 NtrIA
— = Ntrl — = . 2.74
. r /(27?)3]92 = (2.74)

The auxiliary improved propagator G(q)~! can be calculated by deriving the effective
action in Eq. (2.68). Since only the leading order of the expansion is considered it can be
simply found by twice deriving the S, [o] and Fourier transforming the result. Thus one

obtains:

-1 1 d3 1 1
G (g) = 5+f(2ﬂ§’3tr<ip+am(p+g)+ao). (2.75)

The integral appearing in the gap equation (Eq. (2.73)) is linearly diverging, as the integral
in Eq. (2.75). Both these integrals are regularized by means of a sharp cut-off. However
by replacing in Eq. (2.75) the value of the coupling G found in Eq. (2.73) the divergences
are removed, leaving a finite result when A — co. When the scaling limit is taken the

coupling G approaches its critical values. So one finds:

_ qg \ Ntrl
G Yq) = (¢*+402)arctan (%) S7q (2.76)
As in four dimensions the propagator has a pole in ¢ = —402.
One can also calculate the ratio:
G (%) 407 TG
dg—1(¢?) Norl L= 6087 (2.77)
T 42=0 24mog
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that will be useful for further applications.

It has shown how, by tuning the coupling G at its critical value (and by setting the
external sources at zero), all the divergences have been removed in the Hartree approx-
imation. A systematic proof of the renormalizability of the theory at every order of the
1/N expansion was given by Rosenstain in [16] Here some of the arguments are reported.
The scaling dimension of the fermionic fields does not change from its canonical value,
as can be found from Eq.( 2.71). Thus [¢)] = [¢] = 1. On the other hand in the large
momentum limit (at the critical region) the two point correlator of the auxiliary field
behaves as:

G(q) ~ -, (2.78)

q
thus the scaling dimension of the auxiliary field is [o] = 1. The result is very different
from the usual trivial dimension found in Eq. (1.171) but also from the behaviour of a free
propagating scalar and it has been interpreted as the appearance of a bound state in the
model. The scaling dimension of the improved vertex defined in Eq. (2.72) can easily be
calculated. Since at the leading order the effective action is scale invariant, the dimension

of the vertex is achieved by requiring;:
[Sepfl = 0= —d+ o] + [g] +2[¢)] =0, (2.79)

which gives [g] = 0. The corrections to the leading order scaling have to be calculated by
applying the procedure explained in Sec.2.2.2. The divergences arising at every order in
the loop expansion are taken into account by defining the appropriate superficial degree

of divergence:
D =d— Ey[] — Ey¢] — [9] = 3 — Ey — Ey, (2.80)

obtained from the result in Eq. (1.136) by replacing the canonical dimension of the fields
with the scaling dimension found in the Hartree approximation. With the help of the
diagrammatic rules established in Sec.2.2.2 and by using the Eq.(2.80), one finds that
the primitive divergent [2] graphs are those shown in Fig2.9. The symmetric case in
which o9 = 0 can be considered and a procedure similar to that described in Sec.1.6.6
is followed. The diagrams (d) and the the diagram (e) in Fig2.9 identically vanish since

these diagrams respectively involve a trace over one and over three Dirac matrices. Also
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Figure 2.9: Primitive divergences arising in the 1/N expansion of the GN model at d = 3. In the
fourth-dimension also the fourth-point scalar vertex has to be considered.

the momentum independent part of the diagram (a) is zero since the symmetric phase is
considered. Finally the diagram (a) gives a correction to the scaling of the ¥@y) operator,
the diagram (b) gives a correction to the scaling of 1t)c operator while the graph (c)
produces a correction only to the scalar mass term coupled with the operator 2. It is
important to stress that, differently from the d = 4 case presented in Sec.2.1.3, there
are no momentum dependent divergences in the scalar propagator. In order to heal the
divergences only counter-terms generated by operators given in the original action Sy are

needed.

2.2.4 Large N behaviour of the GN model in generic dimensions,
some corrections to the leading order.

The result in Eq. (2.73) can be generalized, for generic d dimension, with 2 < d < 4.
The gap equation at the leading order turns out to be:

0o dp 1
= = 2.81
G /(27T)d Z’p+0_07 ( 8 )

which leads to the result:
1 2Ntrl 42 d—3 d
— = —oy 2—=]]. 2.82
&= =g [~ T (2-3) 25
And immediately one finds the critical value:
1 2Ntr IAT2
— = : (2.83)
G, (4m)¥2(d —2)I'(d/2)

The bosonic improved propagator is given by the expression:

G g = I1(q)

ot
1 dp (1 1

a G+/(2w)dt (z’p+croi(p+g)+ao)' (2.84)
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A simple power counting analysis gives that near G. the correlator has the following

behaviour:

1 1

G(q) ~ R (2.85)

The direct computation is obtained by replacing the gap equation (see Eq.(2.81)) and

performing some algebraic manipulation (see App.C.2) thus finding:

N’ dp 1
-1 — (g2 1402
) = g1 |
N'T(2 —d/2) (¢* + 402) d3 ¢
oF (1,2— ==, —— ). 2.86
2(47T)d/2 Ué‘_d {5 99’ 408 (2.86)

When d = 3 the result in Eq. (2.76) is recovered. At the leading order the anomalous
dimension of the scalar field is given by 7, = 4 — d. When d reaches the four dimension
the simple power law scaling is lost and weak logarithmic corrections to the free canonical
scaling appear as shown in Eq. (2.33).

Some examples of corrections to the leading order are given. In order to calculate the
correction to the two point fermionic function the contribution of the diagram (a) in Fig.
2.9 must be added to the tree level term. Thus one finds:

d
Lys(p) =¢p+ao—G/ (;lﬁq)di(p+;)+dog(®' (2.87)

Also the gap equation at the next to leading order can be calculated by adding to Eq. (2.81)

the contribution of the (e) diagram shown in Fig. 2.9. The result is:

0o

6L L <<¢p+cro><z'<;+g> ) 90 (288)

where fp = f%.

The scaling of the composite operator

Finally the behaviour of the two point correlator of the composite field is calculated

by means of the result in Eq. (1.158). By Fourier transforming this equation one finds:
2m)%p+q) | 1

Gyp(p,q) = — e + @z eP)a(@))e (2.89)
Thus by defining: Gy,(p, q) = (2m)46%(p + q)Gy,(q) it is obtained:
1 1
Goula) = =7 + 79(0)- (2.90)
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Using the result found in Eq. (2.84) this Green’s function turns out to be:

Gyylq) = —éH(Q) m

1

= —EH(C])Q(Q)- (2.91)

In the scaling region the function I1(¢) can be replaced with its divergent part for 2 < d < 4
or with the leading divergence at d = 4 [18] thus getting:

Gyy(a) = %QAOO () (2.92)

A part from the 1/G? factor, near the critical region the composite field two point corre-
lator has the same momentum behaviour of the auxiliary scalar one; however the different
divergences arising in these improved propagators are reflected in the different form of

the Zz, function and of the Z, one.

2.3 The Scaling region, critical phenomena picture
of the xSB

In the following section a detailed comparison between the theory of the critical phe-
nomena and the chiral symmetry breaking mechanism in the Yukawa and Gross Neveu
model is explored. At this scope the corresponding quantities to the order parameter, the
critical temperature and so on are introduced for these QFT . Moreover the relation be-
tween the non-perturbative renormalizability of these models and the anomalous scaling
behaviour of the correlators is analyzed. Thus the critical exponents, acknowledging the
features of a theory around the critical region, are defined.

Although the GN model and the Yukawa one should be in principle two different
theories, they have shown the same renormalizability properties (in the 1/N framework)
after the bosonization of the first model. It could be objected that the Yukawa theory has
two more bare parameters (the quartic scalar coupling and the scalar derivative term),
however when these parameters are necessary in order to renormalize the theory at d = 4
they must be introduced for the bosonized GN model too. Conversely it will be found that
these parameters play no role near the scaling region for 2 < d < 4 thus showing that the
two models have the same predictive power. Using the critical phenomena terminology

one can say that they belong to the same universality class in the framework of the large
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N expansion. This clearly holds for the d = 4 case, as said. Similar situations arise in
the description of a ferromagnetic phase transition. Two of the models describing the
emergence of a spontaneous magnetization are the Ising model and the Landau-Wilson
one. The first theory simply modeling the interactions between the spins of the material
while the second one involves the interactions of scalar quantity representing a local
magnetization intensity. One should expect that the first description is more accurate
than the second one, since it investigates the structure of the interactions in the material.
However near the second order phase transition these details are lost. As explained in
Sec. 1.4 the symmetries and the dimension of the order parameter are sufficient to predict

the behaviour of the correlators.

2.3.1 Critical exponents of the ySB

The description of the xSB transition needs the definition of an appropriate order
parameter. This quantity should be the mean value of any field whose non-vanishing
value is a signal of the occurence of the transition. As it is clear from the previous
section the first candidate for the bosonized version of the GNN model is the expectation
value of the auxiliary field . A non-vanishing (o) induces a fermion mass violating
the symmetry. The result in Eq.(1.155) suggests that in terms of a purely fermionic
language the order parameter is the expectation value of the composite operator ).
The NJL result described in Sec.2.1.3 identifies the critical value of the coupling G as it
discriminates between the symmetric and the broken phase. Since the ySB occurs when
G > G, the inverse of the Fermi coupling, 1/G should be interpreted as the temperature

of the model. Thus the reduced temperature 7 is given by:

L1 (2.93)
T = — — —. .
G @G,

Once the order parameter and the temperature have been identified one more quantity is
needed in order to complete the parallel between the xSB and a continuous transition. In
analogy with the ferromagnetic models one has to search for the external (magnetic) field.
This is nothing but the external source K introduced in Eq. (1.16). As previously stated
it can be interpreted as a bare mass term that linearly couples with the operator 1),
explicitly breaking the symmetry of interest. Setting the bare mass equal to zero (chiral

limit) as was done in Eq. (2.81) it is possible to determining the critical temperature G,
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and the onset of the transition. On the other hand the presence of a small non-vanishing
bare mass changes the continuous transition into a cross-over phenomenon. As explained
in Sec.1.3.2 a complete parallel with the critical phenomena picture needs the study of
the correlators calculated with the effect of small sources.

The gap equation, approximated by the Eq.(2.81) in the large N limit, relates the
order parameter of the transition with the temperature and the external field. It is
nothing but the equation of state in the statistical language. At 7 =0 and J =mp =0
the phase transition occurs, thus the coordinates G = G. and mp = 0 in the parameter
space identify the critical point of the transition. The coupling G and the mass mp are
the only two relevant parameters of the transition, any other coupling in the hyper-surface
G = G, and mp = 0 belongs to the critical surface of the system.

The behaviour under scale transformations of the correlation functions (euclidean
Green’s functions) near the phase transition depends on the scaling of the relevant param-
eters: near the critical point, the Green’s functions follow a power law behaviour described
by the so called critical exponents. Here the usual definition of the critical exponents for
the GN model [19],[22],[23] is presented. The exponent 3, which gives the scaling of the
order parameter around the critical value of the Fermi constant, is defined through the

equation:

Py ~ 77, (2.94)

while 0 is defined by considering the scaling of <1/3¢> in the presence of a small bare mass
when G = G,:

(P),_y ~ mi. (2.95)

Another fundamental quantity in the description of our critical phenomena is the two
point connected function of the operator 1. It is related with the improved propagator
of the auxiliary field, (o(x)o(0)), by means of the Eq. (1.158). Near the critical region they
follow the same momentum behaviour as explicitly shown in Eq.(2.92). It is generally

assumed that:

Gplq) = % (0(q)o(—q)) - (2.96)
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The susceptibility y is related to the two point correlation function from the fluctuation-

dissipation theorem according to the equation:

e / dh () () 9 (0)),, (2.97)

since 1/G is the temperature of the model. Performing a Fourier transformation near the

critical region one finds:
XT=GG0) (2.98)

The exponent ~y gives the scaling of x near G = G:
X~ (2.99)

The exponent 1, which governs the scaling of G (¢q) for large momenta at G = G., is

defined by:

1
e

G (@)~ (2.100)

It is nothing but the anomalous dimension of the function also found in Eq. (1.122). The

square correlation length &2 for the auxiliary correlator may be defined [48] by:

s Jd% Jof {o(x)a(0))
* T Td (o(@)o(0))

which is based on the result found in Eq. (2.77). With this position the correlation length

2d¢ (2.101)

is nothing but the inverse of the induced fermion mass. Alternatively it can be defined as
the inverse of the composite boson mass.

By using Eq. (2.101) it turns out to be:

1/2
X 2. (2.102)

0

_Jg%
§ - \/5 dq2

Finally, the exponent v is defined from:

&~ T (2.103)
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Hyperscaling

As has often been said, the critical behaviour is obtained by tuning the bare parameters
in such a way that the dimensionless correlation length of the system % diverges. Indeed by
supposing that under a scale transformation the correlation length transforms according

to its canonical dimension one finds:

£
b’

¢ = (2.104)

so that at the critical point the condition ¢ = ¢ is fulfilled by a divergent correlation
length.! This property corresponds to the request that masses of the fermions and of the
the scalar in the model, both proportional to the order parameter o, are decoupled from
the ultraviolet cut-off scale A, so that /A << 1. However, there is another property
characterizing the critical domain. Since the correlation length diverges at the critical
point, near the phase transition it has become sufficiently large with respect to the other
scales involved. Thus all the correlators should be expressed in terms of simple scale ratios,
thus becoming homogeneous functions of their arguments. This leads to the conclusion
that at the critical point the system is scale invariant.

The way in which the correlators scale under dilatations near the critical point is
reflected on the relations between the different critical exponents. They are called ”hy-
perscaling relations”. Using the hyperscaling hypothesis, that is supposing that the cor-

relators are homogeneous functions one can derive [40]:

3 1
%::2—%, (2.106)
51
%-: S@+d=n,),. (2.107)

Only two different critical exponents are arbitrary numbers, reflecting the fact that two
relevant parameters characterize the critical domain, and will be related to the behaviour

of the temperature of the external field in the following chapter.

LConversely an arbitrary large dilatation drives the system towards an uncorrelated (¢ = 0) configu-
ration.
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2.3.2 Large N computation of the critical exponents in the GN
model

Once the critical exponents are defined it is possible to calculate them for a generic d
dimension with 2 < d < 4 by using the results found in Sec.2.2.4. The gap equation in
Eq. (2.81), written in the presence of an external source J is:

00

a )"

o +J, (2.108)

calculating the integral and replacing the critical value given in Eq. (2.83) one finds:

1 1 [ 2NuI AN

Thus setting J = 0 the following relation is obtained:

1
Tt g — (2.110)

on the other hand taking 7 = 0 one gets:
J~olt=6=d-1. (2.111)

From Eq. (2.86) when ¢*> = 0 one finds, using the relation in Eq. (2.98):

_ N’ _

=X ~ o2 (2.113)

Since from Eq. (2.110) o ~ 777 one obtains v = 1. From Eq. (2.77) extended for a generic

d dimension it is found:

1
(d—2)

l~osv=p= (2.114)

Finally the 7, exponent has been calculated in Eq. (2.85). It is n, =4 — d.

The first correction in the 1/N expansion to the leading order of exponents just cal-
culated. was computed by Hands et al. [19],[22],[23]. Here the result is briefly reported.
By defining;:

(2.115)
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these exponents turn out to be:

1
f= (2.116)
§ = (d—1) [1+%}, (2.117)
. HEZ:;%’ (2.118)
v = (di2) {1+<d;1)%}, (2.119)
2(d — 1) Ag

n = 4—d—7d N (2.120)

(2.121)

One can easily verify that the hyperscaling relations in Eq.(2.105) are fulfilled. The
results could suggest that in the fourth dimension the G/N model becomes trivial at any
order in the 1/N expansion. Actually in order to trust the result at this specific order in
the expansion the higher corrections should be negligible. If the triviality remains also

for small values of IV is in our opinion an open question.

2.3.3 Equivalence with Yukawa theory

The large N expansion techniques is now applied in order to show that near the critical
region the GNN model and the Yukawa theory give the same predictions [17]: The action
of the Yukawa theory was given in Eq. (1.2). Integrating out the N — 1 fermionic fields

with the procedure described in Sec.2.2.2 the following action is obtained:

_ 1 M? A
Surlddl = [ |00+ 00t o000+ 50+ ot

— Trln (AAY), (2.122)

where the shift ¢ — g¢ was performed and A;l = @+ ¢ was defined. In order to compute
the large N expansion both g and A are assumed to be of O(N). Thus the saddle point

condition leads to a modified gap equation:

M? A g N diq
_ 3 — =0 2.123
2P 5419 T @ / C+ed (2.123)
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and N/ = (N — 1)trI ~ NtrI. The critical coupling corresponding to the critical temper-
ature of the system can be obtained by setting ¢o = 0, thus one finds:

M? N’ diq

The boson mass term allows the distinction of the symmetric phase, characterized by a

zero expectation value ¢q, from the broken one, with a non-vanishing order parameter.

The reduced temperature is defined as:

M?  M?

T= . 2.125
R (2.125)
Thus using Egs. (2.123),(2.124), one derives:
A, N, diq
— =0. 2.126
T+ 6g4¢0 + (27T)d¢0/ q2<q2 +¢%) ( )

For 2 < d < 4 the explicit calculation gives:

it~ |t (2 3) 4 -0 2120

This shows that for small values of the order parameter, i.e. in the critical region, the

T+

last term is more singular than the second, which provides a correction to the critical

behaviour. Discarding this term the same expression found in Eq, (2.109) is recovered

once the auxiliary field of the bosonized GN model with the scalar field of the Yukawa

theory have been identified and the inverse coupling é is associated with the ratio A;—;.

The second derivative of the action in Eq.(2.122) gives the inverse bosonic improved

propagator. Using the Eq. (2.123) it is obtained:
/

2 A N
A n_ 4 A 2 Vo 42/
s(q7) g2+3g4¢0+ 9 (¢° +4¢5)

dp 1
2m)® (P* + 9)[(p + @) + 95

In the scaling region, when o, p << A, the integral gives again the dominant contribution.

(2.128)

Thus the bosonic propagator has the same form as the correlator of the auxiliary field

in the GN model found in Eq. (2.86). Since the fermion mass is given by m = ¢

thus near the critical point M? = 4¢2 = 2m?. This condition fixes the ratio 3’\5164 = 4;
when corrections to scaling are included the pole depends on the value of A. It is found
that at the leading order in the 1/N expansion all the exponents of the Yukawa theory

coincide with those of the GN model. Since these two theories have the same critical
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behaviour one says that they belong to the same universality class. The coupling A and
g as well as the kinetic term of the scalar play no role near the scaling region for d < 4,
thus they are considered irrelevant couplings. Here there is a non-perturbative example
of what was expressed in Sec.1.2. A renormalizable theory is characterized by the scale
invariance of its correlation functions. The scale invariance can be achieved near a critical
point by searching for the onset of a second order phase transition. The parameters in the
Lagrangian of a “renormalizable” theory are just the relevant parameters of the transition
since if the system is very close to the critical point any other irrelevant couplings should
be discarded. Conversely if the irrelevant couplings are retained the corrections to the
critical behaviour have been taken into account. Thus the cut-off effects arise and the
theory becomes non-renormalizable.

By discarding the irrelevant couplings of the Yukawa theory near the critical region
its actions become equal to that of the bosonized version of the GN model, with a Fermi
coupling given by G = ¢*/M?. Both the GN and the Yukawa theory possess the same
numbers of relevant parameters. On the other hand the G/N model seems to have fewer
bare parameters than those of the Yukawa theory. However when d = 4 the subleading
divergences affect the equations giving important corrections to the hyperscaling laws.
These corrections are reflected in the divergences appearing in the term trln(d+ o) of the
Sefy. in Eq. (2.57).

In order to avoid these divergences appearing in the GN at d = 4 the tuning of these
operators must be considered too. Thus the same number of parameters found in the

Yukawian Lagrangian are needed [17].
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CHAPTER 3

NON-PERTURBATIVE ANALYTICAL TECHNIQUES II:
RENORMALIZATION GROUP

In the previous chapter the properties of some fermion models together with their
possibility of providing a xSB mechanism were analyzed. The common aspects between
the scaling properties of a QFT and the behaviour of a statistical system, when a SSB
mechanism occurs in the vicinity of a critical point, were also stressed. The non pertur-
bative character of the chiral transition was investigated with the help of the method of
the large N expansion.

One of the main results of this analysis is that, in the framework of the 1/N expansion,
the GN model and the Yukawa theory belong to the same universality class. From a
theoretical point of view this means that a theory of self-interacting fermions produces
the same measurable effects of a theory in which an elementary scalar is the mediator of
the forces.

The easiest check for this assumption is to compare the critical exponents of both of
these models. This comparison has been done in the previous chapter up to the O(1/N)
and it was shown how the scaling of their correlators coincides near the critical region.
On the other hand the number N of spinor components characterizing most of the uni-
tary symmetry groups of the Standard Model physics is relatively small. Thus another
technical tool should be found in order to check the equivalence of the description of the
xSB phenomenon in terms of elementary or composite scalars.

At this scope the renormalization group represents one of the main non-perturbative
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tools which are able to catch the main aspects of the critical behaviour of a system. The
application of this technique to the fermion theories also represents our main original
contribution to the study of fermion chiral theories.

However, there is no natural expansion parameter which can be used in order to
systematically implement this procedure. The starting point is often suggested by the
other analytical methods.

The following chapter is organized as follows. First of all, the main ideas concerning
the Wilsonian renormalization group transformation are applied to the description of the
xSB mechanism. The critical point of the transition will represent a fixed point of the
RG transformations. It has been seen that the d = 4 case represents the upper critical
dimension for the chiral phase transition since the critical exponents of both the bosonized
version of the GN model and of the Yukawa theory acquire their mean field values. When
this occurs the scaling dimension of the fields approaches its canonical value, although
weak logarithmic corrections are also present. The critical region is described by the bare
parameters near the origin and the theory is called trivial. By following the arguments in ..
the calculus of the RG equations of the Yukawa model is performed by means of the epsilon
expansion technique. With the help of the Callan and Symanzik ’s equations the critical
exponents and the scaling of the two point correlator are evaluated. Finally our main
result will be introduced. The RG equations for chiral theories of self-interacting fermions
without the help of any bosonization technique are calculated, extending a procedure
also followed by Clark et. al. [25]. The computation is limited to the so called local
potential approximation (LPA) which neglects the contributions of fluctuations at non-
zero momentum. However as will be shown also in this approximation it is possible
to reproduce the critical exponents of the GN model in the Hartree approximation for
2 < d < 4. They are obtained following the running of an explicit fermion mass term and
calculating the appropriate chiral limit. Using our technique all the physical quantities
at zero momentum as the order parameter of the transition or the susceptivity can be
calculated. With the appropriate approximation the NJL gap equation is recovered,
then other approximations are suggested which best fit the RG improvement. Finally
the critical exponents at any value of NV are calculated by means of our technique. At
d = 3 the results are compared with those found by means of lattice numerical simulations

and of other analytical methods. The agreement with the numerical simulations is very
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satisfactory.

3.1 Wilsonian effective action and blocking

The first step of the Wilsonian procedure is based on considering the impact of the
higher momentum degrees of freedom [9]. Before applying this Wilsonian idea to the
study of the fermion models the Wilsonian effective action for a generic scalar field theory

is presented [49]. The partition function of a scalar theory is given by:
Z[J] = /D(bes[‘b]*f‘w. (3.1)

There are different ways of selecting the degrees of freedom of a theory. The simplest
and direct way is obtained by separating the Fourier modes of the fields in fast and slow

components with respect to an arbitrary scale 0 < k < A. The field ¢(z) splits as:

The field ¢~ is made of those Fourier modes with p < k while ¢ has only momenta

p > k. The partition function can be rewritten as:
200 = /Db_ /D¢+ =Sl + S T+t (3.3)

It should be stressed that the path-integral measure was split into two since each product
containing fast and slow components vanishes. Now the fast Fourier modes, encoding
the effects of the higher momenta fluctuations, can be integrated out by defining the

Wilsonian effective action as:
e Serr[87] — /D(b* e Slo™+eF I+ [ JoT (3.4)

By this way the partition function can be described only in terms of the slow components

and of the Wilsonian effective action as :
Z[J] — /ng_ e_seffA[¢7]+fJ¢7. (35)

The present procedure is called decimation since some of the degrees of freedom have been
simply eliminated. Clearly the definition of the Wilsonian action is purely symbolic and

generally cannot be evaluated until some approximations have been done.
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However the knowledge of the Wilsonian action provides a way for calculating the
generating functional of 1Pl correlators. Indeed, one finds that the effective action I' of

the theory is given by:
oTloe] _ / Depe—SIo+[ (660, (3.6)
so that, by performing the shift ¢ — ¢ — ¢, it turns out to be:

oTlod) _ / Dep e Slo+od] 76, (3.7)

When k£ = A there are no fast components in the scalar field since the last one is
composed of only its slow degrees of freedom (¢ = ¢~ ). In this case the Wilsonian action

in Eq. (3.4) coincides with the bare action of the theory. It is found:

Serr.o] = Slol. (3.8)

Conversely when k& = 0 most degrees of freedom have been integrated out. The right hand
side of the Eq. (3.4) essentially coincides with that one of the Eq. (3.7) except for the
integration over every possible constant field configuration. Thus when the classical field
¢. is constant the effective action calculated in this configuration is well approximated by

the Wilsonian action calculated in its maximum. It is found:

Seff. [¢c] — F[¢c] (39)

In principle the Wilsonian action interpolates between the bare action of the theory when
the scale k, also called running scale, coincides with the cut-off scale A and the effective

action of theory when the running scale reaches zero value.

