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Introduction

The modern comprehension of renormalization in quantum field theory (QFT) is based on
the Wilsonian approach to the renormalization group (RG) [I, 5]. This treatment develops
the idea that a QFT can be considered as an effective field theory and so that it describes
physics only in a certain range of energies. The behavior of the theory is described by a scale-
dependent Wilsonian effective action which is obtained starting from the bare action defined
at a UV cut-off scale Ay and integrating out the field-modes with momentum between Ag
and a floating cut-off scale A, which represents the scale at which the theory is considered.
In such a way the contribution of the integrated modes introduces the dependence on the
floating scale into the Wilsonian effective action, which then describes the behavior of the
theory at the energy scale A. Varying A from the UV cut-off Ag down to the IR regime
provides a flow in the space of the couplings, which represents the RG flow of the theory. In
particular such flow is governed by a differential equation, called Wilson-Polchinski equation
(WPE), which describes the evolution with the energy scale of the Wilsonian effective action
and determines the running of the effective couplings of the theory.

More recently a new way to approach and to make computations (in particular at strong
coupling) in quantum field theory has been provided by the AdS/CFT correspondence
[I7H19]. The latter is conjectured as a duality between a conformal field theory (CFT) and
a quantum gravity theory defined on the anti-de Sitter space (AdS). However, in this work
we will employ a more general definition of the duality, which determines the equivalence
between a gravity theory (bulk theory) on a d + 1-dimensional (asymptotic) AdS space and
a field theory in d-dimensions which in general is non-conformal and hence have a non-trivial
RG flow. Even though this description concerns also the non-conformal case, we will keep
referring to it as the AdS/CFT correspondence.

From the computational point of view, there are two crucial aspects of this correspon-
dence. The first is the fact that the strong coupling regime in the QFT-side corresponds to
the weak coupling regime in the bulk side and viceversa. Moreover, the tree level regime of
the bulk theory corresponds to the large N limit of the dual field theory. These facts have
a fundamental importance because they enable one to study the strongly coupled regime of
quantum field theory and, in particular, the RG flow in terms of the tree level gravity dual.
Hence, in order to develop in detail the Wilsonian RG in this framework, it is important to

study the large N limit of a quantum field theory.
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2 Introduction

The latter is a powerful approximation scheme first developed by 't Hooft [I3]. This
method applies, for example, to theories where fields are N x N matrices. Thanks to the
fact that, when the fields are non-commutative, the interaction vertices of the theory have
an ordered structure, one can associate to each Feynman diagram a unique Riemann surface.
In such a way the N-dependence of every graph is related to the topology of the associated
surface through its genus and the number of boundaries. For this reason, in the regime
where the matrix size N is taken very large, the structure of the theory drastically simplifies
because planar diagrams (graphs with null genus and minimum number of boundaries)
represent the leading contribution, whereas all the other, non-planar, graphs are suppressed
by powers of 1/N.

In this framework one can apply the Wilsonian RG to the matrix theory and obtain the
WPE in planar limit [16]. This equation has an interesting structure because the quantum
term of the ordinary WPE, which is proportional to the second derivative with respect to
the fields, reduces in the large N limit to a term proportional only to the first derivative
and so the planar WPE is a Hamilton-Jacobi type equation. Moreover, one can see that the
latter contains the contribution also of non-planar diagrams, which, thanks to the action
of cut-off scale, are responsible of the production of multi-trace terms along the planar RG
flow.

A Wilsonian RG approach has also been developed within the AdS/CFT correspondence
[30, BI]. This method employs the Wilsonian treatment in the gravity side of the duality and
it is developed exploiting the connection between the radial coordinate of the Ad.S space and
the energy scale in the field theory side. Therefore one can obtain the Wilsonian effective
action of the dual field theory and its RG equation in terms of the radial evolution of the
bulk theory. In particular, taking the classical limit in the gravity side, one can determine
the planar RG equation, which is a Hamilton-Jacobi type equation in the bulk.

For this reason one can define two different formulations which determine the RG equa-
tion for the Wilsonian effective action of a quantum field theory in the large N limit. The
planar WPE represents the flow equation obtained in the QFT-side and it does not de-
pend on the couplings of the theory, i.e. it holds true in both weak and strong coupling
regime, whereas, in the holographic Wilsonian approach, the planar RG equation is ob-
tained from the bulk side for a strongly coupled field theory. Therefore, by consistency with
the AdS/CFT correspondence, one expects the two formulations to be equivalent. However,
this is not true because, even though both equations are of Hamilton-Jacobi type, planar
WPE is characterized by a cubic hamiltonian whereas that of the holographic one is at least
quadratic.