3.2 The Wilsonian RG approach and the field theo-
retical epsilon expansion for the Yukawa model

In this section the RG properties of the Yukawa model near the fourth dimension are
analyzed.

The Wilsonian renormalization group transformations are introduced for this model
and their application to the study of the chiral transition is stressed. The steps providing

the renormalization group transformations for the Yukawa model are summarized. This
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offers the opportunity of extending the notion of relevant and irrelevant parameters, be-
yond the perturbation theory, and provides the possibility of defining the non-perturbative
renormalizability of a QFT. All the RG technical tools providing a description of the chiral
phase transitions are also introduced.

However another way of implementing the RG transformations, closer to the spirit
of the field theoretical renormalization, is presented. By applying this method the beta
functions governing the flow of the parameters of the theory can be calculated by means
of epsilon expansion technique. The original idea introduced by Wilson and Fisher is
based on a double expansion in terms of the coupling constants of the model and in the
parameter € = 4 — d [50], [51]. Since at d = 4 the Yukawa theory is trivial, near this
dimension the perturbative epsilon expansion and the Wilsonian RG approach give the
same results.

As an application of the procedure, a series of flow equations for the couplings of the

theory will be found.

3.2.1 The Wilsonian RG transformation: Yukawa theory

The renormalization group procedure is made of three essential steps. First of all, as
shown in the previous section, the impact of the higher energy degrees of freedom must
be evaluated by integrating out all the Fourier modes above a certain scale k = bA, with
b < 1. This procedure is called decimation, [40]. In order to compare the original system,
defined at the cut off scale A, with the new effective one, defined at the scale k, the unit
measure must be rescaled by a factor b and the value of the fields needs an appropriate

rescaling too.

Decimation

The Wilsonian action, introduced in Eq. (3.4) was calculated by integrating out the
scalar modes with bA < p < A. Thus k = bA. For a theory with scalars and fermions
one should separate fast and slow components for both scalar and fermion fields and then

defining the Wilsonian action as:

e ShlT Tl /D¢+p@+/p¢+ e ST+t T+t 9T+

x el Mot [ ot (3.10)
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A perturbative calculation of the Wilsonian action in Eq.(3.10) can be performed in a
perturbative way. The methods introduced in Sec.1.6.3 can be applied, although, since
the integration involves only the fast components, the internal momenta of the loops
belong to the shell b < p < A. In this sense the expansion is organized in terms of a
sufficiently small b parameter. Each diagram has a weight given by the number of loops
involved and by a b dependence of the bare parameters !. Clearly situations far from
the usual perturbative one can be explored. The 1PI correlators, arising from such a
calculation, represent the coefficients of the expansion of the Wilsonian action in series
of the slow components. By expanding each of these coefficients around the momentum

scale p = k one could find [41]:

Sk, 9,4] = /| L D70+ 0 0)e) v

7-1 2 2
+ %(6ﬂ¢)2+wz—5w¢2
+ %&a.], (3.11)

As a consequence, each parameter in the original Yukawa Lagrangian receives an
appropriate correction produced by the diagrammatic contributions. Also other operators
are generated by the integration as those corresponding to higher power couplings and
to non-local interactions. The introduction of the non-vanishing source terms, as given
in Eq. (3.10), could generate contributions which explicitly break the symmetry. However

for a theory near the chiral transition this is not the case. More on this point later.

Rescaling

. The effective action in Eq. (3.11) is defined at a cut-off scale bA. In order to restore

the original cut-off scale one can perform the rescaling:

¥ = bz, (3.12)

Vo= 7 (3.13)

So that the momenta belong again to the range 0 < p < A. Since the limit in Eq. (1.9)

must be performed, this procedure also preserves the number of degrees of freedom thanks

linherited by their a priori dependence on the cut-off scale
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to a rescaling of the Lagrangian density. Thus the Wilsonian action can be rewritten as:

Shl, 0.l = /| Bt 0@ (250 4 g+ 39)0(a)) (o)

+ 225l + WD )
(A Zlé)\)(b4<x) T ] _ (3.14)

Field renormalization

After the decimation and rescaling are performed a field transformation is defined

according the rule:

W) = b2 2, P 0)(), (3.15)
Vibe) = 072, P 0)d(), (3.16)
¢(bz) = b7, (b)g(), (3.17)

Again the Z factors appearing in this transformation should not be in principle confused
either with those defined in Egs. (1.117), (1.118),(1.123), or with those in Egs. (1.139),
(1.140),(1.141). However all these quantities coincide under certain conditions to be

clarified soon. After the field rescaling the Wilsonian action reduces to:

S o) = [ [ 5@ (0 +99@) )

+ %(a;gb'(x’))? + M7l2¢>’2(x’) + 2—;¢’4(x') +.. ] : (3.18)
where:
g = 270 g o6g=2"Z0F 71y, (3.19)
M? = ZW M —0M* = Z)b 27, M, (3.20)
No= Z3IN— 6N = Z3p 2 (3.21)

The relations in Egs. (3.19),(3.20),(3.21) are the RG discrete transformations for the cou-
plings of the theory. Thus for example, the effective Yukawa coupling or the effective four

scalar interaction, according to the previous prescriptions, satisfy the relations:
— k4*d /

Sows ({1} PP

S¢%¢¢({P})‘ = kN, (3.23)

s=t=u=—k?2

: (3.22)

91



Chapter 3. Non-perturbative analytical techniques II: Renormalization Group

very similar to those given in Eqgs. (1.148), (1.149).
The partition function in Eq.(3.10) becomes:

Z[naﬁv J] - N(b A , N, ?7’J {g} /DQ/}/DQZJ /D(b/ —Sf’?,[w’ﬂﬁ’,qb’}

d+1

exp { / dz'v"F 2, (2 (a') — / dr'v" s Z,/ %) (2" )n(x)

X

+ / da'b s Zl/2j<l’)(]§/(l’/)}
N, Ayn,n, JAgH)Z' ' 7, '], (3.24)

while the sources transform according to:

0(bz) = bF 2, (), (3.25)
_d+1 _

7(br) = b=% 2,*q(x), (3.26)

J(bx) = b2 J(x). (3.27)

3.2.2 Fixed points

Clearly the procedure can be reiterated so that the whole RG transformation is rep-

resented by the mapping:

Sho[trs Urs k) — S Wiy Yok, Prs]- (3.28)

Where now b = 1 — dk/k. One can think to the renormalization group transformation
as a mapping defined on the space of all possible couplings. Each integration produces a
new set of effective couplings. The boundary value of these transformations at £ = A is
provided by the value of the couplings appearing in the original action Sy, in Eq. (1.2).
It is clear that the flow of the whole parameter space cannot be followed in practice. The
truncation scheme that should be adopted is justified by the possibility of neglecting those
parameters which are naturally suppressed after a recursion.
It can be immediately verified that a generic connected correlator transforms as:

ntm gq9

G ({p}: {ads (1) = b5 mHm 2 0 S 2 5 G (op)s {ba): {01}), (3.29)

plus an additional function which decreases after many integrations. By taking the limit

0k — 0 2 an infinitesimal transformation in the dilatation parameter b is generated. Thus

2this procedure requires attention especially in the sharp-cut off regularization scheme, cite
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a generic parameter v; of the action transforms according to the equation:

d’UZ‘
= B (), (3.30)

where ¢t = —Inb = ln% was defined.

A fixed point of the RG equations is defined so that:

SholUns s O6] = S [Wk—sk Vrsis Drot], (3.31)
Jox) = J%k(). (3.32)

This implies that the correlators Gy_s and Gy in Eq. (3.29) become the same function,
while the RG transformation acts as a simple rescaling. As well known, each regular map,
after many recursions, flows towards a fixed point (which can be finite or infinite).

When a fixed point is reached, the correlation length of the system is either zero or
divergent according to Eq. (2.104). At this point the system becomes scale invariant. The
critical behaviour of the Yukawa model near the chiral transition, has to be described
by the RG trajectories around a fixed point which is characterized by infinite correlation
length (a vanishing fermion mass), that is a critical point.

All the actions connected by the same RG flow belong to the same universality class.
Each point of the parameter space which belongs to the same universality class of a critical
fixed point defines the so called critical surface. In other words a point belonging to a
trajectory which starts on the critical surface flows towards this critical fixed point. Thus
each point on the critical surface represents a system at the critical point of the transition.

The fixed point condition on the RG equations for the couplings reads:

Bi({vi}) =0, (3.33)

thus {v;} is the fixed point of the transformations in the parameter space.

Expanding the 3;’s around the solution {v}} the system can be linearized. By defining

9Bi
v

rewritten in a vectorial form as:

. and by setting v = {v;} the equations can be

the, Jacobian matrix as: J;; =
{v}={v}~

dv .
azJ(y—y). (3.34)

A generic solution of the linearized system has the general form:

v=yv'+ Y CieMly, (3.35)
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The v,’s are the eigenvectors of the Jacobian matrix, associated with their own eigen-
operators. The presence of a critical fixed point makes possible to extend the systematic
renormalization presented in Sec.1.6.4 to a non-perturbative regime. In the present case

only real eigenvalues are considered [27].

e The eigen-operators, corresponding to eigenvalues \; > 0, are related to the relevant
couplings. Fixing the boundary conditions of the flow in the eigen-space spanned
by one of these directions, the trajectory moves away from the fixed point. In order
to reach the fixed point it has to be set C; = 0 for all the relevant couplings. For
this reason the relevant couplings should be identified with the control parameters

of the transition as: the temperature, the external field and so on.

e The eigen-operators corresponding to eigenvalues A\; < 0 identify the irrelevant
couplings. The space spanned by the linear combination of these irrelevant couplings
is the first approximation (the tangent hyperplane) of the critical surface. Near the
critical region the flow of the irrelevant couplings should be discarded by setting
all the irrelevant directions at their fixed point value. If the flow of the irrelevant
parameter is included, the corrections to the critical behaviour will be taken into

account and the cut-off effects will be no more negligible.

e When \; = 0 the linearization fails to work. Usually this means that the eigen-

direction approaches or leaves the fixed point in a logarithmic way.

e The kinetic operators ¥@) and (0,¢)?, which realize the fields renormalization do

not change under the RG transformation. They are called redundant.

In the following some information on the scaling of correlators of the Yukawa theory

are extracted by means of the linearization around the fixed point.

3.2.3 Callan-Symanzik equations for Yukawa theory

Here a different formulation of the renormalization group transformation, first formu-
lated by Callan and Symanzik [52],[53],[54], is considered. This is closer to the spirit of
the usual field theoretical renormalization, although it will be suggested in which sense,
under certain conditions, the Wilsonian and the field theoretical pictures coincide. Ac-

cording to the perturbative results of Sec. 1.6.5 the Yukawa theory at d = 4 is trivial while
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at d = 3 is super-renormalizable. However a double expansion called “epsilon expansion”
can be performed in series of the couplings and of the parameter ¢ = 4 — d. Thanks to
this procedure the different behaviour of the system can be shown. Since a perturbative
expansion has been introduced, at every order some renormalized Green’s functions can
be defined. For example at an I R scale ;1 << A the renormalization conditions introduced
in Sec. 1.6.6 can be applied.

The renormalized connected Green’s functions defined at the scale u are related to the

bare ones according to the equation:

_nt+m

GUE Y (Y {ay A g} e A) = 2, % Z 56U ()} {a): {1} {9}, A). (3.36)

A renormalizable theory is such that cut-off dependence of the renormalized Green’s

functions is suppressed by performing the scaling limit. Under the same conditions one
can realize how at £k = p the Wilsonian action coincides with the effective action of the
theory as explained in Sec.3.1. Thus the effective parameters defined with the Wilsonian
procedure should resemble those defined through the renormalization conditions. Finally
the Eq. (3.36), after a trivial rescaling, should correspond to Eq. (3.29).

The relation between the renormalized and the bare couplings can be deduced by
requiring that the renormalized Green’s functions do not depend on the cut-off scale.

This reads:

d min,r
d—AGi,C’ ™ =, (3.37)

Solution of C' — S equations and critical exponents

The condition in Eq.(3.37) implies that the bare correlation functions satisfy the

equation:
0 0 0 0 (n+m) r (msmsr)
A=+ By + Brae r ) = 0. .
an gy T gy T g T e gl Gre =0 (3.38)
Where for the generic coupling g; it was defined:
dg; _ dgi
=A== = ([g; ) gi :
Bgs = Age = = (lgilo +4) 93, (3.39)

and:
dnZ,, B dinZy,

M= AT = T (3.40)
_ dnZ, dinZ,
o= AT T b (341)
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The epsilon expansion or any other perturbative series, together with its own renormal-
ization conditions allows the computation of the beta functions of the parameters. These
results should coincide with the Wilsonian RG equations in Eq. (3.30) when the same
perturbative region is investigated.

The case of the two point scalar correlator G (¢) is considered. Since it has a dimension
of (momentum)~—2 the dependence on the cut-off scale can be converted in a momentum

dependence by writing:

1 q?
G(q) = ?f <p) : (3.42)
Thus Eq. (3.38) reduces to:
0 0 0 0
“U5g T ipg T ax T A _<2_%)} =0 349

Introducing an appropriate dilatation parameter ¢ = ln% the Eq. (3.43) can be solved
using the characteristics method. The solution is:
h (A g, M? A
G(q) = % exp (/ dIn(A/p) 7I¢>)7 (3.44)
p
where h is an arbitrary function. Its arguments, which are generically denoted by {g},

are the solutions of the equations:

dg; _
% b ({ah). (3.45)

and:

e = 1s({9}). (3.46)

Now it is possible to calculate the critical behaviour of the system by using the RG group
equations. A critical fixed point is expected to be found corresponding to the chiral phase
transition. As was shown in Sec. 2.3.3 the reduced temperature of the chiral transition is
given by the difference 7 = M? — M2. Thus one of relevant directions, found by means of
the linearization procedure around the critical fixed point, should be approximately equal
to the bare mass direction.

By linearizing the mass equation near such a point it should be found:

2 2% A A2
MR =M 4O () (3.47)
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where C' = M?(A) = M*. Thus the reduced temperature transforms according to:

T = b (3.48)
Since the correlation length scales with its canonical dimension, that is £ = b€, one
immediately obtains:
1
= ) 3.49
V=S (3.49)

On the other hand, as proved in the large N framework, the A and the g couplings play
no role near the phase transition, thus they should be irrelevant also with respect to
the RG classification. The critical region is found by discarding their running. Explicit
calculations show that 1, near the critical point does not depend on the relevant directions,

thus the scalar correlator in Eq. (3.44) scales as:
1
G (q) ~

q2*77¢(>\*79*) ' <3.50)

The other critical exponents can be calculated by means of the hyperscaling relations
given in Sec. 2.3.1.

On the other hand, at d = 4 the hyperscaling is violated because of the triviality of

the theory. By means of the RG methods also the corrections to trivial scaling can be

calculated as will be seen in the next paragraph.

3.2.4 Fixed point structure of the Yukawa theory near the four
dimension

The computation of the beta functions at one loop order in € expansion was performed
in [17] by using N’ = 4N. They are:

By = €e\— # GAZ —24Ng* + 4N)\92) , (3.51)
B = €g* = 2];;2 2, (3.52)
By = [2— #(% + 2N M2, (3.53)
In addition the anomalous dimensions of the fields turn out to be:
vy — Jnggj, (3.54)
- 3;7;' (3.55)
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The system in Egs. (3.51),(3.52),(3.53) has four solutions,[55]. They are:

e The Gaussian solution: ¢** = A = M?** = 0.

e The wilson-fisher fixed point: M?** = ¢?* = 0, \* = %67

e And the non trivial solutions M?* = 0, g** = 2%3163 and \% = 872\’

where:
~ 1
A= ————[—(2N — 3) + vV4N?2 + 132N + 9. 3.56

Each of these results deserve to be commented. First the case in which d < 4 is considered.

Linearizing around the Gaussian solution the couplings, as expected, scale with their

trivial behaviour. One finds:

A2 = ¢ (3.58)
A = e (3.59)

Since € > 0 all these directions are relevant. This reflects the fact that around the origin
the Yukawa theory is super-renormalizable, as also has been found with the perturbative
treatment. Replacing the solution in Egs. (3.54),(3.55) both the anomalous dimensions
vanish. Thus the correlators scale according to their canonical behaviour.

The second solution is an extension of the well known Wilson-Fisher fixed point. The

linearization around this solution gives the eigenvalues:

o= 22— (3.60)
)\)\ = —€, (361)
A2 = € (3.62)

As in the case of the Gaussian fixed point, the eigenvalues do not depend on N. The first
eigenvalue is associated with the reduced temperature of the ferromagnetic transition. By
using the Eq. (3.49) and calculating the scalar anomalous dimension at the fixed point it

is found:
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However, since the Yukawa interaction is associated with a relevant direction, this model
requires an additional fine-tuning to the ones prescribed in the usual ferromagnetic models.
The presence of a small interaction between the fermions and the scalar drives the system
away from the critical surface.

The non-trivial solution with A* has two relevant directions so cannot describe the
chiral transition. Finally the non-trivial solution with A% is considered. For simplicity it

will be denoted with A*. The linearization around this solution gives the eigenvalues:

10N 4+ 3+ V4N2 + 132N + 9

A = 2- , 3.65

‘ 6(2N + 3) (365)

N = —e (3.66)
VAN? + 132N +9

N o= et (3.67)

Expanding in powers of 1/N one obtains:

vl =d—2+(d - 4)% +O(1/N?), (3.68)

while the anomalous dimension of the scalar is given by:

2Ne

3 2
= gy =4 A+ [d—4) 55+ O(1/N). (3.69)

2N

T

These results are consistent with those found in Sec.2.3.2. However by means of the
epsilon expansion technique the critical exponents of the Yukawa theory also for small
values of N can be calculated near d = 4. This point will be further investigated. The
critical point is an IR attractor along the \ and the g directions. For a generic choice of
the initial bare parameters after many recursions the renormalized ones are frozen to their
fixed point value. On the other hand the in the I R region a tree level calculation can be
performed giving the boson mass M; = A\*¢?/3 the fermion mass m,; = g*¢.. Thus the

ratio of the squared masses is given by:

M; X\ —(2N —3)+V4AN2 132N +9 1
¢ 2
— = = ~4—30— 4+ O(1/N*). 3.70

Once again it seems that a fixed mass ratio is a consequence of the irrelevance of these

couplings.
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3.2.5 Corrections to scaling

With the help of the RG equations it was shown that the critical exponent of the
Yukawa theory take their mean field value at any value of the flavour number. Indeed the
result is independent from the particular choice of N showing that this theory is trivial at
d = 4. When the theory reaches its upper critical dimension the linearization around the
fixed point fails. However corrections to scaling can be calculated in the following way.
The equations Eq. (3.51) can be analytically solved by setting e = 0. The solution gives

for the Yukawa coupling:

. 3.7
T =GN T3+ ¢ '
while the anomalous dimension is given by:
2N
S i e — 712
T =S TGN+ 3) + e (3.72)
Thus evaluating the expression in Eq. (3.44) one finds:
‘o 342N \ T
e o W¢:<1+ t) . (3.73)
c
According to this result, the bosonic correlator scales in the large N limit as:
1
G(q) = A (3.74)
¢*In (E)
which is the same result found in Eq. (2.33).
For large t values the coupling constants become:
872
t)? o~ 3.75
82\,
At) ~ Wt (3.76)
The behaviour of the correlation length is encoded in the function:
A 2N 1
VYO, g(t) =24+ e =2 — =5 — 2——+... (3.77)

o eN+3)t ¢t
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3.3 The non-perturbative RG approach in the GN
model

The present section is devoted to introducing our original RG approach for the analysis
of self-interacting fermion theories.

A generalized GN model in d dimensions with N flavours is studied, where the inter-
action term is replaced by a more general potential U(1v), within the framework of the
Wilsonian RG approach as originally implemented by Wegner and Houghton [24].

By applying the same techniques considered in [25] (where the N = 1 case for a boson-
fermion system was considered), first of all an RG equation for the Wilsonian potential
for generic N is established, then the large N limit is considered.

In this limit, by truncating the potential to the Fermi constant term alone (and suc-
cessively to the mass and Fermi constant terms), it is found that the theory possesses a
non-trivial fixed point (beyond the Gaussian one). This generalizes to large N a result
which, in this Wilsonian setup, was first obtained for N =1 in [56].

Then the RG equations for the running mass m(k) and Fermi constant G(k) (k is the
running scale) are linearized around this non-trivial fixed point and both m and G are
found to be relevant eigendirections, i.e. they both are UV repulsive directions. From
the corresponding eigenvalues (the magnetic and temperature exponents in the analogy
with the ferromagnetic case), the hyperscaling relations for the GN model are established
in the fermion language. Then, with the help of these relations, the critical exponents
are computed, finding that our results are in agreement with those obtained in the 1/N
expansion [19],[22],[23]. Naturally, a word of caution has to be said for the d = 4 case
(the upper critical dimension), where weak violations to the scaling laws are expected
[57],[27]. If these relations are used even in the d = 4 case, the critical exponents turn
out to coincide with their mean field values. Up to weak scaling violations, however, they
give the correct behaviour for the correlation functions near the critical point.

Successively, the impact of the presence of an (infinitesimal) bare mass, which is
nothing but the boundary value m(A) for the flow of m(k) at the UV scale A, on the
renormalized theory, is studied. i.e. the connection between the renormalized mass, the
value of m(k) at k = 0, and the bare mass m(A) (IR-UV connection) is analyzed. To
this end, one can consider for the bare Fermi constant Gp = G(A) (the UV boundary for
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the running of G(k)) values such that G(A) > G. and G(A) < G, where G. is the fixed
point value for G(k). Choosing the same value for the bare mass mp = m(A) in the two
cases, it is found that when G(A) > G. the renormalized mass turns out to be orders of
magnitude greater than the corresponding renormalized mass obtained with G(A) < G..
In other words, when G(A) < G, if the bare mass is infinitesimal, the renormalized mass
turns out to be infinitesimal too. On the contrary, when G(A) > G., the renormalized
mass turns out to be orders of magnitudes larger than the bare mass, thus giving the
possibility for the generation of a finite fermion mass.

This interesting result suggests a mechanism for the generation of a finite physical mass
as a cross-over phenomenon. For values of the Fermi constant greater than the critical
value GG, the quantum fluctuations provide an enormous amplification mechanism which
results in the generation of a finite physical mass from an infinitesimal bare mass. In
the ferromagnetic analogy, this corresponds to the fact that for 7' < 7, an infinitesimal
external magnetic field is sufficient to trigger a finite spontaneous magnetization of the
ferromagnetic material.

Then, analytical approximate solutions to our RG equations are studied. At a first
stage, it is shown that, by considering a simple approximation of the RG equation for the
running fermion mass m(k), it is possible to recover the celebrated NJL result.

Successively, by considering more elaborated approximations, it is possible to recover
with a very good degree of accuracy the entire profile of m(k) (previously obtained nu-
merically) in the whole IR-UV range. This is also an interesting result, as the knowledge
of the profile of m(k) should be relevant for phenomenological applications.

Finally the critical exponents for small value of N are computed and the comparison

with other numerical and analytical approaches is performed at d = 3.

3.3.1 The composite operator in the RG language

In analyzing the xySB mechanism of the Yukawa theory it was supposed that the sources
of the elementary fields do not affect the behaviour of the system. This assumption was
then corroborated by the direct calculations performed with the epsilon expansion method.
The anomalous scaling of the two point bosonic Green’s function is driven by the large
anomalous dimension acquired by the scalar field near the critical point. The source term

of the scalar field is not affected by the quantum fluctuations and its scaling is defined by
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the relation in Eq. (3.27).

A similar situation can be found in the Landau-Wilson theory of the ferromagnetic
phase transition. As previously said, this transition can be described by means of the be-
haviour of a lambda-phi-fourth theory around the non-trivial Wilson-Fisher fixed point.
On the other hand, it is well known, how the spontaneous magnetization can also be de-
picted with the Ising model. Near the critical region these two models become equivalent,
they predict the same critical exponents or in other words belong to the same universality
class [35],[51].

What happens is very similar to the equivalence of the Yukawa theory and the GN
model in the large N framework. More precisely also the Ising and the Landau-Wilson
models can be related by means of an Hubbard Stratonovich transformation near the
critical region.

However the divergences arising in the Ising model are different from those appearing
in the Wilson-Fisher theory. Indeed in the Ising model, it is the external magnetic field,
coupled with the spin field, receiving the large correction from the statistical fluctuations
and which is accountable for the anomalous dimension of the two point correlator. But
in the end, the anomalous scaling of the source term and that of the field have to be
balanced. This is a necessary condition in order to preserve the scale (RG) invariance
of the effective action of the theory. Conversely, when the scaling violations are taken
into account the condition is not fulfilled, and the way in which the field and the source
renormalize is different. However below the upper critical dimension, the hyperscaling
relations are satisfied near the critical region and the critical exponents, calculated by
considering the RG transformation of the magnetic field, coincide with those found for
the Landau-Wilson model.

In the present section it will be shown that this is also the case for the GN when a
functional RG approach in a purely fermion language is adopted. The major role is played

by the introduction of an explicit mass term coupled with the 1) composite operator.
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Callan-Symanzik equations

The generating functional of fermion elementary and composite fields was defined in

Eq. (1.16). After the integration over the fast field components it turns out to be:
Zeln i, K] = N / DUD e Sert Wb+ = e[ Zi Ko, (3.78)

where the Scss is including all the effects of the integration, except for the correction to
the source term. This merged into the vyn) operator. The integration over the external
fields could also produce any corrections which explicitly violate the symmetry of the
Wilsonian action. However one should expect that near the critical region of continuous
transition this is not the case. A similar statement can be explicitly verified in the real
space RG group of the Ising model. The explicit integration of a non-zero magnetic field
converts the continuous transition in a sharp cross-over phenomenon.

Similarly in the case of our treatment of the chiral transition it will be shown that
within our approximation scheme the fermion running mass, in the linearization region,
decouples from the other interactions.

Now the rescaling and the field renormalization can be applied to Eq. (3.78), in such
a way:

Zs[n, 7, K] = N / DY/ DY e Sers WA 270+ 20+ ] Zgy+ K0 (3.79)
where:

Zigy = 2 Zy, (3.80)

was defined. Which means that the Eq. (3.80) extends the transformations of elementary
operators in Egs. (3.15),(3.15),(3.17) to the case of the composite field field 1) so that:

P! (ba) = b7 27 (), (3.81)
thus immediately giving:
Vov = 2% — VK- (3.82)

On the other hand, the composite operator renormalization can be defined in the

framework of any perturbative scheme which allows the introduction of the appropriate
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renormalization conditions devoted to removing the divergences in the correlators of the
composite field itself.
Again, choosing these conditions at a scale << A, the renormalized and the bare

Green’s functions are related according to:

minsr _ rz—(nAm)/2 —1/2 ~mingr
G =Zy Z B G . (3.83)
By requiring that the renormalized functions do not depend on the cut-off scale, it is
found:
d
w —(n+m)/2 —7/2 ~min;r
A [Zw 736 } . (3.84)
Thus the C-S equations for the correlators with composite operator insertion reads:
0 d (n+m) r o
A_ _ S~ 7 _m- G(m,n,r) — 0 i 5
{ 8A+6G8(}’+ 5 W"‘anw} r (3.85)

Wilsonian effective action

As in the case of the Yukawa theory, an appropriate Wilsonian action can be used
for extracting information on the critical behaviour of the system with elementary and
composite fermion fields. Indeed it defines the way in which the bare parameters transform
in order to preserve the scale invariance. But it also provides a method for calculating
some I R quantities as the order parameter of the transition or the susceptivity when the
running scale is close to zero. This can be shown by splitting the fermion fields in fast

and slow components, then by defining the Wilsonian action as:

e_SeffA[w_ﬂZ_vK} _ /D@/)—"D@/_f'— e—Sf[lﬂ_-I—wJﬁ@_—f—iﬂ
X exp U it — /zﬁ*n+/K (Wt +97yT) . (3.86)
With this position when k£ = A the Wilsonian action converge to:
Sess 0.0, K] — Syl ¢] + /KW), (3.87)

which is the action of the model plus an additional bare mass term. On the other hand

when k = 0 it is found:

Seff-[,lvz)aiij] _)PW)C"QEC’K]- (388)

That should converge to the effective action of the GN model once K = 0 is set.
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3.3.2 Derivative expansion and LPA approximation

In order to study the critical fixed point of the Yukawa theory the epsilon expansion
was introduced. This was possible since near d = 4 the critical behaviour of the system is
not so far from the origin. Unfortunately in a purely fermion language there is no natural
expansion that can be used for the computation of the beta functions near the fourth
dimension. However if one is searching for a constant vacuum, as found in GN in the
1/N expansion, the analysis can be conducted by means of a gradient expansion of the
Wilsonian action [49].

By expanding the Wilsonian action at a scale k around a constant field configuration

one finds for a fermion theory:

Sl ] = / de [UL(0) — Zu(@0) b + 0(5?)] . (3.89)

The form of the Uy and the Zj, functions have been restricted by imposing both the Lorentz
and the U(N) invariance of the model. However, in order to study the ySB mechanism
the even powers as well as of the odd ones of the ¥ operator are included.

Since both 1 and v are slowly varying at the scale k — 6k one can imagine they split

as:

with 1y (z) = ¥~ +e(z) and ¥, (z) = 1~ +&(x). so that the Wilsonian action at the scale
k — 0k can be expanded in gradients of the field too.

In the present work the analysis is limited to the simplest approximation. Only the
running of the Wilsonian potential is taken into account while the Z function is frozen to
the value Zx(11)) = 1. For this reason this procedure is called Local Potential Approxi-
mation (LPA).

3.3.3 Wegner-Houghton approach on renormalization group for
fermions

By following the techniques of [25] (where the N =1 case for a boson-fermion system

is considered), in the present section the RG equation for the Wilsonian potential Uy, (1)1))
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of a generalized N flavours GN model are derived within the framework of the local
potential approximation (LPA). As will be seen, this equation contains a Hartree and a
Fock contribution. Neglecting the latter, the leading order approximation to this equation
in the 1/N expansion will be obtained.

The Wilsonian action Sy [V, V] is defined at the (energy) scale k and the field ¥ (as
well as \I/) contains Fourier modes up to k. In order to define Sj_sx, the Wilsonian action
at an infinitesimally lower scale k — dk, the field ¥(z) is decomposed in a component ()
with modes in the range [0, k — 0k] and a component £(x) with modes in the infinitesimal
shell [k — 0k, k:

o —ipx

V) =v@) +E@) = D, it Y, b (3.92)

Ip|<k—5k k—k<|p|<k

where ¥ is an U(N) multiplet with N Dirac spinors and V' is the quantization volume. An
analogous decomposition holds for ¥ (z). Si_s [w, 1/_1] is defined through the integration

over the modes &, (&,):
oSealed] — / DeDéeSHlvreite] (3.93)

where D¢ = T1,d¢, (analogously DE = T1,d¢,) and N is a constant which takes care of
the dimensions of the &,’s. In order to perform the § (€) integration, Sy, [@/} + &0+ ﬂ is
expanded in Eq. (3.93) in powers of ¢ and ¢ around ¢ = ¢ = 0 and keep only terms up to

the quadratic ones, as higher powers give vanishing contributions [24]:

(5Sk = 5Sk

So(e) g@)(w(x))

1 828, - - 2Se -

2 J 700 (s SO s
825, - 0 S},

+5w(y)51/_)(x)§(x)§(y) " oY (y)dv(z)

The RG equation for Uy(1)%) in the LPA is obtained by plugging in Eq.(3.94) the ansatz

Sl +&0+8 =5[]+ [dr (sm
s<x>§<y>) (3.94)

Sy [¥, 0] = /dda: [V (2) PV (z) + Uy (¥ -0)], (3.95)

and choosing for the background field ¥ (z) (¢ (x)) the constant mode: ¥ (z) = ¢y (V(x) =
o). With this choice, due to Fourier orthogonality, the linear term in & (£) in Eq.(3.94)
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disappears. As for the quadratic terms, the integration in z and y in the second and third

line of Eq. (3.94) is easily performed and gives:

Lme oy (6
57z 2 (&0 &) - A0 ( c ) : (3.96)
P.q a
where Dirac and flavour indices are understood and A~! is defined as:
52U . 52U,
ATl = < , ;i%&%%g(] — ;';U‘W%O ) : (3.97)
_Zp + 51/7051]20 510051]20
Eq. (3.93) then reduces to a Gaussian integral and for Uy _g; it is found:
1 [ d¥% AL
Ue_s = Up — = trin{ — 3.98

where the trace refers to flavour and Dirac indices and the superscript ’ indicates that the
integration is extended to the shell [k — 0k, k] only.

If one now defines p = 1) = Zaa 1/_16704@/)67@, where ¢ = 1,..., N is the flavour index and
« the Dirac one, after some manipulations reported in the App.D.2, taking the 6k — 0
limit, finally the RG equation for Ug(p) are obtained (the lower index is omitted as well
as the argument in Ui (p)):

dU k* + U? 20U, U
b = KCy (Ntrmn( e P) - Cdln<1 + WPUZP)) : (3.99)
P

where tr1 is the trace of the identity matrix in the Dirac space (tr I = 2%/2 for even values
of d and tr1 = 214=Y/2 for odd values), Cy = m
Uk(p) w.r.t. p. In the r.h.s. of Eq.(3.99), it is possible to recognize a Hartree and a Fock

and U, means the derivative of

term, the first and the second one respectively. Being neglected in the large N limit the

Fock term, Eq. (3.99) becomes:

k% — K90, Ntr mn(kz ;UPQ ) _ (3.100)

Eq.(3.100) corresponds to the ladder approximation for our RG equation. For our
purposes, it is also convenient to write this equation in terms of dimensionless quantities.
If one defines ¢ = In (ko/k), where ky is an arbitrary scale, together with the dimensionless
field and potential, ¢ = k'=¢p and V(o,t) = k?Ui(p), the RG equation for the V (o, t)
turns out to be:

)
avzdv— (d—1)oV, — CyNtrIn (1 + V) , (3.101)
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where again V, is the derivative of V (o,t) w.r.t. o.

Eq. (3.101) (or, equivalently, Eq. (3.100)) is the starting point of our following analysis.

3.4 The scaling of the GN model in the Large N limit

3.4.1 Truncated potential: the Fermi constant term

Our study begins by truncating the potential V' (o,t) in Eq.(3.101) to the GN (or
Fermi) term alone:

Vo, t) = —@ﬁ, (3.102)

where G(t) is the dimensionless Fermi constant. With this truncation, Eq. (3.101) becomes
an RG equation for G(t) (d > 2):

e
- = (2—d)G + 2Ntr1C,G*. (3.103)

For d = 2, this is nothing but the equation found by Gross and Neveu [1]. The beta
function vanishes at G = 0 and the theory turns out to be asymptotically free: G = 0 is
an UV stable fixed point.

For d > 2, the beta function vanishes at

d—2
- G, = 104
G=0 and G =G, S NUTIC, (3.104)
and the solution to Eq.(3.103) is:
Ge

where B is an arbitrary integration constant. Now the two cases B < 0 and B > 0 have
to be distinguished.

The B < 0 case. In this case, G (t) flows for t - —oc0 (k — 00) towards G, while in
the IR (¢t — oo or kK — 0), G (t) vanishes. Therefore, G. turns out to be a UV fixed point
and G = 0 an IR fixed point.

The B > 0 case. In this case, G (t) again flows towards G, in the UV. In its flow
towards the IR, however, G(t) diverges at a finite value of k, k = k. (t = t.) (see Fig.3.1).
As first noted by GN, this is also what happens for the IR flow of G(t) in the d = 2 case.
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Figure 3.1: Using a rescaled coupling (so that G. = 1), the running of G(¢) for B = —0.1 is shown (dashed
line) and B = 0.1 (solid line), representing the symmetric and the broken phase respectively.

By computing the effective potential for their model in d = 2, they were actually able to
relate the divergence of G(t) at a finite value of the running scale with the existence of
xSB and the consequent generation of a fermion mass.

In this respect, it should be observed that the appearance of such a divergence in the
RG flow of the theory is nothing but the precursor of the transition to the broken phase
which occurs when the boundary value of G(t) at the UV scale A are chosen (say G(t = 0)
with kg = A) such that: G(t = 0) > G,.. This shows that G, has to be identified with
the critical point of the transition. In this case, the approximation of the potential with
a polynomial expansion (a single term in the truncation of Eq. (3.102)) turns out to be a
poor approximation.

As fluctuations of a longer and longer wavelength (i.e. the RG equations are runt to-
wards the IR) being included, the system starts to develop an instability which eventually
manifests itself in the divergence of the coupling constants. A clear illustration of this
behaviour can be found in [58], where the same phenomenon was considered for a scalar
theory.

Our next goal is to show that it is possible to describe the phase transition with the
help of Eq.(3.101). In particular, in the next section, it will be seen that by means of
our RG equations the critical exponents previously obtained in the framework of the 1/N

expansion [19],[22],[23] can be reproduced.
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3.4.2 Ciritical exponents with the RG approach

Now going back to Eq.(3.101) and considering the truncation, V(o,t) = —m(t)o —

@oj, for the potential V'(o,t). Plugging this truncation in Eq.(3.101), the system of

RG equations for m(t) and G(t) is found to be:

d
d—T = m+ 2Ntr Hcd%’ (3.106)
e , 1—m?

As for the truncation considered in the previous section, the above RG system has

two fixed points: the Gaussian one (m =0, G = 0) and the non-Gaussian one:

m = 0 (3.108)

d—2
= — . 1
¢ 2NtrIC, (3109)

Note that Eq.(3.109) is nothing but G. found in Eq.(3.104), when the truncation for
V(o,t) given in Eq. (3.102) is considered , i.e. the truncation with the Fermi term only.
Linearizing Egs. (3.106) and (3.107) around the Gaussian fixed point it is found:

dm
= m (3.110)
% = (2-d)G, (3.111)

which show that both m and G are eigen-directions for the RG flow around the Gaussian

fixed point, with eigenvalues given by (m(t) ~ et, G(t) ~ e?=D?):

Am = 1, (3.112)
Ao = 2—d. (3.113)

From Egs. (3.112) and (3.113), one can see that, for d > 2, m is a relevant direction, while
G is irrelevant, this latter property being related to the perturbative non-renormalizability
of the theory.

Linearizing now around the non-Gaussian fixed point one obtains:

d_m

dt

d<G - GC)
dt

= [1+(d—2)]m, (3.114)
= [(2—d)+ (2d —4)|(G - G.), (3.115)
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which show that, as for the case of the Gaussian fixed point, m and G are eigendirections

for the RG flow. However, this time the eigenvalues are given by:

A = d—1, (3.116)
Ao = d—2,, (3.117)

which means that around this fixed point:
m(t) ~ed Dt Q) — Gy ~ el (3.118)

As was anticipated, from Egs. (3.116) and (3.117) (or from Eq. (3.118)), it is possible
to see that around the non-Gaussian fixed point, for d > 2, both m and G are relevant
couplings. Technically, it should be said that, within such a truncation, the (G, m) plane
is a “UV critical surface” for the non-Gaussian fixed point (G = G., m = 0). This
means that the coupling constants, whatever boundary conditions are considered in the
(G, m) plane, flow towards the UV always reach the point (G = G., m = 0). From this
more technical point of view, the theory is said to be “asymptotically safe” [59]. This is
nothing but an extension of the notion of asymptotic freedom for the case when the UV
fixed point, towards which the dimensionless coupling constants flow in the UV, is not
the Gaussian one.

From Egs. (3.110), (3.111), (3.112) and (3.113) it can be noted that the eigenvalues
Am and Ag around the Gaussian fixed point are nothing but the canonical dimensions of
the coupling constant m and G. By comparing now with Eqs. (3.114), (3.115), (3.116)

and (3.117), it is found that the anomalous dimensions ~,, and v5 of m and G are:

Y = d—2, (3.119)
o = 2(d—2). (3.120)

In passing, one can note that, in ladder approximation, it is v = 2v,,, which was found.

As already stressed, the non-Gaussian fixed point is the critical point of the yxSB
transition and, from Eqgs. (3.116) and (3.117), one can see that m and G are both relevant
directions around this point. Moreover, in the ferromagnetic analogy, the eigenvalues \,,
and Ag correspond to Dy, and Dy, the critical exponents related to the magnetic field and

the temperature respectively.
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3.4 The scaling of the GN model in the Large N limit

Now the hyperscaling relations which relate the different critical exponents 3, 9, ...
defined through Egs. (2.94)-(2.103), can be obtained. These relations are verified under
very general conditions [52],[53],[54]: the scale invariance of the 1PI vertex functions of
elementary and/or composite operators, the existence of a fixed point and the possibility of
linearizing the RG equations around the fixed point ®. Under these conditions, the critical
exponents are expressed in terms of the exponents related to the parameters relevant
at the transition (m and G in this case, the magnetic field and the temperature in the
ferromagnetic case).

Therefore, by following the same steps which gives the possibility of finding the hy-
perscaling relations related to the ferromagnetic phase transition [41], thus the analogous

relations for the ySB transition in a fermion language are achieved:

d— Ay Am
/8 - )\G’ ) 5_ d_)\m’
2\ — d 1
= - - = — 3.121

n = 24+d-—2\,.

By replacing in Egs. (3.121) the values of \,, and Ag found in Egs. (3.116) and (3.117),

it is finally obtained for the critical exponents:

1
B = (3.122)
§ = d—1, (3.123)
v o= 1, (3.124)
L 3.125
St (3.125)
n = 4—d. (3.126)

These values coincide with those obtained in the leading order of the 1/N expansion [19],
[22],[23].

As is well known, d = 4 is the upper critical dimension: for d > 4, the theory becomes
free and the mean field results are exact. At d = 4, the correlation functions get weak

logarithmic corrections to simple power law behaviour. However, the approximation that

3This means that the cases when the operators are either relevant or irrelevant are considered ex-
cluding the case when marginal operators appear. When this happens, as is well known, weak violations
to the scaling relations appear. In this case, the behaviour of the vertex functions is not described by
simple power laws.

113



Chapter 3. Non-perturbative analytical techniques II: Renormalization Group

is considered, the LPA, does not allow the detection of the corresponding hyperscaling
violations. The latter are actually due to non-local contributions, which are absent in
the LPA. Nevertheless, the occurrence of the transition can be observed already at this
stage of the approximation. This is exactly what was seen. For a more detailed study, the

presence of non-local terms needs to be considered. Work is in progress in this direction.

3.4.3 Crossover and mass generation

In the previous section, it was seen how the RG equations for m(t) and G(t) allows
the computation of the critical exponents which give the behaviour of the correlators for
values of GG close to the critical point. To this end, it was sufficient to study the linearized
equations in the neighborhood of the non trivial fixed point (G = G.,m = 0). In this
section the previous analyses are extended to the study of the G and m flows in the whole
(G,m) plane. As will be seen, these flows show interesting features in connection with
the problem of the generation of fermion masses.

The starting point of our analysis is the coupled system of RG equations, Egs. (3.106)

and (3.107), which are here reproduced for readers’ convenience:

d
d—? - m+2NtrﬂCd%’ (3.127)
dG 1 —m?

&~ (2- ONtr IC,G2—— " 12
- (2 —d) G + 2Ntr IC,G TR (3.128)

The flows of m and G obtained by solving Egs. (3.127) and (3.128) are governed by the
presence of the two fixed points found in the previous section, the Gaussian and the non
trivial one. For definiteness, in the following these solutions are drawn for the d = 4 case,
although similar flows also hold for other values of d in the range 2 < d < 4.

In Fig. 3.2 the numerical solutions of Egs. (3.127) and (3.128) are shown, in the (G, m)
plane, for different boundary values. For convenience, the parameters are rescaled in a
manner which amounts to set N = Cy = trl =1 (for d = 4, this gives G. = 1). As has
already been seen, the non-trivial fixed point is IR repulsive, while the Gaussian one has
an irrelevant direction (G) and a relevant one (m). Therefore, all the flows emanate from
the non trivial fixed point at k = oo and move towards the IR, asymptotically converging
to the G = 0 axis.

In each of these trajectories, the bare couplings have to be identified with values of

m and G near the non trivial fixed point (UV region), the renormalized ones with those
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o

0.0 0.5 1.0 1.5 2.0

Figure 3.2: The three trajectories which lie entirely on the left of the G = G, axis are obtained for
Gp = G.—0.1 <G, and mp = 0.1,0.01,2 * 10~3 (from top to bottom respectively). The
three other trajectories are obtained by setting G = G. + 0.1 > G, for the same values of
mp (again from top to bottom).

in the IR region. Moreover, as seen in the previous section from the linearization of
Egs. (3.127) and (3.128) around the fixed points, while the IR flow is governed by the
Gaussian scaling, so that the (renormalized) couplings in this region scale according to
their canonical dimension, in the UV the (bare) couplings acquire an anomalous scaling
(see Egs. (3.119) and (3.120)) due to the presence of the non trivial fixed point. By
considering again the analogy with the ferromagnetic phase transition, this is exactly
what happens to the relevant coupling in that case. Around the critical point of the
transition (Wilson-Fisher fixed point), the squared mass (bare value of the coupling) has
an anomalous scaling while in the IR its renormalized value (the inverse square correlation
length) scales with the canonical dimension [50],[51].

A close inspection to the trajectories of Fig.3.2 shows that they are of four different
types. Two of them lie on the G axis and correspond to the flows already studied in
Section 3. Starting with the UV boundaries m = 0 and G < G, the trajectory flows
along the G axis (from the right to the left) towards the Gaussian fixed point. If, on the
contrary, one starts with the UV boundaries m = 0 and G > G, the flow proceeds along
the G axis towards the right side and reaches G = oo at a finite value of ¢ (finite value of
k). These flows correspond to the symmetric and broken phases respectively.

If instead the UV boundary m # 0 is chosen, the two following types of trajectories
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Figure 3.3: (a): The running dimensionful mass obtained by setting, at k = A = 1, Gp = G. — 107°
and mp = 10784 x 1079,107? (dotted, dashed and solid lines, respectively). (b): The
running dimensionful mass obtained by setting, at k = A =1, G = G. +107° and mp =
1078,4%1072,107? (dotted, dashed and solid lines, respectively). All quantities are expressed
in cut-off units.

arise. For the UV boundary G < G., the flow proceeds from right to left asymptotically
converging on the m axis. When, on the contrary, the UV boundary G > G, is chosen,
the trajectory initially flows from left to right, moving away from the G = G, axis. Then,
after creating a more or less pronounced horizontal bell, it turns back, crosses the G = G,
axis and eventually converges asymptotically on the m axis as in the previous case.
These latter two types of trajectories are very interesting for our analysis. Let us choose
an infinitesimal value as UV boundary for m. When the corresponding UV boundary for
G is G < G, the trajectory runs very close to the G axis from the right to the left for
a long “RG time interval”, eventually escaping to reach the m axis asymptotically. The
smaller the initial value of m, the closer the trajectory is to the G axis. If the UV boundary
for G is G > G, the trajectory initially runs very close to the G axis (as in the previous
case, but in the opposite sense) for a long “RG time”, then it creates a very elongated
bell (before turning back to reach asymptotically the m axis). For smaller and smaller
initial values of m, the bell becomes more and more elongated. By comparing these
trajectories with those obtained for the limiting UV boundary m = 0, it can immediately
be seen that the limiting case of the first kind of trajectories corresponds to the (strictly)
unbroken phase, while the limiting case of the second kind of trajectories corresponds to

the (strictly) broken phase.
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Figure 3.4: (a): The running of the dimensionful coupling G(k) obtained by setting, at k = A = 1,
Gp=G:.—10"%and mp = 1078,4%107%,10~? (dotted, dashed and solid lines, respectively).
(b): The running of the dimensionful coupling G(k) obtained by setting, at &k = A = 1,
Gp=G.+107°and mp = 1078,4%1079,107? (dotted, dashed and solid lines, respectively).
All quantities are expressed in cut-off units.
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In order to understand better the physics related to these two types of trajectories, the
flows of the corresponding dimensionful running mass m(k) and Fermi constant G(k) is
considered. The RG equations for m(k) and G(k) can be obtained from Egs. (3.127) and
(3.128) by noting that: m(k) = km(t) and G(k) = G(t)/k* Alternatively, these equations
can be directly calculated from Eq. (3.100) by truncating the dimensionful potential U (o)
as: U(o) = m(k)o — @ o?. Specifying to the d = 4 case, it it found (NG is redefined
as G):

dm E Gm

_ = - 12
dk 212 k2 + m?2’ (3.129)
d k‘3 2 k32— 2

e _F&k-—m) (3.130)
dk 2m% (k2 + m2)

Now the present task is to solve Egs. (3.129) and (3.130) numerically. Before doing
that, however, it is worth noting that, although it is not possible to find the exact solution
for this system, it is easy to get the asymptotic IR (kK — 0) and UV (k — oo) analytical
behaviour for m(k) and G(k):

k-— 0 : m(k) ~m=Const. ; G(k) ~ G = Const. (3.131)
1 1
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This asymptotic behaviour can be easily checked against the numerical solutions presented
in Figs. 3.3 and 3.4.

Now the Egs. (3.129) and (3.130) are numerically solved. By choosing at the UV
boundary k£ = A an infinitesimal value for the bare mass m(A), the running of the equa-
tions is considered once for G(A) < 1/A? and once for G(A) > 1/A? (remember that
G. = 1 for our choice). The units are so chosen that A = 1. The results for the run-
ning of m(k) are shown in Fig. 3.3. In the left panel (a) the solutions obtained by taking
G(A) < 1/A? are presented for different values of m(A), in the right panel (b) those for
G(A) < 1/A? are related to the same values of the bare masses.

By comparing the figures in these two panels, it immediately found that the smaller
the initial (UV) value of the bare mass, the larger the difference between the renormalized
masses, i.e. the values of m(k) at k = 0.