This is an important structural mismatch, which seems to create a puzzling inconsistency.
However, analyzing in depth the two formulations, we realize that the source of this mismatch
can be attributed to the different definition of the theory in the two approaches. Indeed, in
the WPE formulation the theory is explicitly defined in terms of the elementary fields, so
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that the cut-off scale is precisely defined inside the propagator. Instead, in the holographic
formulation the field theory is described, through the AdS/CFT duality, only in terms of
the composite operators dual to the bulk fields. Hence the implementation of the cut-off at
the level of elementary fields is not understood because no information about the elementary
structure of the theory is given.

We explore these aspects considering two explicit examples. First of all we describe the
RG flow of a QFT which is dual to a free scalar field in the bulk. In holographic Wilsonian
approach, studying the radial evolution of the scalar field in the bulk, we obtain the RG flow
of the dual QFT, which is closed on a single- and a double- trace term. Instead, applying
the WPE formulation to this case, we obtain a RG flow which has an extremely different
structure since it is not closed, as in the holographic case, only on two terms, but it contains
other multi-trace terms generated along the flow.

In the other example, generalizing some calculations already present in the literature
[35H37], we define a different field theory procedure to derive the RG flow of a QFT, which
is determined as a deformation of an abstract CFT defined only through the correlators of
composite operators. From this computation we obtain a RG flow whose structure exactly
matches with that obtained in the holographic treatment.

Therefore, thanks to this analysis, we suggest that the mismatch between the planar WPE
and the RG equation in holographic Wilsonian treatment does not necessarily lead to an
inconsistency, but is due to the different definition of the cut-off in the two formulations. In
the future, a deeper study of the relation between elementary fields an composite operators
would be of great importance in the understanding of this issue and of the nature of the
AdS/CFET correspondence itself.

In chapter [I] we describe the Wilsonian approach to the renormalization group of a
quantum field theory, focusing on the derivation of the Wilson-Polchinski equation and
its features. In chapter [2] we describe the large N limit for general matrix theories and
we derive the planar Wilson-Polchinski equation in the scalar case. In chapter [3| we de-
scribe the AdS/CFT correspondence in its standard definition. In chapter 4] we consider
the AdS/CFT correspondence in the non-conformal regime of the boundary field theory
and we describe the holographic Wilsonian RG approach. In chapter [5| we analyze the
mismatch between the planar Wilson-Polchinski equation and the RG equation obtained

through holographic Wilsonian method.
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CHAPTER 1

Wilsonian Renormalization Group

Renormalization is one of the main aspects of quantum field theory. This procedure was
introduced in the early 50’s to remove the UV divergences arising from loop contributions
to Feynman diagrams. In such a way higher orders in perturbative expansion are well
defined and the theory is able to give more precise results, which are remarkably very
close to experimental ones. This method, which we will call standard renormalization,
implements a redefinition of fields (® + Zg ®), masses (m? +— m? + ém?) and couplings
(A + Z)) to introduce in the action some counterterms (621 = Zg » — 1, 6m?), which make
the generating functional finite, removing its divergent part. To do so, such couterterms
have to be divergent as well, but we can however expand them in a formal perturbative
loop counting series (621 = Y, JZI(’“)), in which every term is divergent. In this way we
can use perturbative method and renormalize the theory order by order in loop expansion,
neglecting further terms as if they were smaller than the previous ones. This is deeply
counterintuitive (how can we say that some infinite term is “smaller” than another infinite
one and thus neglect it?) and also apparently meaningless from the physical point of view,
but it perfectly works.

In this framework we can argue that the presence of UV divergences in the bare theory
is due to the integration over all energy scales in the loop momentum. Nevertheless its
physical meaning is still a bit obscure and a deeper understanding will be reached through
further developments.

The concept of renormalizability of a theory, i.e. whether UV divergences can be removed
by the redefinition of a finite number of coupling constants, naturally arises within standard
renormalization. Indeed, considering the superficial degree of divergence D of a 1PI diagram,
which is the total momentum power in the loop integral, the contribution of such graph is
proportional to [dk kP~! in the limit of large momenta, thus, if D is negative, the integral

is convergent, otherwise it diverges. Through the analysis of the structure of the diagrams



6 1. Wilsonian Renormalization Group

(number and type of internal and external legs and vertices) present, for example, in [2], one
can obtain a relation of the type D = f(F, V'), which connects D to the number of external
legs E and vertices V' of its related graph by a function f. If the theory contains only
couplings with mass dimension d; > 0, one can show from such equation that D decreases
as the number of external legs E grows. Thus there will be a particular value E of E such
that D < 0 for E > E. In such a way, even though one can build an infinite number of
diagrams with the same number of external legs F, they are divergent only if E < E. Since
one can show that a vertex with d; > 0 must have n; < E external legs, making a redefinition
of it, one can absorb the divergent part of all diagrams with n; external legs. Therefore, one
can renormalize a theory with all vertices with d; > 0, namely absorb the divergent part of
all diagrams, through the redefinition of all its parameters plus the renormalization of the
fields. Since the number of all possible vertices with d; > 0 is finite, renormalization requires
a finite number of redefinitions. For this reason such theories are called renormalizable and
they have a very simple form.