Physically this is very interesting. It means that if in the UV (k = A) an infinitesimal
value for the bare mass m(A) is set, when G(A) < 1/A?, the renormalized mass m(k = 0)
turns out not to be much different from the initial bare value. On the contrary, when
G(A) > 1/A?, a magnification mechanism triggers the generation of a finite value for the
fermion mass.

Let us look, for instance, at the continuous line in Fig.3.3(b). Starting from the UV,
one should observe that, for a long RG time, m(k) runs very close to the m = 0 axis. At
a certain value of k, however, it climbs up steeply to its IR (renormalized) value. From
the continuous line in Fig. 3.3(a), the corresponding picture for G(A) < 1/A?, one can see
that in this case no such mechanism is operating.

In Fig.3.4 the corresponding flows for the running of G(k) are presented. The left
panel (a) shows the G(A) < 1/A? case, the right panel (b) the G(A) > 1/A? one. The
continuous lines in Figs.3.4(b) and 3.3(b) are obtained for the same boundary values of
G and m. The running Fermi constant G(k) has a peak in correspondence of the “step”
in m(k).

Turning back to Fig. 3.1, where the flows were studied in the plane of the dimensionless
parameters m(t) and G(t), one can understand that the elongated horizontal bells on the
right of the G = G. axis are the reflection of the steepness of m(k) (and the peak of
G(k)) at a finite value of k£ . They are more or less elongated according to the degree of

steepness of m(k) (and to the height of the peak of G(k)), which in turn depends on the
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value of the bare mass.

The physical picture of what was found should be clear by now. This is the presence
of a crossover phenomenon. As in the case of the strict unbroken-broken phase transition,
for values of G greater than a critical value, the fermion system is unstable against
quantum fluctuations. The presence of an even infinitesimal bare fermion mass triggers
an amplification mechanism which resolves the instability through the generation of a
finite fermion mass.

In our opinion, such a mechanism is physically more grounded than the picture ob-
tained with a strictly vanishing mp. The reason is explained in the following. Apart
from the Theory of Everything (TOE), every quantum field theory (QFT) is an effective
theory valid up to a certain scale A, the physical cut-off. Actually, QFTs are organized
in a hierarchical manner, each having a lower and lower range of validity. The way the
TOE gives rise to this chain of lower-energy effective theories is easily pictured if one
thinks of the RG flow in the TOE coupling constants space. This flow emanates from
the UV fixed point of the TOE. Following the Wilson-Kadanoff approach, in the original
(UV) lagrangian any coupling constant should be considered, i.e. any operator, whatever
is needed in physics, even those of condensed matter. The RG flow (the renormalized
trajectory) then dictates the relevance or irrelevance of the different coupling constants
in the various energy regimes. In its way towards the infrared, the renormalized trajec-
tory actually approaches several fixed points. These points create basins of attractions
for the RG flow, so giving rise to the lower energy theories as the electroweak theory,
QCD, QED, ... Within such a Wilson-Kadanoff picture, operators which are relevant in
a certain energy regime become irrelevant at different scales and vice-versa [58].

In the present case, a non-trivial fixed point for a simple fermion theory was found.
Within the above picture, this means that there is a certain energy range where the flow
is governed by this fixed point. The RG trajectory passes close to this point. There-
fore, when the renormalized trajectory is in this region, the mass term is very small,
although not strictly vanishing. As has been seen above, if one also has a bare value of
the Fermi constant greater than a certain value, then a dynamical mechanism is operating

to generate a finite value of the fermion mass.

4Naturally, all these terms are generally complicated composite operators in terms of the fundamental
degrees of freedom of the TOE.
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Figure 3.5: Different phase diagrams showing the normalized mass (a) and the vev (¢1) (b) as functions
of T = 1/Gp —1/G,.. The different lines correspond (from top to bottom) to the choices:
mp =1071,5%1072,10~%. All quantities are expressed in cut-off units.

What was found is reminiscent of what happens in the ferromagnetic case. In the
presence of a weak external magnetic field, if the temperature is higher than the critical
temperature, T' > T, the spin alignment is just the one produced by the weak magnetic
field. A weak magnetization of the ferromagnetic material, which is basically of the
same order of the applied external field, should be observed. On the contrary, when the
temperature is lower than the critical temperature, T" < T, due to large fluctuations, an
even infinitesimal external field h can trigger a macroscopic alignment of spins, so that
the resulting magnetization of the ferromagnetic material is macroscopic, much greater
than the applied external field.

In this respect, it is interesting to note that, if a two dimensional Ising model is
considered, where in addition to the nearest-neighbourhood interactions the magnetic
field coupled to the spins is taken into account, the RG trajectories in the (J, h) plane
closely resemble the RG trajectories in the (G, m) plane[35].

Finally, in order to appreciate better how this cross-over picture contains all the phys-
ical features of a phase transition, the dependence of the physical fermion mass on the
“reduced temperature” 7 = 1/Gg — 1/G. is studied. In the analogy with the ferromag-
netic transition, this corresponds to the dependence of the magnetization M on T — T..

Alternatively, as in the Hartree approximation one can easily obtain the relation

m=mg — Gp (YY) , (3.133)
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and also consider the dependence on 7 of <’l7/_)Q/J> The results are shown in Fig. 3.5, where it
is possible to see how, depending on the value of mp, the system passes from a smoother
cross-over picture to a sharper one (for smaller values of mp), the latter having all the
features of a strict symmetry breaking transition, actually being indistinguishable from it
for very small values of mp. In the authors’ opinion, Fig. 3.5 clearly shows how this cross-
over picture is perfectly suited for implementing the phase transition, with the consequent
dynamical generation of fermion masses.

In the coming Section, it is shown that it is possible to find very good approximate
analytical solutions to our RG equations, thus providing the profile of m(k) (and G(k))

in the whole k range.

3.4.4 Analytical approximations to the RG equations

In the previous section the numerical solutions of Eqs.(3.129) and (3.130) were studied
and it was found that the chiral transition is described in a very satisfactory manner in
terms of a cross-over phenomenon.

Now it will be shown how different degrees of analytical approximations to our RG
equations can be obtained. At first, it will be seen that it is possible to reproduce the NJL
result with a simple approximation, which (for obvious reasons) is called the NJL approx-
imation. Despite of its simplicity, this approximation contains the qualitative features
which describe the chiral transition.

For the present analysis, this is an important point. On the one hand, it shows that the
NJL (non-perturbative) approach is already efficient in grasping the physical mechanism
behind the dynamical breaking of the symmetry, i.e. in describing the physics of the
transition. On the other hand, it will be shown that the NJL result is well understood
as an approximate solution to the RG equations, which are naturally designed to take
into account, in a systematic manner, the non-perturbative dynamics of the quantum
fluctuations responsible for the transition.

Finally, higher order analytical approximations are considered, which reproduce not

only the qualitative but also the quantitative predictions of the full RG equations.
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NJL approximation

First of all the NJL approximation is considered. Their well known gap equation
is easily obtained from Eq.(3.129) for the dimensionful mass m(k) once for the r.h.s.
(right-hand-side) of this equation the two approximations indicated in the following are
considered.

In the previous section, the IR and the UV asymptotic behaviour of m(k) and G(k)
was found. In particular, it has been seen that the solution to the equation for G(k) in
the UV gives: G(k) ~ 1/k* By considering now a UV scale k = A, the running Fermi
constant G/(k) in the r.h.s. of Eq. (3.129) is approximated with its UV value G(A).

The second step of this approximation consists in replacing in the r.h.s. of Eq. (3.129)
the running mass m(k) with its IR value m = m(0). This latter approximation can be
partially justified for the denominator k% +m(k)?. In fact, in the IR the dominating term
is the mass term, which has already almost saturated to its IR value m?, while in the
UV the dominating term is k? (and the actual value of m(k)?, which anyhow in the UV
vanishes as 1/k?) does not really matter. As for the numerator, this approximation is
justified only in the IR. As already noted, in fact, in the UV the mass runs as 1/k?

None of these approximations for m(k) and G(k) can be justified in the entire IR-
UV range. As was anticipated, however, despite the fact that these are somehow crude
approximations, they retain some of the important features of the non-perturbative RG
equations. For this reason, they are able to grasp the fundamentally non-perturbative na-
ture of the dynamical mechanism which is responsible for the transition from the unbroken
to the broken phase.

Then by inserting these approximations in the r.h.s. of Eq.(3.129). Defining the

dimensionless Fermi constant Gy = G A2, Eq. (3.129) is then approximated as:

dm(k) B Gy 1

AP 3.134
dk 2 A2 B2+ (3.134)
Integrating this equation between k = 0 and k = A one obtains:
mé/\ 2 2 A2
m(A)—m(0) = — o lA —-m ln(l—l—ﬁ : (3.135)

Eq. (3.135), where m(0) is nothing but m, is already the NJL result. In fact, once one
identifies m(A) with the bare mass, m(A) = mp, and note that A?/m? >> 1, Eq. (3.135)
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is immediately written as:

= A 2 A2
7 — gy — G (1 - m—ln%) , (3.136)

Finally, if the bare mass vanishes, which is the requirement for a massless chiral invariant

bare theory, it is obtained:
4qr? m2. A2
—=1-—Ih—,
G A2 m
which is indeed the celebrated NJL result. For values of G greater than G. = 4n?2,

(3.137)

Eq. (3.137) admits a non vanishing solution for the fermion mass 7, while for values of
G smaller than G, = 472 the only solution for m is m = 0.

Although Eq. (3.137) does not provide a profile function for the running mass m(k),
still, through the connection between the UV value of the mass m(A) = mp = 0 and
its IR value m(0) = m, the transition from the unbroken to the broken phase can be
described. It is worth noting that a non vanishing solution for m can also be found for
non-vanishing values of m(A) = mp. This is somewhat closer in spirit to our result,
where it was shown that for finite values of the scale A, m(A) is of order 1/A? rather
than being strictly vanishing. Again it is important to stress that, even though the entire
profile of m(k) is missing (which is intrinsically in the nature of the approximation that
we are considering), the possibility of it still being in one of the two phases is given by
the connection between the UV value of the mass m(A) and the corresponding IR value

m.
Beyond the NJL approximation

Now it is shown that it is possible to find approximate analytical solutions to Egs. (3.129)
and (3.130) which go beyond the NJL approximation considered in the previous subsec-
tion and provide, to some extent, quite accurate estimates of the exact numerical results
that we found in Section 5. For the sake of definiteness, again the d = 4 dimensions are
chosen, although the following reasoning applies to any dimension.

For the readers’ convenience, Egs. (3.129) and (3.130) are written again:

dm k2 Gm

e 1
dk 2m2 k2 + m?2’ (3.138)
d k‘3 2 k?2 a2
e _ __G(—mQ) (3.139)
dk 2m2 (k2 + m?)

123



Chapter 3. Non-perturbative analytical techniques II: Renormalization Group

where, as already noted, N has been absorbed in the redefinition of G.

First of all the Eq. (3.139) is considered. It has already been noted (see Egs. (3.131)
and (3.132)) that for k — oo, m(k) ~ 1/k* and for k — 0, m(k) ~ m = Const.. Therefore,
one should expect that, if in the r.h.s. of Eq. (3.139), m(k) is replaced with its IR value
m, a quite good approximation to this equation should be found. In the UV regime, in
fact, k? is by far the dominant term when compared to m(k)? and it should not change
much either the actual value m(k) or the approximated one, T are considered. In the IR,
on the other hand, m(k) converges to m. Therefore, in these asymptotic regimes (IR and
UV), this is certainly a good approximation. Clearly, one cannot expect that it describes
the intermediate regimes with the same degree of accuracy , i.e. the region of k£ where
m?2(k) is of the order of k%. As will be seen, however, it still provides a profile for G(k)
which is in good qualitative and quantitative agreement with the exact numerical results.

Performing then this replacement in Eq. (3.139), the integration is easily done and one

obtains: o
G

Glk) = —— 2 — (3.140)

1 k2 = 3mtin (1+ £5) + 2m? — 2
where G is the IR value of G(k) : G = G(k = 0).
It is easy to see that the IR and UV limits of Eq. (3.140) are:
—2
k=0 : Gk ~G k* 3.141
- (W)~ Tt oy (3.141)
42

in agreement with the expectations. Some comments on these results.

First of all it can be noted that Eq. (3.140) has a maximum for & = 7. If this result
is compared with the numerical solutions for G(k) and m(k) shown in Figs.3.4(b) and
3.3(b), one can see that, while it is true that the maximum of G(k) is obtained for k of
the order of T, the actual value k,,,, where G(k) has a maximum does not coincide with
m. As one can see from Fig.3.3(b), knq. is also close to the inflection point of m(k): in
the region around these values of k, the flows of m(k) and G(k) change from their UV
to their IR scaling. Actually, for lower values of k, m(k) and G(k) rapidly saturate to
their IR values. This latter observation is a general feature of the RG flow equations.
When the flows reach the region where m?(k) is of the order of k2, the coupling constants

rapidly saturate to their IR values so that they get practically frozen.
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Figure 3.6: The numerical solution (solid line) of Eq.(3.139) for the broken phase where mp = 1078
and Gp = G, +107° =1+ 107% (m = 4.50- 1073, G = 1.61 - 105 ) and the corresponding
analytical approximation (dashed line) Eq. (3.140).

The fact that the maximum of G(k) is not exactly at k = m clearly shows what
was observed above: in the intermediate region, the analytical approximation Eq. (3.140)
cannot reproduce all the quantitative details of the exact G(k) profile (in the IR and in
the UV, on the contrary, as shown in Egs. (3.141) and (3.142), Eq.(3.140) provides a very
good approximation for G(k)).

However, as shown in Fig. 3.6, where the numerical solution of Eq. (3.139) is compared
with the corresponding approximation Eq. (3.140) for m = 4.50- 10~ and G = 1.61 - 10°,
the two curves are in quite good agreement. They coincide in the IR and UV ends, while
in the intermediate region the analytical approximation somehow overestimates G(k).

From Eq.(3.141) it has been seen that, near k = 0, G(k) is always increasing. As
it is known that, for higher values of k, this function decreases, it is clear that G(k)
has always a maximum. The location of the maximum and the height of G(k) at the
maximum depend on m. In Section 5, where our cross-over picture was presented, it was
learned that infinitesimal values of the IR mass m correspond to the unbroken phase.
In this case, the maximum is a hardly detectable disturbance on the top of the already
saturated value G of G(k) in the IR region (see Fig. 3.4 (a)). Finite values of the IR mass,
on the contrary, correspond to very pronounced maxima for G(k) (see Fig.3.4 (b)) and

are related to the broken phase. For the limiting case m — 0, the maximum is reached at
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Chapter 3. Non-perturbative analytical techniques II: Renormalization Group

k = 0. In this case, in fact, replacing m = 0 in Eq. (3.139), this equation can immediately
be integrated and gives:
G B 4qr? B 42
G 12 L2y 4n L2 27
1+ Sk K2+ Z B+ M

(3.143)

where M? = % has been defined.
Now Eq. (3.138) is considered. In the IR region, where G/(k) and m(k) have essentially
saturated to their IR values G and T, Eq. (3.138) can be approximated with:

dm(k) G

— = oo k?, (3.144)
which is immediately integrated:
G
m(k) =m — —r— E*. (3.145)

Eq. (3.145) gives the behaviour of m(k) near k = 0 and shows the way m(k) approaches
m at k = 0. As for the UV region, it is already known that in the r.h.s. of Eq. (3.138) it
is possible to replace G(k) with 4,%22 and neglect m(k)? in the denominator. The solution

in this region is then: 2

k2’
where k, is any UV value of k, i.e. a value of & where the above UV approximations for
m(k) and G(k) are valid. In Eq. (3.146), m(k.,) k? is the integration constant. As in solving

Eq. (3.138) it has already used the boundary condition m(k = 0) = m (see Eq. (3.145)),

m(k) = m(k,) (3.146)

this constant is virtually known. The reason why, at this stage, it is unknown is that the
UV approximation of Eq. (3.138) has been integrated and the matching condition between
this UV tail of m(k) and its IR part is unknown, Eq. (3.145). As long as these asymptotic
(IR and UV) regions are considered, it cannot do better.

In order to get an analytical approximation for m(k) in the whole range of k, one could
try to integrate Eq.(3.138) where in the r.h.s. G(k) is replaced with its approximation
given by Eq.(3.140). The resulting equation, however, is still too complicated and an
analytical solution to this equation was not still found.

Nevertheless, a very good approximation of Eq.(3.140) can be considered which is
suited for our aim of making the analytical integration of Eq.(3.138) possible. This
is obtained by dividing the whole [0,00) k range in three regions: an IR [0, k], an
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3.4 The scaling of the GN model in the Large N limit

intermediate [ky, ko] and a UV [kq, 00) region. In the first region, G(k) is approximated
with G. In the intermediate region,G(k) is approximated with the Lorentzian which is
obtained by expanding the denominator of Eq. (3.140) around k,,,, = ™ up to quadratic
terms in k. In the UV region, G(k) is approximated by 4,%2. Therefore, the approximation
to Eq. (3.140) is:

870 (k — k1) 0 (ks — k) | 4n°0 (k — k)

Gk) =GO (k — k) + , 3.147
(8 =k — k) + = T - (3.147)
where ,
872 Gm
2 —
M5 = G (1+ = (2 31112)) (3.148)

The values of k; and k; are chosen in such a way that Eq. (3.140) is well reproduced by
Eq. (3.147).

Inserting Eq. (3.147) in Eq. (3.138) and replacing in the denominator of the r.h.s. of
this latter equation m(k) with m, Eq. (3.138) is easily integrated. The result is:

m(k) = mexp <—9 (ky — k) 4% <k;2 —m’In (1 + E—z))

2 k2—2km
= 0= k)0 U ) e <M51n( )

k* —2km
+ 4Mom* (m <1 + 7MQ> + tan~ ( ))
. k* —2km
+  Mym? <ln <1+7+M22) < ))
kE—m
- -1 -1
+ 2M2m<tan ( Y )+tan (M2>)
k—m m
_ 23 -1 -1
2Msm (tan 7 )+tan <M2)>
k—m m
=5 -1 -1
+ 4m (tan < 7 )+tan <M2)))
/{ZQ

In Figs. 7(b) and 8(b) two specific examples for Eq. (3.149) are plotted by considering the

same values of G and m used in Fig. 3.6 (broken and symmetric phase respectively).
First of all the broken phase is considered. In Fig.3.7(a) three curves are shown which

reproduce the numerical solution of Eq. (3.139) (solid line), the corresponding analytical
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0.006 ———
200000 -

0,005 ]

150000 - 1 0004k

G(k)

% 0,003
100000 - I

0.002f

50000 - . i
S 1 00t

SRS S

b P N — P———— 00001 n — "
0.000 0.005 0.010 0.015 0.020 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
k k

(a) (b)

Figure 3.7: (a) The dotted line is the approximation to G(k) given in Eq. (3.140), in the broken phase,
for m = 4.50 - 1072 and G = 1.61 - 10°. The dashed line is the approximation to Eq. (3.140)
given in Eq. (3.147) with the appropriate choice of k1 and ks. For comparison, the numerical
solution (solid line) of Eq. (3.139) is also plotted. The values of T and G are as in Fig. 3.6.
(b) The dashed line is the analytical approximation to m(k) given in Eq. (3.149) for the same
values of the parameters. The corresponding numerical solution (solid line) to Eq. (3.138) is
also plotted.

approximation Eq.(3.140) (dotted line) and the approximation of Eq.(3.140) (dashed
line) given by Eq.(3.147) obtained with the values of G and m used in Fig.3.6. From
Fig.3.7(a), it is clear that Eq. (3.147) provides a very good estimate of Eq. (3.140).

In Fig. 3.7(b) the analytical approximation to m(k) is plotted Eq. (3.149) (dashed line)
(which is related to Eq. (3.147) plotted in Fig. 3.7(a) (dashed line)) and it is compared with
the corresponding numerical result (solid line). From the above findings, it is immediately
clear that the approximated analytical solution is in excellent agreement with the exact
profile of m(k).

Now the symmetric phase is taken into account. Again the values of 7@ and G, consid-
ered in Fig. 3.6, are chosen. In Fig.3.8(a) four curves are shown: the numerical solution
of Eq. (3.139) (solid line), the analytical approximation Eq. (3.140) (dotted line), the ap-
proximation given in Eq. (3.147) of Eq. (3.140) (dashed line) and finally the approximation
Eq. (3.143) (dotted-dashed line). One can note that in this case, in addition to Eq. (3.147),
Eq. (3.143) provides quite a good approximation to Eq. (3.140) too. The reason has been
explained above (see the discussion leading to Eq.(3.143)). For the symmetric case,

it is then possible to consider another analytical approximation for m(k) if one solves
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3.4 The scaling of the GN model in the Large N limit

Eq. (3.138) by inserting in this equation the approximation Eq.(3.143) for G(k). More
precisely, if this replacement is performed and, in addition, in the denominator of the
r.h.s. of Eq. (3.138) m(k) with 7 is replaced, this latter equation is easily integrated and
(M2 = 42 is found:

0.0008 -

60000
0.0006 -

m(k)

=2
< 40000
© | 0.0004 -

20000 00002

oLy oo000b—— T
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(a) (b)

Figure 3.8: (a) The dotted line is the approximation to G(k) given in Eq. (3.140), in the symmetric phase,
for m = 8.22-107% and G = 7.15- 10%. The dashed line is the approximation to Eq. (3.140)
given in Eq. (3.147) with the appropriate choice of k1 and ks. For comparison, the numerical
solution (solid line) of Eq. (3.139) is also plotted. The dotted-dashed line is the approximation
of G(k) given by Eq. (3.143). (b) Dashed line: analytical approximation, Eq. (3.149), to m(k)
for the same values of the parameters. Solid line: the corresponding numerical solution,
Eq. (3.138). Dotted-dashed line: analytical approximation, Eq. (3.150), to Eq. (3.138).

M2 (14 £5) =i (14 £5)
m(k) =mexp | — ]\142 — (3.150)
1

In Fig. 3.8(b) the analytical approximation Eq. (3.149) to m(k) (dashed line) is shown,
this is obtained with the help of the analytical approximation Eq.(3.147) for G(k) and
the analytical approximation Eq. (3.150) (dotted-dashed line) obtained with the help of
the analytical approximation Eq. (3.143). These two curves are compared with the corre-
sponding numerical solution (solid line) to Eq. (3.138). Once again, one can see that the
correspondence between the exact results and the analytical approximations is excellent.

Before ending this section, it will be shown that an analytical approximation to
m(k) can also be obtained by noting that the specific form of the approximate solu-

tion Eq. (3.140) to Eq. (3.139), together with all the previous considerations and results.
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This suggests that one could try to approximate G(k) with a Lorentzian profile of the
kind:

472
G (k) = e (3.151)

where a serves to locate the value of k for which G(k) has a maximum (which is vanishing

or essentially vanishing for the “symmetric phase”), and M3 allows the determination of

the IR value of G(k).
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Figure 3.9: (a) The analytical approximation, Eq. (3.152), to m(k) (dashed line), for the broken phase,
is compared with the corresponding numerical solution (solid line) plotted in Fig.3.7(b):
a=3.26-10"3 and M3 = 1.94-1073. (b) The same approximation, Eq. (3.152), to m(k)
(dashed line), for the symmetric phase, is compared with the corresponding numerical solution
(solid line) plotted in Fig.3.8(b): a = 0 and M3 = 3.31-1073.

If the above approximation for G(k) is now plugged in the RG equation for m(k),
Eq. (3.138), where again in the r.h.s. m(k) is frozen to its IR value m, Eq. (3.138) can be

solved and gives:

m (k) =mexp <— L (m? (—a® + m? — M3)In (%—22 + 1)

at+2a2 (m2+ M2 )+ (m2—M3) ’

+ (a* + a® (3m?* 4+ 2M2) — m> M2 + Mj) In (’;jj;; + 1)

2 4 2 (772 2M2 7372M2 M4
+ a(at+a (m+ M?;,) MG+ M) <tan*1 (%) +tan~! (Mi3>)

+4am® tan~! (£))) . (3.152)

This analytical approximation for m(k) can be checked against the numerical solutions

shown in Figs.3.7(b) and 3.8(b) for the broken and the symmetric phase respectively.
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3.4 The scaling of the GN model in the Large N limit

In the left panel of Fig. 3.9 the numerical solution of Eq. (3.138) in the broken phase,
where, in cut-off units, Gg = G, + 107> = 1 + 107° and mp = 1078, is compared with
the corresponding analytical solution obtained for a = 3.26 - 1072 and M3 = 1.94 - 1073.
Note that the IR values of G(k) and m(k) are: G = 1.61 - 10° and m = 4.50 - 1073, As
the broken phase is considered, m turns out to be order of magnitudes greater than the
bare mass. As one can easily see, the two profiles are almost superimposed. In the right
panel, the system in the unbroken phase is taken into account and the exact numerical
solution (where, in cut-off units, Gg = G. — 107> =1 — 107 and mp = 10~%) has been
compared with the corresponding analytical approximation Eq. (3.152) obtained for a = 0
and M5 = 3.31-1073.

The above results show that replacing G(k) with Eq. (3.151) provides a very good
analytical profile for m(k), given by Eq. (3.152), once the appropriate values of a and M;
are taken into account. Moreover, the IR and UV limits of the analytical approximation
to m(k) as given by Eq. (3.152) show quite interesting features.

Indeed, by expanding Eq. (3.152) for small values of k one finds:

X!

k)~ @ T M)

(3.153)

which is exactly the result previously obtained, Eq. (3.145), once it is noted that, in the

notations of this section, G = %;42. On the other hand, for large values of k:
3
(k) m ! (3.154)
m(k) = — )
(MZ) (@ + M3) 7 i
where:
m*(—a® +m* — M3)
(8% —=
a* + 2a2(m? + M2) + (m? — M32)?’
5 - a* 4 a*(3m? + 2M3Z) — m* Mz + M3)
a* + 2a2(m? + M2) + (m?* — M2)? ’
a+pf = 1. (3.155)

Eq. (3.154) is quite interesting as it not only provides the already known correct asymp-
totic behaviour of m(k) for large values of k, m(k) ~ 1/k* (Eq.(3.146)), but also gives
the coefficient of 1/k? in terms of the IR parameters of the theory. As already noted, the
coefficient of 1/k? in Eq. (3.146) could not be determined because the m(k) profile in the
intermediate region is unknown. As Eq. (3.154) is the UV limit of Eq. (3.152), which is an
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approximation to m(k) in the whole k range, this coefficient, which is a parameter that
characterizes the UV behaviour of the theory, is now known and given in terms of the IR
parameters of the theory. This provides a interesting example of the IR-UV connection
that has been already mentioned in this work.

Finally, one can note that Eq.(3.152) appears to be a very good fit for both the
unbroken and the broken phases, the unbroken one being obtained by taking a = 0.

3.5 Ciritical exponents for small N values

The analysis of the critical behaviour of the GN model for small values of N is con-
sidered. Different analytical methods have been introduced in order to deal with the xSB
phenomenon. However each of these methods has a very definite applicability limit. As
an example the critical exponents calculated in the framework of the 1/N expansion were
shown in Sec. 2.3.2, while those computed with the ¢ expansion method were presented in
Sec. 3.2.4. These two techniques can be compared by performing a double expansion in e

and in 1/N’. Consistently it is found:

1 3
= §+§+§%+... (3.156)
I 6—6%4“., (3.157)

for both the cases. On the other hand the region when d = 3 and N is very small needs
another tool to be explored. In this sense the Wilsonian RG group could compensate for
this lack.

Clearly this method is also limited by its own approximations which rely on the deriva-
tive expansion as explained in Sec.3.3.2. However far from the upper critical dimension
one should expect that the derivative contributions can be discarded since, as was sug-
gested in the previous chapter, they do not play any role in determining the critical
behaviour.

The complete version of Eq.(3.101) can be calculated by writing the Eq.(3.99) in

terms of dimensionless quantities. It is found:

0 20V, Voo
EV = dV — (d — 1) O'VJ — CdNtrJIln (1 + VUQ) + Cdln <1 + TVE) s (3158)
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Then by considering again the truncation for the potential V(o,¢) with the mass term

and the Fermi coupling only the following system is worked out:

d_m I 2Ntr HCdGm _ QC’dGm

dt 14 m?2 14+ m?2’

dG ONtrIC,G? (1 —m?)  4C,G? (1 — 2m?

4G _ (g gyg 4 2NOIGGT A —mT)  AGET [~ 2mT) (3.159)
dt (1+m?2) (14 m?2)

The search for a fixed point of these equations gives, as expected, two possible solutions.
The Gaussian solution, which was already found in Sec.3.4.2, and the extension of the
non-Gaussian one, which was used for the description of the chiral transition in the Hartree

approximation. So the non-Gaussian solution is:

m = 0, (3.160)
d—2
G = N I=3) (3.161)

(3.162)

By linearizing around this fixed point two relevant eigendirections are found. Their scaling

law is encoded in the two eigenvalues:

Ntrl(d—1)—d
- 1
Am NtrI—2 (3163)
Ao = d—2. (3.164)

(3.165)

As also found in the ladder approximation, the first eigendirection coincides with the
fermion mass axis, while the second one is nothing but the G axis. The anomalous
dimension of the local operators coupled with these parameters can immediately be worked

out. One obtains:

. (d—2)

[@WJ] = [QMJ}O Ym = =1+ m (3166)

(9] = [(@9)], =16 =2 (3.167)

Their proportionality can be recovered in the large N limit. By using the same procedure

described in Sec.3.4.2 the critical exponents are calculated. Indeed the eigenvalues in
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Egs. (3.163),(3.164) can be replaced in the Eq. (3.121) thus giving:
1 1

B = (d_2)+N,_2, (3.168)
5 = (d—1)+7d]<\§€:3), (3.169)
2
N = 1+N/ 5 (3.170)
1
v o= - (3.171)
n = (4—d)+2(d_2) (3.172)

2—- N~
Near d = 2 a check of these results can be done. Indeed by performing a double expansion

in 1/N’ and ¢ = d — 2 one finds:

vt = ¢+ 0O(1/N? €2, (3.173)
/
n o= 2—¢— 2% +O(1/N2,€2). (3.174)

Which are exactly the same expressions that can be found by expanding the exponents
in Sec. 2.3.2.

One should deduce that the higher derivative terms can be really neglected near d = 2,
i.e. near the lower critical dimension of the chiral transition. On the other hand, the same
contributions cannot be discarded near d = 4, showing how the LPA is too crude near
the upper critical dimension.

However this approximation has a range of validity even wider. Indeed one could
ask what happens in the intermediate region between the lower and the upper critical
dimension, that is at d = 3. In order to test the high degree of accuracy of the LPA at
d = 3 it is possible to compare the value of the critical exponents, calculated with the
1/N expansion, with those obtained by means of the functional RG. For a large enough
N’ both these methods give in practice the same results. This is not the case for the ¢
expansion method, which being performed near d = 4, should not be extended up to this
range.

1and 7, as functions of 1/N’ and

In advocating these statements the values of v~
calculated at d = 3, have been shown in Figs. 3.10 (a) and 3.10 (b) respectively.
The solid line was used for representing the value of the critical exponents given in the

large N expansion, which should provide a basis for the reliability of our original results.
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Figure 3.10: (a) The solid line shows the value of the v~! for different value of 1/N’ and calculated
at the next to leading order in the 1/N expansion, as shown in Sec.2.3.2. The dashed line
represents the same quantity calculated by means of the Wilsonian RG method, the result is
given in Eq. (3.171). The dotted line is v~! as provided by the epsilon expansion technique,
performed near d = 4 (Eq. (3.68). (b) The solid line shows the value of the exponent n for
different value of 1/N’, calculated at the next to leading order in the 1/N expansion, as
shown in Sec.2.3.2. The dashed line represents the same quantity calculated by means of
the Wilsonian RG method, the result is given in Eq. (3.172). The dotted line is n as provided
by the epsilon expansion technique, performed near d = 4 (Eq. (3.68)).

The dashed line gives the same exponents calculated with our RG method, while in the
dotted one they are computed with the e expansion tool. The Wilsonian RG method is
nearest to the predictions of the 1/N expansion which, for sufficiently large N, should be
the best analytical approach in this dimension.

For small N value the critical exponents were computed with numerical simulations,
performed by means of Monte Carlo (MC) algorithms, in a lattice. The results for N’ = 8
were given in [60], while at N’ = 16 can be found in [61]. By choosing trl = 4 they
correspond to the cases N = 2 and N = 4. The numerical results are thus compared with
the different analytical approaches respectively in Tab. 3.1 (a) and Tab. 3.1 (b). For
completeness the value of some critical exponents at N/ = 12 (N=3) and N’ = 48 (N=12)
are also reported in Tab. 3.1 (b) and Tab. 3.1 (c¢). In this comparison also the critical
exponents calculated by means of a functional RG method using a bosonized version of
the GN model are reported [62].

From these results it seems that our RG method provides a qualitative but also a very

good quantitative description of the critical region of the GN model at d = 3 even in the
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(a) N=2
Technique v y /v I6] B/v No
MC simulations 1.00(4) | 1.253% | 1.246(8) | 0.881% | 0.877 | 0.75x
fermion Wilsonian RG 1.000 1.333 | 1.333 0.833 | 0.833 | 0.667
e-expansion 0.954 1.364 | 1.429 0.750 | 0.785 | 0.571
1/N-expansion 0.829 1.041 | 1.256 0.723 | 0.872 | 0.744
functional bosonized RG | 0.961 1.384 | 1.440 0.745 | 0.775 | 0.561
(b) N =3
Technique v y /v 6] B/v No
MC simulations . . . . ? .
fermion Wilsonian RG 1.000 | 1.200 | 1.200 | 0.900 | 0.900 | 0.800
e-expansion 1.000 | 1.333 | 1.333 | 0.833 | 0.833 | 0.667
1/N-expansion 0.942 | 1.105% | 1.174 | 0.860x | 0.913 | 0.826x%
functional bosonized RG | 1.041 | 1.323 | 1.271 | 0.903 | 0.867 | 0.710
(c) N=4
Technique v v v /v I6] B /v Mo
MC simulations 0.98(2) | 1.131% | 1.152 | 0.910% | 0.927 | 0.848
fermion Wilsonian RG 1.000 1.143 | 1.143 | 0.929 | 0.929 | 0.857
e-expansion 1.023 1.303 | 1.273 | 0.884 | 0.864 | 0.727
1/N-expansion 0.982 1.112 | 1.131 | 0.918 | 0.934 | 0.868
functional bosonized RG | 1.010 1.228 | 1.213 | 0.910 | 0.901 | 0.789
(d) N =12
Technique v v v/v I6] B /v Mo

MC simulations . . ) . )
fermion Wilsonian RG 1.000 | 1.043 | 1.043 | 0.978 | 0.978 | 0.956
e-expansion 1.049 | 1.161 | 1.111 | 0.991 | 0.944 | 0.889
1/N-expansion 1.013 | 1.058 | 1.045 | 0.991 | 0.978 | 0.955
functional bosonized RG | 1.023 | 1.075 | 1.051 | 0.998 | 0.971 | 0.936

Table 3.1: Some of the critical exponents as well as some of their ratios are shown in the present table
for different value of N (trI = 4 has been set). The results obtained by applying different
analytical methods are compared. In (a) and (c) the values obtained by means of numerical
simulations are also reported.
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LPA.
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CHAPTER 4

RG ANALYSIS OF HIGHER POWERS IN FERMION
MODELS

As in the previous chapter the xySB is analyzed , for 2 < d < 4, by means of the
Wilsonian RG equation found in Sec. 3.3.3 and the results are discussed using the language
of the critical phenomena.

In the following sections the study is focused on the impact of the higher powers of
Y1) in determining the behaviour of the chiral transition.

Clearly all the results are limited to the framework of the LPA approximation. The
Eq. (3.101) (or, equivalently, Eq. (3.100)) is the starting point of the present work.

Again the Hartree approximation of the Wilsonian potential is made possible by con-
sidering fermion multiplets of the U(N) flavour group. This procedure allows the compar-
ison of the RG results with the ones found with large N techniques. There are two ways of
extending the GN model to higher local operators. Since the theory can be rephrased in
its bosonized version, the first extension is represented by the usual Yukawa theory. Some
RG results were reported in Sec. 3.2.4 and 3.2.5 with the epsilon expansion techniques.
Other approaches, always in the bosonized language, can be found [62].

Another extension is achieved by directly adding the operator (¢1))? to the Lagrangian
of the non-bosonized model. In the large N expansion, this second option can also be
handled with the bosonization techniques introduced in Sec.2.2.1. An example of this
procedure will be found in the first section of this chapter. The addition of several powers

of the 1) operator is also the way in which the extension is treated by means of our RG
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method.

In the present chapter the critical region is investigated at first by discarding the
mass effects so that only even powers of the composite operator are considered in the
potential. Moreover the Hartree approximation is performed and a critical point is found
for 2 < d < 4. Tt will be shown that while there is a relevant eigendirection, which will
be related to the temperature of the system, and an irrelevant one.

In this sense the result is consistent with the predictions given by the Yukawa theory.
It is well known [19], [17] how the behaviour of the critical fixed point in the Yukawa
theory, describing the chiral transition, closely resembles that of the Wilson-Fisher fixed
point, which is related to the ferromagnetic transition. Clearly the two theories are very
different since they predict different critical behaviour even at d = [63]. However many
common features can be stressed. For example, the scalar mass is related, for both these
theories, to the reduced temperature of the correspondent transition. Also the behaviour
of the fixed points near d = 4 is very similar. These collapse into the origin so that both
of the two theories become trivial. Some operators which are irrelevant for d < 4 became
marginal at the upper critical dimension.

With these premises one could ask if some aspects of the triviality of the GN model
may be worked by studying how the quartic operator (1)¢))* scales near d = 4. At this
scope the non-Gaussian fixed point found with the Wilsonian fermion RG equations, is
compared to the Wilson-Fisher fixed point near and at the four dimension. The presence
of a marginal direction found by linearizing around the critical fixed point of the GN
model is highlighted at d = 4 in the large N approximation. In this sense this point turns
out to be an example of a trivial non-gaussian fixed point at d = 4.

A more accurate analysis shows that, because of identical cancellations occurring at
d = 4, the impact of the Fock’ s terms should be taken into account. Despite this the
marginal direction is again recovered in the large N limit.

The analysis near the critical domain is also performed by the introduction of an
explicit mass term to the even powers. A cross-over picture very similar to that described
in the previous chapter is recovered.

Finally the impact of the cubic power of 11 is considered and the results are in

agreement with those found in the literature [64].
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4.1 The quartic operator in the Large-N expansion

By applying the techniques of Sec.2.2.1 for the potential:

V(X) = —%)@ + %X‘*, (4.1)
the saddle point equations turn out to be:
—g—gX3+GX—<I>+K:O, (4.2)
dp 1

~X+N'® / (4.3)

Qmyip? + o2
The request for a spontaneous symmetry breaking is achieved by setting J = 0. If the g4

coupling can be discarded the Egs. (4.2),(4.3) are reduced to the system:

P
X == 4.4
= (44)

P dp 1
——+No [ —— = 0. 4.5
G /<2w>dp2+<1>2 (45)
Eq. (4.5) is nothing but the Eq. (2.81), the constraint in Eq. (4.5) resembles the relation

between the 1)1 operator and the composite field. However, as is seen from Eq. (4.3), near

the critical region the system can be rewritten as:

o [ dp 1 o
I g3 4 N’—/ P + =0, (4.6)

ez G| @2r)ip + o2
X 1
—~—. 4.7
e (4.7)
The result found in Eq. (4.7) is very similar to that shown in Eq. (2.123). It suggests the
identity:
A 94
i ~ — (4.8)

which shows that near the critical region g, = O(1/N?) in order to be a correction to the

scaling behaviour.

4.2 RG equations for higher powers couplings

Now the impact of higher order parameters is described by means of the RG methods.
In the previous chapter the comparison between the ySB and a second order phase tran-

sition was established by thinking of the bare mass mp as a seed of an external magnetic
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field and at the Fermi coupling G (which corresponds to the boundary value G(A) for
the flow of G(k) at the UV scale A) as the inverse of a temperature. Thus it was implicitly
understood that both these couplings were the only relevant parameters of the model.

However, this assumption relies on the hypothesis that the effect of all other couplings
near the fixed point can be neglected, or more precisely that they turn out to be irrelevant
parameters. Clearly this assumption is well corroborated by the result found with the
other analytical methods.

Inspite of this a consistent internal check of our RG approach is required by evaluating
the impact of the higher powers in the Wilsonian potential.

The expansion up to the fourth power of ¢ is considered. Thus the following truncation
is chosen for the potential V'(¢):
G(t) _ gs(t) 5 ga(t) 4

5 O T + TR (4.9)

With this position, by inserting this expression into the Eq. (3.101), the RG equations

Vo, t) = —m(t)o —

for the couplings turn out to be, in the Hartree approximation:

dm 2C,GmNtrl
2 Zmer P 4.1
dt m m2+1 7 (4.10)
dG 2C393mNtr 1
— = (2—d s
dt ( )G+ m? + 1
2(02
204G (m 12) NtrH7 (411)
(m?+ 1)
dgs 6Cy93G (1 — m?) Ntr1
95— (3—2d)gs +
dt ( )95 (m? + 1)2
2 Ntrl 4 3 2 _3)Ntrl
B Cdgim tr n CdG m(m 5)) tr ’ (412)
m* 41 (m?2+1)
d 24C,95G*m (m? — 3) Ntr 1
494 _ (4 — 3d)gy — 493 ( _ )
dt (m?+1)
_ 8C4gsG (m* = 1) Ntr1 N 6C493 (m* — 1) NtrI
(m?+1)* (m?+1)*
12 4 (m* — 24+ 1)Ntrl
CyG* (m* — 6m 4+ ) Ntr . (4.13)
(m?+ 1)

Starting from this result the critical behaviour of the extension of the GN model can

be studied by setting g3 = 0. However for the sake of completeness the the whole system
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is considered still for a while.

4.2.1 Fixed point and linearization

The system of Eqns. from (4.10) to (4.13) cannot be analytically solved. The first
qualitative and quantitative description of its behaviour can be given by searching for the
fixed points.

For a generic dimension 2 < d < 4 and d # 3 the Eqns. from (4.10) to (4.13) allow

two fixed points: the Gaussian one m = G = g3 = g4 = 0 and the non-Gaussian

m = 0,
d—2
G = —/———,
2Nt1‘HCd
gs = 07
3(d —2)*

4(d — 4)N3tr I3C3°
Both these fixed point are the natural extension of those found in Sec. 3.4.2 for the m
and G couplings alone.

It can be observed that the fixed point value for the couplings associated with odd
powers of o, that are m and g3, is always zero, while the couplings related to the even
powers are non-vanishing.

Some important details are needed. By explicitly studying the equations Egs. from
(4.10) to (4.13) at d = 3, an infinite number of fixed point solutions is found By replacing
in Eq. (4.12) the fixed point values for m and G given in Eqgs. (4.14),(4.14) a multiplicity
of solutions is obtained due to an identical cancellation in the equation itself. Clearly
this is an unpleasant result since a fixed point preserving the chiral symmetry is required.
However this degeneracy disappears in the right and in the left limit for d — 3. Moreover
this problem is simply circumvented when also the Fock’s contributions are taken into
account. It can be anticipated that this identical cancellation simply reveals that the
cubic operator is marginal at d = 3. More on this point will be clarified later.

Similar to what was found at d = 3, by considering the Eqs. (4.10) in the case d = 4
and by replacing in Eqs. (4.13 the values given in Eqs. (4.14),(4.14) for m,G and g3 ) a
residual term of order 1/N? is left which prevents the beta function to vanish .

This seems to be an even worse result than that obtained at d = 3. However also in

this case the identical cancellation is related to the appearance of a marginal direction.
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A deeper insight in these statements needs the evaluation of the eigenvalues related
to the linearization of the RG equations.

First of all by linearizing around the Gaussian fixed point, it is found:

A= 1,
Ao = 2—d,
As = 3-—2d,
N = 4-3d. (4.15)

As shown in Sec. 1.6.5 these exponents, are related to the canonical dimension of each
coupling.
On the other hand the linearization around the non-Gaussian fixed point given in Egs.

(4.14) returns:

A= d—1,
Ao = d—2,
As = d—3,
N o= d—4 (4.16)

It is important to stress that the eigendirections associated with these eigenvalues do

not coincide with the canonical basis but are the vectors:

2(d — 4)C?
T = < ( )Cd 07170)7

3(d—2)7
_ (d—4)C3
Vo = (07 6(d-2)3’0’1 )
U3 = <O707170)7
v = (0,0,0,1). (4.17)

At d = 3 the eigenvalue A3 vanishes as a clear signal that its corresponding operator,
vs, is marginal. Some terms disappear in Eq. (4.12), giving a multiplicity of fixed point
solutions, due to this marginal behaviour. The apparent degeneracy is just the signal that
the linearization has lost its validity.

A more accurate analysis requires the introduction of the Fock’s contributions.
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For the same reason the vanishing of the A4 eigenvalue at d = 4 corresponds to the
marginality of the vy direction. In this case the identical cancellation in Eq. (4.13) seems
to be related to the disappearance of the fixed point.

Actually, as will be seen, the fixed point solution also survives in the Hartree approx-
imation, but one of the coordinates of the F'P becomes infinite so that a specific analysis
is needed. Although the Hartree approximation gives the correct scaling in the large N
limit the residual terms of order 1/N?3 suggest that neglecting the Fock’s contribution

should not be correct.

4.2.2 Anomalous dimensions

Once the eigenvalues in Eqs.(4.16) have been computed by linearizing of Egs. (4.10)
around the non trivial fixed point, the anomalous dimension of each composite operator
can be evaluated.

By comparing the eigenvalues in Egs. (4.15) with those in Egs. (4.16) the anomalous
dimensions 1, Y2, 73 and 74 are derived. Clearly the anomalous dimension does not
describe the scaling of a given power of ¥1) since the eigendirections do not coincide with

the canonical basis. So the anomalous dimensions are:

Nn o= d-—2,

Y2 = 2(d-2),

73 = 3(d—2),

ve = 4(d—2). (4.18)

The anomalous dimensions v; and v, are equal to the v, and ~g, previously cal-
culated in Egs. (3.119),(3.120), and satisfy the relations v, = 27;. A proportionality
relation, which is a typical result of the ladder approximation [65], holds also for the
other anomalous dimensions. Indeed 3 = 3v; and v4 = 4v;.

By knowing the anomalous dimension of each eigendirection it is possible to calculate
the scaling dimensions of the local operators arising when successive powers of 1) are
taken into account. As explained in Sec. 3.3.1, the scaling dimension [O,,] of the operator

, O, associated with the eigendirection v, is given, in the LPA approximation, by:

[0,] + [v] = d. (4.19)
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By knowing the scaling dimension of the operators O, the scaling of each power of
Y1) can be deduced by a simple linear combination.
Since the anomalous dimensions of the different couplings are proportional, the scaling

dimensions of the operators O,, are connected by proportionality relations. Indeed, they

0] = [¥¢],—m=1,

(O] = 2[Y¢], =12 =2,

(0] = 3[Y¢], =15 =3,

(O = 4[P¢], — =4 (4.20)

where [QMJ} o 18 the canonical dimension of the operator Unp.

This means that the operator O,, is the n-th power of the operator O;.

By comparing these results with those found in Sec. 3.2.4 it can be noted that the
scaling dimension of the operator O; is the same of those of the scalar operator ¢ of the
Yukawa near the Wilson-Fisher-Yukawa F'P. This is another way of thinking that the
GN model and the Yukawa theory belong, in the large N limit, to the same universaltity
class. The impact of the quantum fluctuations destroys the classical relationship between
the elementary fields ¢ and ¢ and the composite local operator 11). In this sense, the
operator 17 (or more precisely the operator O;) plays the same role of the scalar operator
¢ in the Yukawa theory.

Now, by using the relations in Eqs. 4.20, one finds that at d = 4 the scaling dimension
of Oy, which does not depend on the dimension d, coincides with the canonical dimension
of the scalar operator ¢ at d = 4. From the point of view of the Yukawa theory or
equivalently from that of the bosonised version of the GN model (as found by the large
N techniques) this is the sign of triviality behaviour, since the scaling dimension differs
from the canonical one for a logarithmic correction.

The operator Oy of this extended GN model is marginal as the ¢* or the ¢ty operators
of the Yukawa theory are marginal. Also the marginality of the operator O, results in
logarithmic scaling as will be shown in the following sections.

However, in the Yukawa theory at d = 4 the logarithmic divergences arise also in the

operators (9,¢)* and P, leading to a weak correction of the scalar and of the fermion
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fields. This correction cannot be calculated in our L P A approach but should be achievable

when some higher derivative terms are taken into account.

4.3 The impact of the (¢1))* operator and the critical
behaviour near d =4

In the previous section the impact of higher couplings of the Wilsonian potential was
analyzed by linearizing the RG equations around their fixed points. It was found a non-
Gaussian F'P which is an extension of that given in Sec.3.4.2. Once again, the important
features of the xySB mechanism can be found if the fixed point itself is regarded as the
critical point of a phase transition. As widely stressed the relevant directions of the fixed
point are related with the external parameters characterizing the critical domain.

At risk of repeating well known statements some of the results of the previous chapter
are summarized in order to analyze how they apply in the present case.

The critical exponents of the GN model were computed by considering both the first
and the second power in ¢ of the Wilsonian potential. These terms are nothing but the
mass m and the coupling G which are related respectively with the external magnetic
field and the temperature of the statistical system. The F'P solution (0, G.) was regarded
as the critical point of the transition. Setting m = 0 the system shows two different
behaviours depending on the boundary conditions chosen for the running coupling GG. For
G < G, the system flows towards the Gaussian fixed point while running mass term is
always zero; this situation characterizes the symmetric phase. On the other hand when
G > G, the system develops an instability and the equations diverge before that the value
k = 0 is reached. This behaviour is related with the occurrence of the symmetry breaking.
In following section the statistical language will be choose as a tool for interpreting the
impact of the higher powers of ¥). First of all the critical region is studied when the
external field (i.e. the bare mass) is strictly zero. Then the impact of a small mass term

is taken into account for extending our cross-over picture at this case.