On the other hand a coupling with dimension d; < 0 is called non-renormalizable. If
a theory contains at least one non-renormalizable coupling it is called non-renormalizable.
Indeed the presence of this type of couplings generates divergences in diagrams with E > F.
These terms can be renormalized only including in the theory other non-renormalizable
vertices, which, in their turn, generates other new divergent terms. The latter require the
introduction of other non-renormalizable vertices as the terms above, so that, in principle,
the theory have to contain all possible non-renormalizable interactions to be fully renor-
malized. In such a way, technically speaking, the theory is renormalizable, but, since the
non-renormalizable couplings are infinitely many, it requires the redefinition of an infinite
number of parameters. For this reason a non-renormalizable theory is far less predictable
than a renormalizable one. Hence, standard renormalization identifies the renormalizable
theory as the best candidate for a fundamental theory of particles. This was confirmed
by the large success of QED and Standard Model (SM), which are renormalizable theories,
but the true reason of such success, as we will see in subsection is different. Thus
the question of why nature should be described by a renormalizable theory was answered,
through standard renormalization, only at technical level.

Owing to these aspects, initially, renormalization was thought to be just an ad hoc
technical tool to adjust QFT in order to obtain results consistent with experiments, but,
subsequently, this idea has evolved. Indeed the understanding of this method had been
greatly improved during the 70’s and the 80’s. First Wilson developed his approach based
on the effective field theory [1], clarifying why UV divergences are expected to appear in
loop diagrams and answering why at low energies physics is described by renormalizable
theories. Then Polchinski formalized such treatment [5], deriving the exact renormalization

group equation and proving the equivalence with standard renormalization.
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1.1. Wilsonian approach

Wilson’s treatment develops an important statement: field theories describe physics only in
a certain limited range of energies. This is the starting point for a new way of understanding
renormalization, where we can consider a QFT as an effective field theory.

An effective field theory (EFT) is a low-energy approximation of a more fundamental
theory which may or may not be a field theory. It is strongly connected to the energy scale at
which we investigate physics, so that its action can have different behavior at different scales.
Owing to this, the principle of renormalizability loses the fundamental nature it has within
standard renormalization and so, in principle, EFT may contain all non-renormalizable
terms compatible with symmetries.

A process occurring at a certain energy accessible by EFT is influenced by the behavior
of the theory at higher energies. Indeed it receives, at quantum level, UV contributions from
the propagation of virtual quanta in loop integrals. Thus, since EFT provides physically
relevant results in a low-energy regime where the process occurs, it has to contain such
UV contributions in its action. In order to compute these corrections and so to describe
the behavior of EFT at the energy of the process, Wilson thought of integrating out the
contribution of the functional integral corresponding to energies higher than the one of the
process. In such a way we obtain the action of the EFT defined precisely at the desired
energy scale, so that it already contains the UV effects. Hence, applying this new approach
to QFT, we can study how high-energy virtual quanta give contribution to lower energy
processes.

To do so, consider a QFT as a theory with physical UV cut-off Ag. For energies above
Ao physics is described by an other theory (string theory, another QFT, ...), which is
assumed to be fundamental, while below Ay it is represented by a general (bare) action Sy
which contains in principle all possible interaction terms compatible with the symmetries
of the theory. Now it is worth studying the behavior of the theory for energies E < Ay.
Indeed, even though in general Ag is not specified (it could be of the order of GeV as well
as of the Planck mass), in many interesting cases it is far greater than energies accessible
by experiments (for example the GUT scale Mgyt ~ 10'¢ GeV), thus a comparison with
experimental results makes sense if done with the effective behavior of QFT at low energies,
ie. B < Ag.

At this point we start considering the functional integral of a theory of a real scalar field

¢ in Euclidean d-dimensional space-time:
Z[J) = /D¢6_S°[¢]+fj¢, (1.1.1)

where J is the source. The information about the UV cut-off Ay has to be included in Z[J].