4.3.1 Analytical solutions and linearization

First of all, only the Eq. (4.11) and the Eq. (4.13) are considered. The odd terms

as the mass or the cubic couplings have been switched off. With this assumption it was
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found:
d
d—f = (2-d)G+2G?, (4.21)
d
% — (4—3d)gs + 12G* + 8Gyu, (4.22)

where the G and g4 couplings have been recalled as if N, Cy, I = 1 were set. This rescaling
will also be applied to represent the trajectories in the following pictures.

The system in Eqgs. (4.21),(4.22) can be exactly integrated. One finds the solutions:

(d—2)/2
1 3(d—2)4

_ o (d—4)t
g4 - (1 . Be(d72)t>4 4 <4 _ d) _'_ Ce . (424)

for 2 < d < 4, where B and C are the two arbitrary parameters.

When B = C' = 0 the system is at one of its the fixed points, which is the same
result given in Egs. (4.14),(4.14). Thus expanding up to the first power in B and C' the
Eqgs. (4.23),(4.24) become:

G = <d2;2) + Beld=2t, (4.25)
(d—2)°

3(d —2) . .
B (d—2)t (d—4)t 4.9
Ta—d) =1 e + Ce , (4.26)

gs = —6

which are nothing but the linearized solutions consistent with the result found in Sec.
4.2.1.
At d = 4 the solution is instead:

1
G- (4.27)

g = 12t + C], (4.28)

o
which clearly shows that the marginality, found through the analysis of eigenvalues in
Egs. (4.16), turns into the logarithmic behaviour of Eq. (4.28.

This supports the statement of the previous section: at d = 4 the theory is trivial.
However it is not very clear what happened to the fixed point. The Egs. (4.14) and
Eq.(4.26) suggest that the fixed point goes to infinity along the v, direction as d — 3.
However the Eq.(4.26) and the Eq.(4.28) are not analytically related so that further

studies are required.
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The Eq. (4.21) can be rewritten in terms of a new coordinate z = g; ' as:

e

— = @2-dG+267, (4.29)
Z_j = (3d—4)x — 12G*2* — 8Gr. (4.30)

Now the beta functions vanish at the point S = (G = 0,z = 0), at [ = (G =
(d—2)/2,2 = 0) and at the point C' given by:

G = (d-2)/2, (4.31)
4 (4—d)

The last corresponds to the non-Gaussian solution in Eq. (4.14). Clearly the Gaussian
solution O = (G = 0,94 = 0) was lost, but two new solutions S and I have appeared,
representing two points at g4 = co. Near S the two parameters G and x scale with their
canonical dimension, while near the point I the linearization provides the eigenvalues
Mg = (2 —d) and A\, = 4 — d. The Jacobian matrix is diagonal for both the cases, thus
the eigendirections coincide with the canonical basis. At the d = 4 it is found that the
critical point C collapses in the fixed point solution /. Thus what happens at the upper
critical dimension becomes clear.

! as a change of coordinates one finds that, for

Thinking of the substitution g, = 2~
d < 4, the point C has a finite value if expressed in terms of the coupling g4 or of the
coupling x. It is the critical fixed point associated with xySB, the vy vector representing
again the direction of the reduced temperature. However as d — 4 the fixed point value
expressed in the x coordinate decreases while that expressed in the g, one increases. At
d = 4 the fixed point value in z is zero while one of the eigendirections becomes marginal.
The critical point C' collapses into the point I which is at g; = oco. Finally for d < 4 the
point I inherits the properties of the critical point. On the other hand the fixed point
C' cannot be used for describing the chiral transition since it acquires another relevant

direction.

Investigating further on the scaling at d = 4, the Egs. (4.31) can be explicitly solved

giving:
1
~ 1 par (4.33)
—(1—Be2) (20 ). 4.34
z=( <) <1+12x0t (4.34)
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Taking B = 0 and 2y = 0 the fixed point solution is found. At the critical point when
the coupling G is frozen at its fixed point value (G = G, = 1), the flow of Egs. (4.33)

becomes:

Zo
= - 4.35
14 12z0t’ ( )

The flow of the x coupling in Eq. (4.35) closely resembles the behaviour of the quartic

scalar coupling or of the Yukawa one near the origin, as found in Sec.3.2.5.

4.3.2 Flows in the language of critical phenomena

20 ‘ -

84

2

(b)

Figure 4.1: (a) Four trajectories near the non-Gaussian fixed point of the Egs. (4.21),(4.22), which de-
scribes the xSB at d = 3, are represented in the (G, g4) plane. They are obtained by choosing
the boundaries G(t = 0) = 0.55,0.6,0.45,0.45 and g4 = 1.3,0,—1, 1.2 respectively. The
dashed lines represent the eigendirections found through the linearization. Since both these
directions are relevant the point cannot describe the xSB. (b) Four trajectories near the
Wilson-Fisher fixed point, found by analyzing the Egs. (4.36),(4.37) at d = 5, are shown in the
(M2, )\) plane. They are obtained by choosing the boundaries M?(t = 0) = —0.25,0.1, —0.4,0
and A = 0.5,0.751.1, 1.5 respectively. The eigendirections are represented by the two dashed
lines.

Once the exact solutions of Egs. (4.21) were found, the flows in the whole (G, g4) plane
can be analyzed by varying the dimension d.

A useful insight in the description of the ySB, by using a Wilsonian RG method,
is given by the comparison between the critical behaviour of the GN model around its
critical fixed point and that one of the scalar theory around the non-trivial Wilson-Fisher
fixed point.

The fact that the coupling G is related to the inverse of a temperature and the intro-
duction of the g4 coupling leads to an irrelevant parameter for d < 4 (marginal at d = 4)

recalls what happens to the ferromagnetic systems when a scalar mass M? and a quartic
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coupling A\ are considered. The scalar system is thus analyzed by considering the RG
equations for the scalar mass and the quartic coupling which can be found in [66]. For

simplicity, these parameters are properly rescaled so that the system takes the form:

, A
M2 = M — 4
TIa ey (4.36)
32
No= dedr- 4.37
U=Dr =iy (4.37)

It is important to stress that the following parallel is just an analogy between the two
theories since their critical exponents are different.

The trajectories shown in Fig. (4.1) are the starting point for for the analysis at d = 3.
On the left panel ( Fig. (4.1) (a)) four trajectories in the (G, g4) plane are shown, while in
the right panel ( Fig. (4.1) (b)) the flows of the square mass M? and the quartic coupling
A of the scalar theory can be found.

Both these pictures show the trajectories obtained by choosing four different boundary
conditions and following the flows near the corresponding non-Gaussian fixed point. Thus
in the case of the GN model ( Fig. (4.1) (a)) the figure represents the linearization region
(and beyond) around the solution in Eq. (4.14). Conversely, for the scalar model, the flows
near the non-trivial W-F fixed point are considered [50]. The eigendirections obtained by
the linearization are represented by the dashed lines; thus each fixed point lies on the
intersection of its own lines. For the GN the line parallel to the g, axis and passing
through the F'P is the linear approximation of the critical surface. Since this space is
generated by the eigendirection related to the irrelevant parameter each flows starting
from this line falls on the fixed point.

Any other trajectory escapes from the F'P by the effect of the relevant component.
This component, in the linearization region, is represented by the dashed-oblique-line; it
turns out to be the direction of the inverse temperature. Although this axis is tilted with
respect to the G axis the critical value G, is left unchanged by the addition of the g4
parameter and also the exponent D, is the same. The critical line separates two possible
regions on the plane: the region with G < G, and that one with G > G.. The region
in which G < G, represents the symmetric phase. Trajectories starting from this region
fall towards the origin. The origin is an attractor for the plane since both G and g4 are

irrelevant directions. For G > G, the system is in the broken phase. After some RG
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recursions the equations diverge for a finite value of £ > 0. This is the same result that
was found in Sec. 3.4.1.

In the scalar theory the direction of the temperature in the linearization region is
represented by the dashed line almost parallel to the M? axis. This is the well known
correction to the mean-field theory which assumes a reduced temperature proportional to
the squared mass.

The other dashed line is the critical surface.

Thus a trajectory starting from the symmetric region (M? > M?) flows towards the
infrared and is flattened along the relevant axis.

After many RG recursions the M? and the A\ parameters take their Gaussian scaling.
Now the square mass can be identified with the inverse of the squared correlation length.

For M? < M? the system is on broken phase as for the fermion theory it develops
an instability and the equations diverge due to the failure of a polynomial expansion
around the false vacuum. Finally it is clear that in contrast with the fermion case, here
the Gaussian fixed point is a UV attractor for the plane which is nothing but the RG

formulation of the perturbative super-renormalizability of the scalar theory in d = 3.
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Figure 4.2: (a) Four trajectories, found by running the Egs. (4.21),(4.22) and describing the onset of the
XSB at d = 4, are represented in the (G, g4) plane. They are obtained by choosing the
boundaries G(t = 0) = 1.0002,0.995,1.0002,0.995 and g4 = —63,—63,93,93 respectively.
The dashed lines represent the eigendirections found through the linearization. (b) Four tra-
jectories near the origin, found by analyzing the Eqs. (4.36),(4.37) at d = 4, are shown in the
(M?, \) plane. They are obtained by choosing the boundaries M?(t = 0) = —0.1,0.1,0.1, —0.1
and A = 0.1,0.1,—0.1, —0.1 respectively. The eigendirections are represented by the two
dashed lines.

Now what happens at d = 4 can be considered. In the scalar theory the value of
the Wilson-Fisher fixed point decreases and turns out to coincide with the origin. As a

consequence, the irrelevant direction become marginal and the hyperscaling is violated
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by the effect of the logarithmic scaling of the quartic coupling. However the quartic A
coupling is weakly irrelevant and thus the Gaussian point can be interpreted as a critical
fixed point.

Conversely in the GN model the value of the non-Gaussian fixed point increases along
the g4 direction and goes to infinity at d = 4. What happens to the trajectories is shown
in Fig. 4.2

The fixed point C, associated with the ySB, has become G = G, and g4 = co. This
result is expressed by the fact that the line G = G, which was previously identified with
the critical surface at d = 3, again separates the plane into a symmetric region (on the
left) and into a broken one (on the right). The component of a generic trajectory along
the G axis leaves the critical surface when ¢ — oo. Thus the G axis coincides with the
direction of the inverse temperature.

It was shown in Eq. (4.28) that the component of the trajectory along the g4 axis has
marginal logarithmic behaviour. The marginality of this operator cannot immediately
be related to the hyperscaling violation, although it signals the onset of the triviality
[63],[67]. As can be seen in the Fig.4.2 and in Eq. (4.28) the marginal component is
attracted by infinity, starting with a trajectory belonging to the upper plane g, > 0. This
shows how the fixed point C' = I again possesses the features of a critical point.

However starting a trajectory with g4 < 0 the “point” at g4, = —oo is I R attractive,
thus anticipating the behaviour that will be found for d > 4.

As is well known, at d = 5 the non trivial fixed point of the scalar theory, now shown
in Fig. (4.3) (b), lies on the lower half plane A < 0 [40]. The linearization near this point
shows how both the two eigendirections are relevant. Thus this is no more the critical
point associated with the ferromagnetic transition. Instead, the properties of the critical
point are inherited from the origin. At this fixed point, while the mass direction has
always remained relevant, the quartic coupling has become irrelevant.

However for d > 4, since the critical point is the Gaussian one, the scaling dimension
of the parameters coincides with the canonical one.

Also in the fermion theory, as can be seen in Fig. (4.3) (a), the non trivial fixed point
lies, at d = 5, on the lower half-plane. Moreover the linearization shows the appearance of
two relevant directions. As in the ferromagnetic case this fixed point cannot be interpreted

as the critical point of the transition.
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Conversely the point I at G = G, and g4 = 0o possesses one relevant and one irrelevant

direction. It has acquired the properties of a critical fixed point for the chiral transition.

0
—20F
—40F

—60F

e
S _80F
—-100
-120
—140
I
0.0 0.5

Figure 4.3: (a) Four trajectories near the non-Gaussian fixed point of the Eqs. (4.21),(4.22) at d = 5 are
represented in the (G, g4) plane. They are obtained by choosing the boundaries G(t = 0) =
1.3,1.3,1.7,1.7 and g4 = —20,—60, —100, —40 respectively. The dashed lines represent the
eigendirections found through the linearization. (b) Four trajectories near the Wilson-Fisher
fixed point, found by analyzing the Egs. (4.36),(4.37) at d = 5, are shown in the (M2 \)
plane. They are obtained by choosing the boundaries M2(t = 0) = 0.1,0.3,0.4,0.1 and
A = —1.5,—1,—3, -3 respectively. The eigendirections are represented by the two dashed
lines. The ferromagnetic transition is instead described by the flows near the origin.

4.3.3 Mass flow and cross-over picture

In the previous section the flows in the parameter space of the GN model were ana-
lyzed by considering only the impact of the even powers in the effective potential. This
procedure approximates well the behaviour of the flows near the non-trivial fixed point.
However, when the system is in broken phase, the equations cannot be solved up to £ = 0.
They develop an instability, which resolves in a divergence of the system. In the previous
chapter it was shown how such a stiffness can be solved by the introduction of an explicit
running mass term. The explicit symmetry breaking of the model is obtained by taking
the chiral limit as explained in Sec.3.4.3. In the following,the results of the previous
section are extended by considering the flow of a mass term m , together with those of
the Fermi coupling G and of the quartic coupling g;.

Actually, the extension is straightforward. As explained in Sec. 4.2.1 both the fixed
points of the complete system, which involves m, G and g4 are found by setting m = 0.
Thus the results of Sec.4.3.1 and Sec. 4.3.2 show nothing but the behaviour of the other
bare parameters after that m = 0 was set as boundary. However since the m parameter

is relevant thus the whole description of the critical region needs the introduction of this
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mass term. The behaviour of the system in the symmetric and in the broken phase

2.0

84
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|
|
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1
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|
|
1

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.6 0.8

(a) (b)

Figure 4.4: (a) The projection in the (G, g4) plane of the two trajectories belonging to in the symmetric
region is represented. This region is defined by the linearization around the non-Gaussian
fixed point found for the system including m, G and g4 at d = 3. The flows are obtained
by choosing the boundaries G(t = 0) = 0.45,0.45 and g4 = —1,1.2 respectively, which
are the same given for the trajectories in the symmetric region of Fig.4.1, and by setting
m(t =0) = 0.1. (b) In this panel, the projection in the (G, m) plane of the two trajectories
belonging to the symmetric region is represented. The flows are obtained by choosing the
boundaries G(t = 0) = 0.45,0.45 and g4 = —1,1.2 respectively, which are the same given
for the trajectories in the symmetric region of Fig. 4.1, and by setting m(t = 0) = 0.1. The
trajectories in the picture closely resemble those in the symmetric region of the Fig. 3.2

is studied at d = 3, in order to compare the results with those found in Sec. 4.3.2.
The symmetric region is shown in Figs.4.4 (a), (b). In the left panel (Fig.4.4 (a)) two
trajectories are found to be very similar to the symmetric ones given in Fig. 4.1 (a).
They are obtained by choosing the boundary conditions for G and g4 equal to to those
given for the trajectories in Fig. 4.1 (a) and by setting m(k = A) = 0.1. In conclusion
the introduction of the running mass does not affect the behaviour of the system. The
projection of the trajectories in the (G, m) plane is shown in Fig.4.4 (b). Both the flows
coincide and as expected correspond to the usual symmetric trend.

Conversely the results in the broken phase are shown in Figs. 4.5 (a), (b). In the left
panel (Fig.4.5 (a)) one can find the two trajectories corresponding to those represented
in the broken region of the Fig. 4.1 (a).

Once again, the first are obtained by imposing for G and g, the same boundary
conditions chosen for the latter and by setting a small boundary value for the mass (
m(k = A) = 0.1). However in the case of the broken phase the mass term plays a
prominent role in determining the evolution of the trajectories.

The introduction of a mass term produces in the (G, m) plane those bells shown in

Fig. 4.5 (b) thus preventing the divergence of the trajectories, as was explained in Sec.3.4.3.
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2.0
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0.8

Figure 4.5: (a) The projection in the (G, g4) plane of the two trajectories belonging to in the broken
region is represented. This region is defined by the linearization around the non-Gaussian
fixed point found for the system including m, G and g4 at d = 3. The flows are obtained by
choosing the boundaries G(t = 0) = 0.55,0.6 and g4 = 1.3, 0 respectively, which are the same
given for the trajectories in the broken region of Fig. 4.1, and by setting m(t = 0) = 0.1. (b) In
this panel, the projection in the (G, m) plane of the two trajectories belonging to the broken
region is represented. The flows are obtained by choosing the boundaries G(t = 0) = 0.55, 0.6
and g4 = 1.3, 0 respectively, which are the same given for the trajectories in the broken region
of Fig.4.1, and by setting m(t = 0) = 0.1. The trajectories in the picture closely resemble
those in the broken region of the Fig. 3.2

Similarly, the stiffness affecting the trajectories in the broken region of the Fig. 4.1
(a) is healed by the presence of an explicit mass. Indeed, in Fig.4.5 (a) it is shown how
such trajectories, rather than diverge, are captured by the origin thus leading the whole

system to its I R behaviour.

4.4 Higher powers in generic N

Until now the impact of the higher powers has been analyzed in the Hartree approx-
imation. This has favoured the comparison with the other analytical approaches, since
in the large N limit some aspects of the triviality of the model can be rephrased, in a
purely fermion language, by looking at the behaviour of the fermion couplings around
the non-Gaussian fixed point. On the other hand, it is natural to ask what happens be-
yond this approximation. The RG equation for the Wilsonian potential has been worked
out without any sort of expansion in the N parameter, thus the results can be trusted,

inside the range of validity of the LPA, for any value of the flavour number. Using the
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dimensionless version of the Eq. (3.99), one finds:

dm
dt
dG
dt

dgs

dt

dga
dt

2C,GmNtrlI  2C;Gm
m2+1  m2+1’
2C9smNtrl  4C393m
(2-d)G+ m2+1  m2+1
2C,G* (m? — 1) NtrI  4C;G* (2m?* — 1)
(2 1) (2 1 1)
6C4393G (1 —m?) NtrT ~ 6Cy93G (Tm? — 3)
(m? +1)° (m? +1)°
2C39smNtrT  6Cygam  4C;G?m (m? — 3) Ntr1
2 T3 + 3
m* +1 m? +1 (m2 +1)
3 2
4CdG(:;2(1+5 1)313m ) + (3 — 2d)gs,
24C4395G*m (m? — 3) NtrT ~ 528C493G*m (m?* — 1)
) (m? +1)° T ey
8C194G (m?* — 1) NtrI ~ 16C494G (5m? — 2)
(2 1 1)° (2 1 1)
6Cy93 (m? — 1) NtrT = 24Cy492 (1 — 3m?)
(m? +1)* (m? +1)*
12C,G* (m* — 6m? + 1) Ntr I
(m? +1)*
96C,G* (5m* — 9m? + 1)
(2 1 1)°

I

+ (4 = 3d)ga, (4.38)

which represent the extension of the Eqns. from (4.10) to (4.13) to the region of small N

values.

Once again two fixed points are found. The Gaussian F'P, which does not depend on

the flavour number N, provides the the usual scaling exponents also given in Eqs.4.15.

The other solution is the non-Gaussian F'P associated with the ySB mechanism. This is:

m

G
g3

ga

— 0, (4.39)
d—2

~ 20,(NtrI—2)’ (4.40)

= 0, (4.41)

_ 3(d — 2)4(NtrT—8) (4.42)

AC3(Ntr1—2)3(Ntr1(4 — d) + 10d — 24)°

It is important to stress that the fixed point solution is found at any value of 2 < d < 4

and without presenting the pathologies found in the Hartree approximation. Despite
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this the fourth dimension is very special and again can be regarded as the upper critical

dimension for the chiral transition. The linearization around this fixed point gives the

eigenvalues:
- Mol
A = d—2, (4.44)
N = Ntr I[(civ—tr?)l[) _—25d + 12’ (4.45)
- Ntr I[(dj;;l?l : 120d + 24. (4.46)

The corresponding eigenvectors are instead:
20%(NtrT — 2)*(NtrI2d — 6)(NtrI(4 — d) — 10d + 24)

vy = ,0,1,0 ),  (4.47)
3(d—2)3((NtrI)2+ NtrI(2d — 11) — 13d + 36)
2(Ntrl — 2)?(Ntr I+ 4d — 10)(NtrI(4 — 10d — 24

v — O,Cd( tr V(NtrI+4d — 10)(NtrI(4 — d) + 10d )70’1 (4.48)

6(d—2)3(NtrI — 8)(NtrI+ 3d — 8)
vs = (0,0,1,0), (4.49)

vy = (0,0,0,1). (4.50)

These results are extremely useful in order to study the problems related with the marginal-
ity of some the operators found in the Hartree approximation. The impact of the cubic
operator will be studied in the following section, in the present one only the behaviour
of the quartic operator is taken into account. By expanding the fixed point in powers of
1/N" in Eq. (4.42) one obtains:
. 3d=2t 1 6(d—2)° 1
BT QA —d)CINE T (4—d2CE N

+O(1/N™). (4.51)

The first term in the expansion gives the same result found in Eq.(4.14). The lower
critical dimension (d = 2) that is the first dimension in which the fixed point can be used
for describing a critical phenomena and the upper critical dimension (d = 4), after which
the F'P loses its critical properties are clearly highlighted. At every order in the 1/N
expansion the g; diverges at d = 4. The reason is that the value of g4 at the fixed point,
given in Eq. (4.42) has a term of the type Ntrl, thus an inverse power of € = 4 —d is
generated at every order in the 1/N expansion. Returning to Eq. (4.42) and setting d = 4,
the expansion of the fixed point solution in powers of 1/N’ turns out to be:

3 1 3 1 /
Y= — O(1/N* 4.52
g4 402 N/Q 20215 N/3 + ( / )7 ( )
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showing that at d = 4 the fixed point has become of order 1/N?, rather than 1/N?3, in the
large N limit. Perhaps this is a sign of the failure of the LPA approximation at d = 4,
although also in this approximation the operator turns out to be marginal in the large N
limit. Indeed the eigenvalue in Eq. (4.46) can be rewritten as:

8(d—2) 1

AM=d—4 —.
* NIV

(4.53)

4.5 The cubic operator and the onset of a first order
transition

Until now, the behaviour of the cubic coupling was only considered in the framework
of the general analysis performed in Sec.4.2 and Sec.4.4. A systematic treatment of the
cubic interaction at d = 3 was performed by G. Gat. et al. [64] by using the large
N expansion method. Here some of their results are briefly summarized permitting the
comparison with our RG methods. They were able to calculate the beta function of the
cubic coupling at the next to leading order in the 1/N series. At the leading order, the
authors found that the cubic operator (%)% is marginal, while the operator (¢7)) and
(¢1))? are both relevant. They suggest that the behaviour of the cubic operator near the
non trivial fixed point of the GN model is similar to that one of the ¢% operator near
the Gaussian fixed point in the scalar theory [68], [69],[70], [71]. Both these operators
are trivial near the corresponding fixed point. As is well known, in the scalar case this is
a signal of a first order transition occurring when the bare parameters are chosen in the
vicinity of the origin. Conversely when corrections to the leading order are included the
operator turns out to be irrelevant.

The value of the anomalous dimension of the o operator near the critical FP was

also computed, thus giving:

32 1
S =332 (4.54)

[0%] =3+

The same results can be achieved and immediately extended by means of the Wilsonian

RG technique. The eigenvalue in Eq. (4.45) can be rewritten as:
3(d—2)

)\3:(d—3)+m,

(4.55)
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which clearly shows the marginality of the operator O3 in the Hartree approximation.

Starting from this expression the anomalous dimension can also be calculated giving the

result:
3(d—2)
= —-2)+ —-~ 4.
1 =3 -2 + 5, (1.56)
thus the scaling dimension of O3 turns out to be:
3(d—2 1
[Os] =3(d—1) — =3+ ( ):3+3— (4.57)

N —2 N
Up to the first order in the 1/N’ expansion the result agrees with those found in Eq. (4.54),
enforcing the statement that the critical region also at d = 3 is well described by the LPA.
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CHAPTER b

RG ANALYSIS OF FERMION-BOSON THEORIES

The present chapter is a brief review of some interesting results which can be found
by extending our Wilsonian RG methods to the study of a system of interacting fermions
and bosons via a potential of the form U(y1¢).

Clearly such a potential can include the Yukawa coupling as well as purely fermion
self-interactions. The case N =1 and d = 4 was first analyzed by [25].

These authors showed how, even in the LPA approximation, quite a good description
of the triviality of the Yukawa model can be recovered. Indeed, analyzing the critical
behaviour of the Yukawa model at d = 4, they have considered trajectories, in bare pa-
rameter space, which lie near the Gaussian fixed point, finding results which are consistent
with the perturbative prescriptions. !

In the following, where the study is extended to d < 4 and for every N value, it will
be shown, on the opposite, that the LPA is not able to grasp all the features of the chiral
transition. The reasons for this will also be analyzed.

Successively, our studies, even if incomplete, are devoted to the behaviour of systems
including both fermion self-interactions and interactions coupling fermions with bosons.
A very interesting result is found. Unusual behaviour for the Yukawa coupling is noticed
as the result of a non-Gaussian fixed point triggered by the presence of an explicit Fermi
interaction. Such a fixed point persists at d = 4. The scaling of the Fermi coupling

resembles that found for the GN model in chap.3, while the Yukawa coupling follows a

'However an accurate description requires the inclusion of the field strength renormalization.
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simple power law scaling.

5.1 Wilsonian RG equation for theory with fermions
and bosons

First of all, the Wilsonian RG equation for a chiral theory with N fermions and a single
scalar can be worked out easily for generic d dimension. The result will be an extension
of the equation found in [25]. The LPA approximation is obtained by assuming the

following ansatz for the Wilsonian action:
_ _ 1 _
Sy [, 0, 9] = /dd:c [—\If () PV () + 5(@@(3:))2 + Uy (DU | . (5.1)

A straightforward application of the procedure, just introduced in Sec. 3.3.3, leads to the
RG equation for the Wilsonian potential U,. For completeness, some tricks used for the
integration of the fast fermion and boson degrees of freedom are reported in App.D.3.
The equation for the dimensionless Wilsonian potential V (o, ¢, t), where o = 9% and the

fields 1,1 and ¢ are dimensionless quantities too, turns out to be:

0 d—2
5V = AV =V~ (d— 1)V,

+ Cy[log (14 Vyg) — N'log (1+ V) +1log (1+ )], (5.2)

where:

20V, (Voo — Y2822 )

1+Vee
1+ V2

5= (5.3)

5.2 Equations for the Yukawa theory in the LPA

First of all, by using Eq. (5.2) the RG equations for the Yukawa model in the LPA
are found.

On the one hand they give us the possibility of estimating the range of validity of the
LPA near d = 4, on the other hand they provide the starting point for further analysis.
The Wilsonian potential for the Yukawa theory has the form:

M2

A
V= 7¢2 + I¢4 — gdo. (5.4)

162



5.2 Equations for the Yukawa theory in the LPA

By plugging this expression in Eq. (5.2) the following equations can be found:

3\2 ,
2 29"
— 2 # ATl 2
Buz = 2M +20d<2<1+M2) N'g?). (5.7)

Now a comparison with the Egs. (3.51),(3.52),(3.53) can be performed easily. Indeed,
near d = 4 each running coupling near the critical region flows around the origin. Thus
by replacing 2Cy = 1/87% and by setting N’ = 4N, the Egs. (5.5), (5.6),(5.7) can be

consistently approximated by the following expressions:

1 /3
ﬁ)\ = e\— @ (5)\2 — 24Ng4) s (58)
1
By = g’ — @2947 (5.9)
Byp = 2M2— L2 (5.10)
Mz 8r22 7 '

Now it is easy to recognize which contributions are lacking in the LPA. According to the
prescriptions given in Eqs.(3.19), (3.20), (3.21), the beta functions of the bare couplings,
given in Egs. (5.8),(5.9),(5.10), should be modified by the following replacements:

Bx = Br— 4y, (5.11)
B = B = 2759° — 4749%, (5.12)
Barz — Bz — 27, M>. (5.13)
(5.14)

Using the anomalous dimensions given in Eqs (3.54),(3.55) the beta functions in Egs. (3.51),
(3.52),(3.53), calculated by means of the epsilon expansion method, are recovered. Since
vs is of O(N), important contributions are lost in the LPA for large N values if ¢* is
of O(1/N). Thus Hartree approximation cannot be consistently obtained. Returning to
Egs. (5.5), (5.6),(5.7) and performing an appropriate rescaling, which is equivalent to set
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Cy = 1, the following equations are obtained:

3\2
N o= (4—d))— ESYEE +12N'g*, (5.15)
/ 4q*
Y = 4—d)g? - —L— 1
M2 = 2M? —2N'g% 1
HEESVE 9 (5.17)

Four fixed point solutions can be found for d < 4: the Gaussian one, the Wilson-Fisher
fixed point and the other two fixed points analyzed in Sec. 3.51. It can be simply verified
how these equations describe well the behaviour of the system around the Wilson-Fisher

fixed point. Indeed, by linearizing the system around the fixed point:

g9 =0, (5.18)
4—d €
M = —— ~—— 1
d—10 6’ (5.19)
12(4—d) e
A= —— Lo~ — 5.20
(d—10)2 3’ (5.20)
one finds the eigenvalues:
1
A= 3 (\/7d2—62d+145+2d—5> :2—%, (5.21)
1
N o= g (—\/7d2 624 + 145 + 2d — 5) ~ e, (5.22)
)\3 = 4—d= €, (523)

consistent with the results in Egs. (3.60),(3.61),(3.62). Such a result is a simple extension
of the analysis performed in [72], for a purely scalar theory. However one more comment
is needed, when also fermions are included. In such a case, the anomalous dimensions of
the scalar and fermion fields can be discarded since the fixed point value for g2 is strictly
zero. Unfortunately, this is not the case, for the fixed point associated with the ySB.

After that, an epsilon expansion is performed near d = 4, this fixed point turns out to be:

PR i, (5.24)
14+ VIt ON

A~ %e, (5.25)
1

Mo~ E(—1+3N’—\/1+9N’)e (5.26)
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Similarly, by linearizing around this fixed point and by expanding the result near d = 4,

one finds the eigenvalues:

1+V1+ 9N
Ay = 2—%6, (5.27)

)\2 = —€, (528)
A3 = —VI+ 9N (5.29)

One relevant and two irrelevant directions are found, however since important contribu-
tions are missed in the LPA, the large N limit cannot be performed in a consistent way.
On the other hand when d = 4 one finds that, near the origin, the coupling ¢?> behaves
as:

472

2
t) = .
g() t+c

(5.30)

By comparing this result with that given in Eq. (3.71) one can see that the same scaling,

although quantitatively different, is predicted.

5.3 Fermi and Yukawa theories coupled together

In the previous section the Wilsonian RG method was applied for the description of
the Yukawa theory, while in cap.3 it was used for the analysis of the GN model. In the
following a system involving both the Fermi and the Yukawa interaction is taken into
account. The beta functions of such a theory can be immediately calculated by extending
the ansatz in Eq. (5.4) in order to include a fermion mass term and the Fermi coupling.

One obtains:

M2

A G
2 4 2
—_ T — - - - . .1
V 2<;5+ !¢ goo —mo 20 (53)
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Thus, inserting this expression in Eq. (5.2), the following set of equations is found:

dm _— 2N'Gm  2Gm_ 2mg? (5.32)
dt 1+m2 14m?2 (1+m?)(1+ M?)’ '
G _ 2-dG+ 2N'G*(1 — m?) B 4G*(1 — 2m?)
dt (1+m2)? (1 +m?)?
N 4m?g* 4Gg*(—1 + 3m?) (5.33)
(1 +m?)(1+ M2~ (1+m?)*(1+ M?)’ '
d_92 _ U—dg+ 4N'Gg*(1 — m?) B 4Gg*(1 — m?)
dt (1 +m2)? (1+m?2)?
__Y1-m (5.34)
(L m2)2(1 + M2) |
dM? 9 A 2N'g*(1 — m?)
i = MR T T oy (535)
A 3\ 12N'g*(1 — 6m? + m*)
T = Wt T . (5.36)

By freezing all the couplings in the r.h.s of each equation at their bare values the one loop
contribution to the 1PI functions with the external momenta set to zero is obtained. In
such a way, the equations can be easily checked.

In order to handle this complicated system one can start with the search of the fixed
points. For d < 4 several fixed point solutions are found. Many of these are just extensions
of those reported in Sec. 5.2. The Gaussian solution, the Wilson-Fisher fixed point, and
the two non-Gaussian fixed point, presented in Sec.3.2.4 and Sec.5.2, are recovered.
In all these cases an explicit mass term provides a new relevant direction, while the
Fermi coupling, as expected, behaves as an additional irrelevant direction, which can be
consistently discarded near the critical region.

In addition, two new interesting non-Gaussian solutions are found.
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5.3.1 Two non-Gaussian solutions

The first fixed point is given by:

m = 0, (5.37)
d—2

G = 22 (5.38)

9 =0, (5.39)

M?* = 0, (5.40)

A =0 (5.41)

It seems to be a simple extension of the result found in Sec. (3.4.2), but it shows an inter-
esting feature. Indeed, by linearizing around this solution and performing an expansion

around d = 4 one finds the following eigenvalues:

2—¢€
Moo= B3t o (5.42)
)\2 = 2-— €, (543)
2(2 —¢)
Ao = 4 — - 44
3 €+ N’ —2 ’ (5 )
A o= 2, (5.45)
s = e (5.46)

The eigenvalues Ay and A\, are associated with the two relevant operators, characterizing
the non-perturbative behaviour of the GN model, which, roughly speaking, can be iden-
tified with the composite fields 1)¢» and (¥0)2. On the other hand, the eigenvalues A,
and A5 are nothing but those provided by the Gaussian scaling of the operators ¢? and
¢*. Finally the eigenvalue A3 is a new relevant direction which can be associated with the
behaviour of the squared Yukawa coupling ¢

One of the most interesting aspects of these results precisely concerns the behaviour of
this coupling at d = 4. Indeed, by setting € = 0 one finds that ¢ is no longer trivial. The
non-Gaussian F'P (see Eqgs. from (5.37) to (5.41)) is an UV attractor for the v3 direction.
Conversely the last one departs towards the IR region following a simple power law
scaling.

Before proceeding with further analysis at d = 4 the other non-Gaussian solution is

presented.
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This is:
m = 0, (5.47)
G::%%fm, (5.48)
g = 0, (5.49)
ME o= ;fgy (5.50)
A = %%?b%. (5.51)

The non-Gaussian fixed point, given in Eqs. from (5.37) to (5.41), joins the values obtained
in the Gaussian fixed point solution of the Yukawa theory with those of m and G at the
non-Gaussian fixed point found in Sec. 3.5. While, the fixed point solution given in
Egs. from (5.47) to (5.51) combines the non-Gaussian FP of the GN model with the
Wilson-Fisher one of the Yukawa theory.

Both the FP in Egs. from (5.37) to (5.41) and that in Egs. from (5.47) to (5.51)
coincide at d = 4. By linearizing the system around the non-Gaussian solution in in Eqgs.

from (5.47) to (5.51) one finds:
2—c¢

)\1 = 3—€—|—N/_2, (552)

N = 2—e¢ (5.53)
2(2 —¢)

A3 = 4— .54

3 €+ N/—Q’ (55)

o= 2-%, (5.55)

Ns = —¢ (5.56)

The values of A1, Ay and A3 are the same as those given in Egs. (5.42),(5.43) and (5.44) re-
spectively. Conversely A\, and A5 coincide with the eigenvalues of the Wilson-Fisher model
near d = 4. Some interesting information about the nature of this fixed point is obtained

by calculating the scaling dimension of some operators in the Hartree approximation. It
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5.3 Fermi and Yukawa theories coupled together

is found:
(0] = [W],—n=d-1-(d-2)=1, (5.57)
[Oa] = [(09)?]; =2 =2
= 2[04], (5.58)
(03] = W@b}o—% S R )
~ (9] +[O4]. (5.59)

The first two relations resemble the classical result of the GN model given Egs. (3.119),
(3.120). On the other hand the last equality, which is based on the assumption made in
the LPA that ~, ~ 0, suggests a simple statistical interpretation. Near this fixed point
the boson degrees of freedom weakly interact with a strong coupled fermion mixture, as
also shown by the fact that ¢ << 1 and G ~ G.. In this sense, it is the opposite situation
to that found near the strong coupled Yukawa theory in which g% ~ ¢*> and G = 0.

5.3.2 Non-trivial scaling of the Yukawa coupling near and at
d=1414

In closing a numerical study of the system described by Egs.from (5.32) to (5.36)
is performed at d = 4. More precisely, the triviality of the Yukawa coupling, found in
the perturbative region, is compared with an unusual scaling which is triggered by the

presence of the non-Gaussian fixed point:

m = 0, (5.60)
G = (N,]L_Q), (5.61)
g> = 0, (5.62)
M?* = 0, (5.63)
A =0 (5.64)

As anticipated, both the fixed point in Egs. from (5.37) to (5.41) and the one in Egs.

from (5.47) to (5.51) coincide with the solution in Egs. from (5.60) to (5.64) at d = 4.
At d = 4 and for N = 2, the behaviour of the Yukawa coupling near the Gaussian fixed

point is compared with the unusual scaling of the same parameter near the non-Gaussian

solution.
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Figure 5.1: (a) The flow of running Yukawa coupling g*(¢), near the perturbative region, is shown. It
was obtained by numerical solving the Egs. from (5.32) to (5.36), at d =4 and N’ = 8, with
the boundaries at t = 0: m(t = 0) = 1073, M?(t = 0) = 0.1, A\(t = 0) = 0.2, ¢*(t = 0) = 0.01
and G(t = 0) = 0. (b) The flow of running Yukawa coupling ¢*(t), around the non-Gaussian
fixed point ( Egs. from (5.37) to (5.41)) , is shown. It was obtained by numerical solving
the Egs. from (5.32) to (5.36), at d = 4 and N’ = 8, with the boundaries at ¢t = 0:
m(t =0) = 1073, M2(t = 0) = 0.1, \(t = 0) = 0.2, g(t = 0) = 0.01 and G(t = 0) = 0.833.

The Gaussian region (Fig.5.1 (a)) is obtained by setting the running Fermi constant
G(k) strictly at zero on the boundary. The running coupling ¢?(k) follows its usual
perturbative behaviour. Taking a finite value in the I R region it reaches the Landau pole
at a finite UV scale. On the other hand by choosing a non-zero value for G(k) at the
boundary, the g?(k), while saturates to a constant value in the IR region, flows towards
zero when k — oo as shown in Fig.5.1 (b). According to the result given in Eq. (5.54),
for large N values, the dimensionless coupling g?(¢) scales as k¢, thus the dimensioned

one behaves as: ¢g2(k) ~ k*24. In this way the dimensioned Yukawa coupling behaves as:

9(k) ~ 135 (5.65)

which is far from triviality also at d = 4.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In the present work the non-perturbative renormalizability of self-interacting fermion
models has been investigated for a generic dimension 2 < d < 4, with the help of a
fermion Wilsonian RG method. The RG picture of the xSB has been compared with the
descriptions provided by other analytical techniques. Moreover, regions unreachable by
standard analytical tools have also been investigated. In this context, the GN model has
been chosen as a paradigm for theories which allow for a dynamical mechanism for the
generation of the masses for its simplicity and for the reliability of the known results. A
comparison with theories involving the explicit use of elementary scalars has also been
performed.

The first part of this work (chapters one and two) is mainly a review of the usual tools
used for investigating fermion QFTs and of some features of the critical behaviour of such
models. Although much useful literature on this subject already exists, this part makes it
possible to contextualize our original RG results in a coherent way. Moreover some new,
albeit simple, results have been worked out in this context. The perturbative techniques
for calculating the Green’s functions of elementary and composite fermion fields are also
reviewed. More specifically, the role of the composite operator 11 was emphasized as an
essential ingredient for the description of the xSB and for the appearance of scalar collec-
tive excitations in fermion theories. Some amplitudes are explicitly computed in order to
get useful expressions to be compared with our later RG results. The renormalizability

of the Yukawa theory in d = 4 dimensions is discussed, which helps in showing later the
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Chapter 6. Summary and conclusions

non-perturbative (actually 1/N) renormalizability of the GN model and its triviality in
d = 4 dimensions. Indeed, as is well known, the usual bosonization techniques and the
1/N expansion method allow the amplitudes of a four fermion theory to be rewritten in
terms of diagrams of a Yukawa model.

A typical tool to analyze the non-perturbative behaviour of the GN model is the
DS formalism. As at our knowledge a systematic derivation of these equations for four-
fermion theories is missing, in the present work the DS equations for the 1PI two point
and four point Green’s functions for the GN model have been explicitly worked out.
Then at leading order of the 1/N expansion, which corresponds to the so called ”Hartree
approximation”, the well known results are recovered, namely, a non-vanishing fermion
mass m for values of the Fermi constant G greater than a critical value G. and the mass
M of the composite boson, with M = 2m. The DS equations for the correlators of a
theory with elementary and composite operators are then related to the DS equations of
the bosonized version of the theory.

Successively, the critical behaviour of the GN and Yukawa models is reviewed for
2 < d < 4 by using the mapping between an euclidean QFT and a SFT. The critical
exponents (related to the ySB of these models), as obtained at the next to leading order
in the 1/N expansion, are also listed. As a useful tool for such an analysis, the effective
action for the bosonized version of the GN model is explicitly worked out here at the
same order.

Finally, the beta functions of the Yukawa model coupling constants and the corre-
sponding critical exponents, derived with the help of field theoretical renormalization
group methods (implemented in the framework of the epsilon expansion), are presented.
These latter methods provide a useful bridge for the transition to our Wilsonian RG
approach.

By starting with the appropriate scale dependent action Sy for fermion models and
performing a non-trivial extension of previous techniques, a new RG equation for a gen-
eralized N flavors GN model in 2 < d < 4 is established. This equation provides a
non-perturbative analytical tool to study this model in any dimension, with no reference
to 1/N or small coupling or epsilon expansions. Indeed, within the Wilsonian approach,
no expansion in any “small parameter” is needed as the width 6k of the infinitesimal shell,

over which the RG elimination of modes is performed, provides the natural small term
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which makes the corresponding Gaussian integration exact.

This opens the way to analytical studies which cannot be performed with any of the
other analytical techniques typically used. The approximation adopted here is the gradient
expansion for the action Sy in its the lowest order, the Local Potential Approximation,
which consists in neglecting the fluctuations induced by derivative operators. The range
of validity of such an approximation is also investigated.

As a check for the validity of our approach by comparison with known results, the
large N case is first considered. Actually, the RG equation for the Wilsonian potential
contains “Hartree” and “Fock” contributions. Neglecting the latter, the leading order in
the 1/N expansion to our RG equation is obtained.

By truncating the potential to the Fermi and mass terms, the RG equations for the
running mass m(k) and Fermi constant G(k) are derived and it is found that the theory
possesses a non-trivial fixed point. By linearizing these equations around this fixed point,
the critical exponents are computed.

Successively, the coupled RG equations for G(k) and m(k) are numerically studied in
the whole (G, m) plane. From this analysis, in turns out that the physics of the chiral
phase transition can be described well in terms of a cross-over phenomenon triggered by
the presence of an infinitesimal bare mass. Interestingly, it is found that, when the bare
value of the Fermi constant is greater than the fixed point value G., the running of m(k)
from the UV to the IR shows a “steep” cross-over and a finite value of the fermion mass
is generated. As in the case of the strict unbroken-broken phase transition, for values of
G greater than G, the system is unstable against quantum fluctuations: the presence of
an even infinitesimal bare mass gives rise to an amplification mechanism which resolves
the instability through the generation of a finite physical mass.

It is also interesting to note that the knowledge of m(k) in the whole range of k
provides a very good example of IR-UV connection. The same is true for G(k). Our RG
approach makes this connection possible in a natural way. Typically, the behaviour of
these functions is known only in the scaling region.

This IR-UV connection, which is first studied numerically, can also be investigated by
means of some analytical approximations to m(k) and G(k). First of all, by considering
a simple approximation to the RG equation for m(k), the well known NJL result is

reproduced. However, although this approximation is able to grasp qualitatively the
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main features of the RG equations (which, due to quantum fluctuations, lead to the
chiral phase transition), quantitatively more accurate analytical profiles for m(k) and
G (k) require more sophisticated approximations.

As our results are obtained by referring directly to a purely fermion language, it is
not difficult to find issues which can be handled within our approach but are out of reach
of other analytical techniques. For instance, the critical exponents can be computed
even for small values of N and also when the coupling constant space is larger than the
one spanned by only the mass and the Fermi constant. As for the computation of the
critical exponents for small values of N, it is clearly necessary to include also the Fock’s
contributions.

Within our RG approach, the critical exponents for generic values of N and d are then
computed. In order to test the validity of our results, they are compared, when possible,
with well established results obtained by other techniques. Such analysis shows the failure
of the LPA near the upper-critical dimension (d = 4) of the model. Indeed, near d = 4,
only at the leading order of the large N expansion (Hartree approximation) our results
agree with those obtained with the help of other methods.

On the other hand, for 2 < d < 3, the LPA provides results which, for large values
of N, agree with those obtained at the next to leading in the large N expansion. At
the same time, our results, for small values of N, agree with those obtained with MC
numerical simulations at d = 3.

Successively, the impact of higher powers of the 1) operators has been considered.
In the previous literature, this is obtained (in the framework of the 1/N expansion) by
including higher powers of the auxiliary scalar field. In that context, it was shown that
the quartic operator plays an important role at d = 4, where corrections to scaling are
important. Similarly, by means of our RG technique, it is now shown that a marginal
operator arises (in d = 4) due to the presence of the (¢1)? term. In the Hartree ap-
proximation, when the LPA works, it is also shown how to translate the triviality of the
bosonized version of the model into the purely fermion language. The new and somehow
unexpected result is that, in this language, such logarithmic behaviour (at d = 4) is ob-
tained around a non-Gaussian fixed point, while this kind of scaling is typically observed
around a Gaussian fixed point. However, from the large N picture the GN model seems

to be trivial even beyond the leading order. How this result could be achieved or, even-
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tually, disproved by means of our RG approach is an interesting development for further
analysis.

The impact of the operator (¢1))? is also investigated. In particular, at d = 3, the
marginality of this operator in the the Hartree approximation is reproduced with our RG
method. Similarly, also the irrelevance of this same operator, beyond the leading order
in the 1/N expansion, is recovered. A way of computing the anomalous dimension is also
introduced and the result turns out to be in agreement, for large N values, with that
found in literature.

Finally the Wilsonian RG equation is extended to theories which involve both fermions
and bosons. For N = 1 and d = 4 this equation coincides with that found in literature.
First of all the equations for the Yukawa theory, for 2 < d < 4, are worked out in the
LPA. A non-trivial F'P which should describe the chiral transition for d < 4 is then
found. However, by comparing with known well established results, it is shown the LPA
does not provide a good description of the scaling. On the other hand, when the theory
is expressed in purely fermion language, its corresponding LP A provides good results for
the scaling laws.

If, however, a four Fermi interaction term is added to the Yukawa theory, an intriguing
and unexpected result is found. Namely, the non-perturbative scaling of the running
Fermi constant G(k) triggers the appearance of a non-Gaussian fixed point which heals
the triviality running of the Yukawa coupling. The latter shows a power law scaling in
the UV region near this fixed point, which makes it vanish at this point.

Clearly, several questions need to be further investigated. First of all, the impact
of higher derivative terms should be considered. This target is motivated by different
reasons. For 2 < d < 3, several works have been devoted to investigate the properties
of condensed matter systems via the RG techniques for fermions. In this respect, the
inclusion of higher derivative terms in our approach would clearly bring an important
improvement.

On the other hand, it has just been shown that the inclusion of these terms is necessary
in order to study the region near and at d = 4. Already starting with the Hartree
approximation, their presence should allow the computation of the logarithmic corrections
to the scaling at the upper critical dimension. Moreover, the behaviour of the GN model

and eventually its triviality could be analyzed for small values of N.
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It has also been shown that, when a Fermi operator is considered in addition to a
Yukawa interaction term, the appearance of a non-Gaussian fixed point drastically changes
the scaling of the Yukawa coupling. It is very interesting to further analyze this result
beyond the LPA.

In the authors’ opinion, the suggestion concerning the presence of a non-Gaussian
fixed point at d = 4 is one of the most interesting results of the present work. Far from
representing a simple rephrasing of well known results, it could provide new perspectives

for the non-perturbative analysis of QFTs.
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APPENDIX A

PERTURBATIVE TRICKS IN FERMION MODELS

A.1 One loop contributions to the 1P/ four fermion
vertex

In this appendix the diagrams shown in Fig1.14 are computed. The contributions of
the coupling GG appearing in each diagram and the Dirac delta functions, ensuring the

total momentum conservation, are both included in the coefficients:

G
G = ——5d (ky + ko + k3 + ky) (A1)
G2

Cy = —5d (kv + ko + ks + ka) (A.2)
By defining the following abbreviations:

L

2p+m3)
p? +mB
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Chapter A. Perturbative tricks in fermion models

the tree level and the one-loop amplitude turn out to be:

I = Cl(—1)541 23,
IT = Cy(+1)091 043,

bl = C(+4) / 5 (Dyrg. - Dy)os,
¢ = G- / (Dp)ar (Dyeq)is
d = Cy(—4) /p(Dp)m (D—ptgu)a3
e = G (+4)/p521 tr (Dy - Dpyg,) 013,
i = G (—4)/p(Dp+qt'Dp)21 Oas3,
o= (-4 / b1 (Dy+ Dysa)is
g = C(+4) / (Dy)ar (Dyig)as

ho= Co(+4) / (D) (Dopia)os
(A.5)

where: q; = k1 + ks, ¢4 = k1 + ko,q, = k1 — k3. Thus by setting ¢s = ¢; = ¢, = 0 the result
in Eq. (1.101) is recovered.

A.2 Correlators of the GN model in the bosonized
version

The two point correlation function of the composite operator is given by:

K 1 0’
A6
()" = J (A6)
while the two point function of the auxiliary field is obtained through:
; 1 &
= G — Zy. AT
(0102) Z, 0K 0K, " (A7)
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A.2 Correlators of the GN model in the bosonized version

Still deriving the result in Eq. (1.151) it is obtained:

92 Oa1 K? 1 K2
(5K15K22f = N[—?exp (—/%)Zb+@K2K1€Xp (—/ﬁ>2b

Ki | / K2\ 62, Ki_ / K2\ 67,
q P 2G )oK, G P 2G ) 6K,
K2\ 62,
+oexp <‘/%) 5K25K1} ’ (4.8)

moreover dividing by Z; the expression becomes:

1 52 091 1 Ky 1462,
— Z —— Tt e — —
Z; 0K 10K, G G? G Zy 0K,
Ky, 1 62, n 1 67,
G Z,0K, Z,0Ky0K;

(A.9)

By this way the two point correlation functions are related according to the equation:

521 1 Kl

<<1E7/})1(7/_}w)2>n’777K = —? + @Kle _ @ <02>n7ﬁ7J
- % (o)™ + é (0109)"" . (A.10)

Setting at zero all the external sources one finds:

(0109) = Go1p + G° <<1E1/1)1<TE7/1)2> . (A.11)

The function g}“;” can be also calculated. It involves both elementary and composite

fields. It is obtained by the relation:

b () — L9 9 0
(W ()" = 7556 s (A.12)
Deriving the Eq. (1.151) it is found:
3 2 3
L o0z, K154 1 6% (A.13)
Zy onond K G Zy énom — Zy dnond K
immediately implying:
- . K, _ - 1 o
(W ¢ @)™ = —Z (WD) + Z W da)"™. (A.14)

On the right hand side of Eq. (A.14) the fermion propagator, calculated in the bosonized

version of the theory, is represented.
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Finally the effective action of the GN model can be rewritten with the help of

Eq. (1.155) as
ry = /%—Wﬁ/ /m/)c /m/)c
- /— + T, (A.15)

again by squaring Eq. (1.155) one obtains:

2
Ffw}cﬂ;cﬂ/_}wc] +/§(7/_}w0)2 :Fb[wmd—}c’@:] _/g—é"i"/aclh/}c- (A-16>

Since:
or, K
= — A.nl
5. — ¢ (A.17)
it is immediately found:
o'y ory
] —g= A.18
OYipe 0o (4-18)

A.3 Properties of local Grassmann vertices

A property, arising in the computation of diagrams with local fermion vertices contri-
butions, is analyzed in the following appendix. An action involving only local interactions

which are powers of the 11/ operator has the form:

S = / d'z <¢mgﬁamﬁ +ya (%%)") , (A.19)

with o, 8 = 1, ..., [,,4z, Wwhich are the indices charactering the tensorial product of the
Dirac space with the flavour one. For simplicity one can just consider the N = 1 case
without affecting the general result. Thus I,,., = 27! where the index k is defined by
means of the relation d = 2k + 2 for even d dimensions and by d = 2k + 3 for odd D
dimensions.

The Grassmann functions describing the fermion fields satisfies the anti-commutation
rules: {Yo, ¥} =0, {¢a, s} =0, {ta,¥5} =0 At d = 4 where a =1, ..., 4, one finds:

(Zwawa) (rthr + .+ Pahy)" =

= (D11 + oo+ Dathn) oo (Grs + oo + Dathy) =
= P11y Db + Y. abiaby (A.20)
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A.3 Properties of local Grassmann vertices

Just terms involving a product of all distinct ¢); components survive. But if n > 5
each term will contain at least a pair of identical components so that all the contribution
vanish. Generally a fermion theory with an U(N) flavour symmetry cannot involve in the
Lagrangian any power of the 11 operator greater then I,,,, = N2F+t'. if this property
does not matter in the large N limit where the decoherence makes the 1) operator looks

like a scalar field. Interesting results could arise for small N values.
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APPENDIX B

DS EQUATIONS FOR THE GN MODEL

B.1 DS equations for connected Green’s functions

In this appendix some DS equations of the GN model are computed by applying
the methods presented in Sec.2.1.2) and in Sec.2.1.4. For convenience, the elementary
fermion fields are grouped in the multiplet # = (1, ) while the source terms are rewritten
as & = (1,m). According to these positions, the action of the Gross Neveu model in

Eq. (1.1) takes the form:
1 1
S=>" Qeaebsgb + 4 > 02040045 cq. (B.1)
ab " abed

where a and b are generic indices characterizing both discrete and continuous variables.

According to the Eqs. (2.16),(2.17), the DS equations for the W} functional are:

S[6 oW
9010 OV ¢ B.2
i |5t + 5] =€ (2
By deriving the action in Eq. (B.1) one finds:
08 1
5= ; 0,52 + o ; 0,040,524, (B.3)
thus with the substitution:
b oW
0 — — 4 B.4
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the equation for the one point connected function turns out to be:

5S oW,

5_01' - ; Eszb
1 oW oW oW W W FPW
Q| Z -3 + Szabc?
3l 08 0& 08 08 08 0€a08p0&,

(B.5)

where several terms have been grouped by renaming the indices and by using antisym-
metric properties of the coefficients.

By performing the second derivative of the expression in Eq. (B.5) with respect to the
0; field one finds:

1 Z SW W §W
3! 08;0&q 0&p O&c
BW W W PW §W

- - 4
35§j5§a5£b 5£c 35§j5§a 5£b5£c . 5£j5§a§b5§c Szabm

The third equation is obtained by deriving one more time the previous expression:

5w BW  SW W
Z 5&55;5517 ME] Z [ 08,0808, 08, 0&

(B.6)

W e aw oW oW
5Eon 06r08, 08 DERE0E.06 06
L3 SW o 82W _3 BW 52W
SE08a08 0Er0E. - 5Er3E, 08, SE0E,
BW 82w W
— 3 + St = B.7
5En0.08, 36,06, 5§k5:cj5£a5§bafj iabe = (B.7)
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B.2 DS equations for 1PI correlators

Finally the fourth derivative reads:

Z W Zl ST W W
5§h5§k5§j5§b ot 3! 0ERER0E;0E, 0&, 0&e
BW B2 W W BW W W

T O SEaE08, 56006, 56 U5En0E,0€, 56408, OF,

BW W W W 8PW W

05,5606, 36,06, 06, " C5€,06, 56106, 5EndE.
L3 W %% _3 W 52W
0ER0EROE0E,0E OE, Ek0E;08a08p 0ER0E,
W W W 82w

T RG06,06,06 0606 06nEr0E,06 DE0E.
FW_ W SWSW
0&n&k08a08y 0§08 0€;08a0&p 06ROk,

5 MW W 43 W PBwW
06108080 06n0EH0E. 0Ek0Ea0E 0EROE;0E,

5OV o
0En0ER0E,0E,06,06, ] ik

(B.8)

_|_

B.2 DS equations for 1P correlators

The DS for the 1PI functions can also be calculated. The equation for the one point

correlator is:

o , o7
50; 29*’5“’ 3'Z[9 b = (5959)

abc

) 5066 ) ,,,, \ 666 B,
% (5959) am (5959) bn <595¢9) le 59m59n59l] Slabc ( 9)

where the relation:

§ (6T -sr 5T\
0 (oL B.1
56, (5959)b Z (5959) 50,1,00,,00), <5eae)lc ’ (B.10)

was used. The Eq. (B.9) can also be written as:

Zebsfb 3 Z [0a050: — 32440,

abc

ZAamAbnAlc mnl] Sfabm (Bll)

mnl
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thus, for the two point function, one obtains:

1
F?Z = SZQJ + 5 E [35aj9b9c +3 E AnlAme?lmec
m

abc

- 3Aab5jc+3 Z AarAsmAbnAlcrg Fg

Jrs— mnl
mlilnrst

- Z AamAIm Alcrﬁmnl

mnl

S;Labc' (B12)

The third derivative provides the following equation:

1
szi Y] Z

abc

65aj5bkec —6 Z AGTAslAmbrzrsrg 0

jlmYc

Ilmrs

-+ 3 Z AalAmeijlmec - 3 Z AalAme?lméck
lm Ilm

+ 3 AuAl,05

Im
pq

- Z [_3AapAqrAsmAbaAlcF3 Pg Fg

kpq— jrs— mnl
Imnrs

—3Au Ay Agm Ay A TS T3 T8

kpq— jrst mnl

=300 Agn ANpp Ay N T3 T3 T3

kpq™ jrs— mnl

=300 Ay Apn A Ay I} T3 T3

kpq— jrs— mnl
4 3
E [+3AarAsmAbnAlchjrsanl
Imnrs

+3AarAsmAbn Alcrg F4

jrs kmnl}
Prq

+ Z [AapAqm Abn AlcP?manipq

Imn

+AamApranlcF4

jmnl

FB

kpq

+AamAImAlpchP?mn[F3 ]

kpq

Z Aam Abn Alcrzjrrml

Imn

(B.13)
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Finally by deriving one more time the previous expression the equations for the 1P four

point correlators it is found. This is:

4
D

1
512

)
65aj5bk5hc - 6@ (Z AarAslAmbrzrsF?lmec>

abc Ilmrs
33 AuluuThjimOne =3 AaAush 10k

Im Ilm
3 Z AalAme;lzklméjc

Ilm

0 Ay, It ) 0 AuA S I3
3@ Z al=mbl Ejlm c 3% Z al=mb ckt jim

lm Im

kpq— jrs— mnl

5 pq
56, Z [_3AapAqrAsmAbaAch3 rs
Imnrs

=300 Ay A g Ny N T3 T3 T3

kpq~ jrs— mnl

—30u A AypAgn A T3 T3 T3

kpq™~ jrs— mnl

=300 A A Ay Ay T U T ]

kpq~ jrs— mnl

4]
Z |:3E (AarAsmAbnAlcFijrs) 1ﬂ%ml

Imnrs

)
+ 3(5—9]1 (AarAsmAbnAlcFimnl) F?rs

Z |:3Aar AsmAbnAlCFijrsF%mnl

Imnrs

=+ 3AarAsmAbnAlcF4

kman4 ]

hjrs
Prq

Z [AapAqubn AlcF?mnl F;lzkpq

Ilmn

D Dy A AT Th

jmnl

+AamAbnAlpchF4 lF;llk‘pq}

jmn

pq 5
Z {% (AapAqubnAlCFimnl) szq

Ilmn
+ i (AamAprqn Alcl—‘4

50}1 jmnl) F3

kpq

)
+5—9h (AamAbnAlpchF?mnl) ripq}

)
Z % (AamAbnAlcFE];jmnl)] .

Ilmn

B.14
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Because of the symmetries of the theory the derivative giving odd green’s functions are not

explicitly performed, they have to vanish ensuring the Lorentz invariance of the effective

action.
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APPENDIX C

CALCULATION OF THE IMPROVED PROPAGATOR

Different methods for calculating the function G(q?) are presented in the following.
The computation is performed at d = 3, at 2 < d < 4 and at d = 4. The different types

of divergences arising in each calculus are explicitly stressed.

C.1 Calculation at d =3

The improved propagator at d = 3 is calculated starting from the Eq.(2.75). By

)

replacing the value of 1/G given by the gap equation (Eq.(2.73)) one finds:
1

T UL P IS VEC B

T £ ] (1P [y e
— Tr d*k 1 —k* —k-q+m’
- T(l)/( + )

2m)” \ R +m? (k2 +m?) [(k +q)* +m?]

Bk (BP+¢@P+2k-q—Fk-q—k*>+2m?
= Tr(1) 3 5
P\ 2+ m?) [(k+ ) +m?

_ Tr(1>/(d3k ¢+ k- q+2m? ) )

2m)> \ (k2 + m?) [(k + q)° + m?]
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Chapter C. Calculation of the improved propagator

Since the integral is no more divergent the cut-off A can be sent to infinity near the scaling
region. Thus the following Feynmann trick can be applied:
Il = k+(1—-2)q,
keg = l-g=—(1-2)¢, (C.2)

1 ! 1
B , C.3
AB /o x[a:AjL(l—:c)B]z (CG:3)
so that:
(k2 + m2) [(k + q)2 + mz}
— [z (B +m?) + (k+q)” + m? — z (k* + m?) — ¢ —23:/<;-q}2

= [l2+x(1—x)q2+m2]2. (C4)
As a consequence one obtains:
3 (1 ) 2 2
7 _ /d:c/ dl(q (1 x)q+2m2)
(1242 (1 —2)¢? +m?]
d3l 2m?

i fe )

(242 (1—2)¢+m?)

The integrals can thus be calculated by applylng the formula:

A3k 1
Bla) = /( )% (k2 + m?2) [(k:Jrq) +m2]

N / / = 12+x 1—13:)(] 2+ m2)° /

= , C.6
W/O \/x(l—x)q2+m2 o
and by performing the shift:
a = 2r—1
! 1 ! 1 1
dx - - = = / do —
o Vr(l—z)@+m 1 \/(1+4m_22>_ N
2 q
= —arctan (—)
2m
! J rq? /1 (1/2+a/2)¢* 1
X = _
0o Vr(l—-z)2+m? \/ +4m2 2t
= q——arctan ( ) (C.7)
2 q 2m



C.2 Sharp cut-off calculation 2 < d < 4

Finally one finds:

1 1 2 2 2
I = Tr(l)/ drx— Tq° + om
o 8T \z(l—2)g+m?

1 2 22
= Tr(1) — <2m2—arctan (i) + L Zhrctan (i>>
8 q 2m 2 q 2m

= (q2 + 4m2) arctan (%) T;f;) (C.8)

This is the result shown in Eq. (2.76).

C.2 Sharp cut-off calculation 2 < d < 4

Here the calculation of the improved propagator is performed for a generic dimension
2 < d < 4. Starting fro Eq. (2.84) and by replacing the value of 1/G given by the gap
equation (Eq. (2.73)) it is found:

g o [ ¢ +p-q+2m?
ot N/m)d<<p2+m2>[<p+q>2+m2]>

B N’/ dp [ 1 1 ]
2 ) et lr*+ed (p+q)?+8

N, d?p 1
+ - (¢* +4op / . C.9
2 ) | @i oD+ aP T ) ()
The rules for integration in polar coordinates are:
d’p 2 A [* i
. — d d—1 infd d—2 2 0
/ (QW)df(P P q) / (2 /0 pp /0 (sin@)“~“ f(p*, pq cos 0)
d€2g—1 A d—1 ' 2)4=3 2
= 4 | dpp (1—2%) 2 f(p",pgz). (C.10)
(2m)? Jo -1

Thus the following expansion it is found:

dep 1 dQ_y [* as [P -
/ a 2 / 5 ;/ (1—a%) / dpp”™!
2m)" (p+q)* + o5 (2m)* J 4 0

l 1 2px
- q
p’+o5 (P +0p)

1 4p?x? ) ) }
+ — + +...]. C.11
( Pt Propp)? (C.11)

The contribution to the integral with odd powers in x vanish for for the parity of the

integrand function. On the other hand terms of order ¢* provide only finite contributions
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Chapter C. Calculation of the improved propagator

for 2 < d << 4. Also the coefficient of ¢* gives a finite contribution in this region. Indeed

at d = 4, where possible divergent contributions could arise, it is found:

/ % /11(1 ) /oA 2 (_ (2 +10'8)2 N (pfii%)?’)

1 A2 1 A2
= 1 1+ — )] ——1 1+— ] =0. C.12
1672 n( + 08) 1672 o ( + 08) ( )

Since the difference in Eq. (C.9) is finite it vanishes in the continuous limit. it is found:
N’ dp 1
le—q2+402/ .
2 T | i s )l T 07+ o
The present result highlights the presence of a pole at ¢* = —402.
Then, one finds the result:

NI

(C.13)

/ dp 1
(2m)d (p* + op)[(p + 9)* + 03]

B /1d d’l 1
)y et P (0 — o) + o

B A2“—4L—H2—deﬂ1—xm2+ﬁw”*

()42
24—d d—4 1 d 3 q2
= T2 -d/2)(¢*+402) 7 2F [=,2— =; =) ——
(47T)d/2 ( / )(q + UO) 1 <27 97 9’ q2+40'8)
T(2—d/2)

1 d3 ¢
= 2Fi 11,2 — = = ——— C.14
(4r)d/2 US*d ! ( ’ 2'2’ 408) ’ ( )

where the following tricks were applied in the computation:

o= y+1/2, (C.15)

1/2 —4 —4 1 d a

2 =1 g dd Z9_ 2 _-
/1/2 dy (ay® + b) bz 2F (2,2 2,3/2, 46) , (C.16)
a = —¢b=q"/4+o0p, (C17)

ddl 1 1 d d_o
[aymia — et (2o5) 2 (€49
' I[e]T'[5]
dez® Y1 —z)ft = ——— C.19
/0 (t=2) Tl + ] (G19)
and also:

OF (a,b;c;2) = (1—2)""2F (c —a,b;c zi 1) ) (C.20)
z = —q¢*/40]. (C.21)

The result in Eq. (2.86) is recovered.
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C.3 Sharp cut-off calculation at d = 4

C.3 Sharp cut-off calculation at d =4

At d = 4 an additional sub-leading divergence appears in the improved propagator.
The integral in Eq. (C.14) is logarithmically divergent thus in order to evaluate it, with
the help of a sharp-cut off regularization scheme, some additional tools are required. One
can split this integral as:

/ dp L (C.22)
(2m)* (p* + 05)[(p + 0)* + ]

/ d'p 1 _/ d'p > +p- g+ (C.23)
(2m)* (p* + 07)? 2m)* (p* + 08)2[(p + @)* + 03]’ '

so that the divergence part merges into an integral which is independent from the external

momentum ¢. By using the Feynmann trick:

! 2(1 — 1
/ -z _ 1 (C.24)
o (A4 (1—2)B)® AB?
the finite part of the integral in Eq. (C.22) can be easily computed. One finds:
d4 2 I -
N / p4 2 g 2+ . q2 2 (C.25)
(2m)* (p* + 05)*[(p + ¢)* + o¢)

_ ! (1 — 1 d*l (2 — 1)¢?
= Q/Od(l )/( (C.26)

2m)4 (12 4 (1 — 2)¢® + )3

1! 22 — 1)¢?
= / de(1 — o) PV (C.27)
1672 J, (1 — )¢ + 0§
2 p 1+ —=L
1 1 q —+ 40'0 q2+40'(2)
- In v . (C.28)
8m2 1672 q -~
q —1—400

The identity iArctan (—iz) = 1/2log (13£) was applied. The logarithmic divergent con-
tribution in Eq. (C.22) regularized with a sharp cut-off A gives:

dp 1 1 A2 1
= 1+ ) - C.2
/ Qm)i (2 +o2)?  16m2 ( * ag) 1672 (C29)

Thus at d = 4, by setting N = 4N and o9 = m one finds:

Gt = = (¢* +4m?) {log (:1—22)

2

JETimE (' T

M log | | -3 (C.30)
q —

/q2+4m2
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Chapter C. Calculation of the improved propagator

being the result in Eq. (2.31).

In order to reach the scaling region the following expansion should be followed:

q
In L+ v/ 2 +4m? — 1+ q2 + 4m?
—1 + /q2 +4m2

q
2+ l@ q2
In <;472iq> = log (W) : (C.31)
2 2

V@ +4m?

12

thus getting the result in Eq. (2.33).
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APPENDIX D

FUNCTIONAL DETERMINANT COMPUTATIONS

D.1 First order corrections to the Effective action in
the 1/N expansion

In the following appendix the one loop contribution arising in Eq. (2.68) is calculated.
It represents the next-to-leading-order correction correction in the 1/N expansion. The

rules for the super-algebra manipulations are applied following [25]. Thus one finds:

1 2) 1

1 0 A v =Yy
(L %) (2 2]
= 1Trln(&,(,)—r-[‘ﬂn [Ac;l}

2

1 10 0 —AIN (o v —ud
Sal(on) (s ) ()]
= %Trln(SW) — Trln [A'] + %Trln (1 -2 YA) . (D.1)
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Chapter D. Functional determinant computations

D.2 The RG equation for the Wilsonian potential in
fermion model

In this Appendix the expression trIn A~! which has been encountered in Eq. (3.98) is
calculated, where A™! is the operator defined in Eq. (3.97):

§b2U’ _Zp 5ab 6b2U’
-1 _ e 5¢$ 6tppdihg
pﬁa 5¢ g Svhoug

As compared to Eq. (3.97), the subscript “0” is now omitted in ¢) and the subscript & in
Uy, while all the other indexes are explicitly indicated: Greek letters are for Dirac indexes,
Latin letters for flavor ones. Now, defining p = ¢ = ZCN 1/_1,31/13 and using the chain rule
for functions of Grassmann numbers, all the derivatives can be expressed in terms of the
field p:

52U

— .0 7bU
5¢g5,¢)g ¢awﬁ PP
52U ab a,b
Suhoin = 0a30""U, + VgpU,,,
52U ba 7a,/b
5&25@% = _5ﬁa5 Up + wa@%Upm
— = —)%U,,. D.3
51#2&% %?/1/3 pp ( )
The operator A~! then becomes:
A-l — . , _ng?ﬁgUpp - _ipaﬁ(sab + 5‘35(5?:% * %%Upp
_Zpﬁ 6" — 5ﬁa5 aUp + wgd}ﬁUpp _,lvz)g"vz)BUpp
= _wapp —ip+ qu‘ w@UPP )ab
—Zp U + 'l/}wUpp _wapp ]

B —ip+ U, \* —p
- ( £ p)aﬁ“fﬂﬂ( i —ww)a
(L,

—z’p +U, )“C
ay

cb

1oy, (0 SR, (e w
0 1 v, o b~

2+U2

B

= (A [+ AT (D.4)

B8
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D.2 The RG equation for the Wilsonian potential in fermion model

where:

5= (g, NP, (.5)

and

Y= U,,p( :;f;’ _% ) : (D.6)

The matrix A~! has been split in the product of two matrices: Ay' and [1 + AgY)].
From A, the Hartree contribution to the RG equation (see the text) is obtained, from the
other factor the Fock’s one. From Eq. (D.18) one finds:

trin (A7) = trln (Ag") + trln (1 4+ AY) . (D.7)
As for the Hartree term, trln (A), one immediately gets:
trln (A;") = tr I NIn(p* + UPZ) : (D.8)

where T is the identity matrix in the Dirac space and the value of trl depends on the
specific representation chosen for the Dirac spinors (see Section 2).

In order to evaluate the Fock contribution, trln (1 + AgX),the following expansion is

performed:
trln (1 + AgX) = tr (AgX) — %tr (ApXAE) + ... (D.9)
with:
AoY = T U _%UPPIEQZ . (D.10)

ipt ip+U, -
—FT UtV Ut
The traces in Eq. (D.9) are easily computed by choosing a multiplet of the U(N) group

with just one non-vanishing component. Then, if d < 4, only terms up to the fourth order

in powers of 17 survive, (see App. A.3). For the Fock contribution, with the help of the

identity:
20U0,U,, nt
one finds:
2pU,U,
trln (1 + ApX) = —In <1 + M) ; (D.12)
p*+U;

which is the expression used in the text (see Eq. (3.99)).
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Chapter D. Functional determinant computations

D.3 Wilsonian RG equation for fermions and bosons

In the following appendix the Wilsonian RG equations for the effective potential of a
chiral theory involving both boson and fermion fields is calculated.

In order to obtain the flow equation for this potential the same passages sketched in
Sec. 3.3.3 must be followed. After the Gaussian integration over the fast components, a

functional super-determinant of the matrix:

Sge Spg Ogy | = (D.13)

Sso Sep Sou ( My MBF)
Sy S Spw

~ \ Mpg Mpp

it is found. Generally a super-determinant can be calculated by applying the rule:

. det (MBB)

M) = —\""BB)
sdet (M) act (Npp)

(D.14)
where: Npp = Mpp — MppMggpMpp. Thus for the matrix in Eq. (D.13) one finds:

S S-.S51s. - §.. 8519
~1 — ¥ .g-L, _ _ PP pp P PppO g Dby
MppMgpMpr ( S ) S¢>¢> (SW,SW) ( SWS;Q:SW S ;(;slsw ) (D.15)
By applying the chain rules for functions of Grassmann numbers the matrix Ngpp can be

evaluated. Since:

Ses = P + Usg,
Sey = Ugy, ete. (D.16)
Uppe = —Ugph®,
Upag = =Upst)®,
Upps = U¢p¢ﬁv
Ugsy = Upst”, (D.17)
it turns out to be:
UpoUgp . - U,sUs)p
NFF o _w’l/}<Upp - pQ—tUZ;) _Z}ﬁ + Up + w,l/}<Upp - inUi¢) (D 18)
= . - U,sUs)p o U,sUs)p .
_ZPT - Up + @Z)w(Upp - p2iUi¢) _ww(Upp - p2iUi¢)

Finally the trace of the logarithm of this matrix is given by:

U,sU.
20U, (Un ~ 55
p*+ U}

Indet Npp = N'In (p2 + UPZ) —In|1+

(D.19)
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D.3 Wilsonian RG equation for fermions and bosons

For generic d dimension the Wilsonian RG equation for dimensionless quantities is then:

0 d—

2
égl] = dU — ——5——¢C&5—-(d'— 1)0(%,

21—d

1
M PE O [log (1 + Ugg) — N'log (1 + U7) +log (1 + )],  (D.20)

where:

20U, (Uno — E522)

1+Ugge

Y= : D.21
14+ U2 ( )
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