There are two equivalent methods to do so and both will be used in this chapter.
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The first way introduces Ag directly in the functional measure D¢. Indeed, in the path
integral formulation, every different momentum ﬁeld-modeﬂ ¢ is an independent integration
variable, thus the functional measure can be written as D¢ = [[, d¢. Hence we introduce

the cut-off to cut the modes with momentum larger than Ag, so that:

Doly, = [[ dén

|k‘|<A0

which is the truncated functional measure, while:
2] = [ Dol e S, (11.2)

which is the regulated functional integral.
The second way introduces the cut-off scale through the propagator, defining the latter
as: o
Py (k) = m (1.1.3)
where K is a C* function which is equal to 1 for k¥? < A3 while vanishes very rapidly for
k* > A%. In such a way, for momenta higher than A, the propagator becomes negligible,
then the correspondent field-modes are non-propagating. Introducing a bracket notation

defined as: i
(10) = [ gaya {H)a(=F),

for every arbitrary functions on the momentum space f, g, the kinetic term (KT) becomes:

1 [ dlk B 1,
KT = 2/(27T)d O Py, () oo = 5 (6P} 0). (1.1.4)

Hence, in the functional integral, field modes with momentum greater than Ay are exponen-
tially suppressedﬂ This approach is equivalent to the previous one, where we introduced the
cut-off in the functional measure, but it is more useful for explicit calculations. As already
said, in this chapter we will use both of them, depending on where one is more useful than
the other.

Once defined the functional integral for a theory with UV cut-off, we focus on low energies
considering a scale Ag < Ag which is assumed to be the greatest energy scale at which we

can make experiments. In such a way the external source is set to be:
Jr=20 for |]€| > Ag. (1.1.5)

In this approach the regulated functional integral suggests a way to investigate the influence

of UV fluctuations of the fields on the behavior of the theory. Indeed, since the functional

!Obtained from the Fourier transform of ¢(z).
2Indeed Z ~ exp (—PXO1 ¢?), therefore for momenta over Ag the exponent goes to —oco and the exponential
vanishes.
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measure is the product of field-mode differentials at every momentum value, we can think
of performing the integration over field-modes of momentum greater than a certain energy
scale A < Ag. The term arising from this computation modifies the original bare action
introducing corrections depending on the parameter A into the couplings. Therefore this
procedure actually lowers the cut-off from Ag to A, including the contributions of UV modes
directly in the action. In this picture A is a floating cut-off which represents the energy scale
at which we are considering the theory. The latter is described by a scale-dependent effective
action, thus its behavior depends on the energy at which we are evaluating the observables.
This is due to the fact that the UV fluctuations give a precise and computable contribution
to processes of lower energy.

An instructive implementation of this procedure can be done in the general real scalar
theory introduced before. The functional integral with the cut-off defined in the measure

can be written as:

210) = [Del,, e Her o)l (1.1.6

where P(k) = (k?4+m?)~! is the propagator of the scalar field and S\, is the bare interaction
term at Ag. Now, considering the floating cut-off A € [Agr, Ag], which represents the energy

scale where the theory is considered, we can write ¢ = ¢y + ¢, with:

¢r for A <k <Ay ¢ for k< A
¢Hk = Lk — .
0  otherwise 0  otherwise

(1.1.7)

Thus ¢, is the low-energy part of the field, while ¢y is the high-energy one. In order to

integrate out ¢y-modes we can write:

Z[J] = /D¢HD¢L 6—%<(¢H+¢L) P717¢H+¢L>_Si(,?t) [pu+oL]+(J,du+aéL)
(1.1.8)

)

— /D¢L 6—%<¢L P11 )+(J¢L) /D¢H o3 (% P717¢H>_Si(x(\)t) [Sr+or]

where (J, ¢y) = 0 by definition. The integral over ¢y represents contribution to the func-
tional integral of the theory for energies higher than A. Performing it, we obtain a functional

of the field-modes ¢;,, which is a new interaction term replacing 5%

int» Where bare parameters

have been modified by A-dependent corrections, creating effective couplings. We call such
A

functional Wilsonian action S;

int>» Which reads:

e~ Shilon) / Depyy e 5 (01 P~ 0m) =S [om+1]. (1.1.9)

The sum of the Wilsonian action with the kinetic term of the low-energy field forms the

effective action Sé\ff of the theory at the scale A, so that:

Z[J] = /D¢‘A e~ 3(8P0) =S [0l +(Je) _ /D(MA e~ é\ﬁ[¢]+<‘]7¢>’ (1.1.10)
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where we replaced ¢, with ¢ and D¢, with D¢|,. This procedure shows that a QFT is
described by its bare action Sy only at the cut-off energy Ay, whereas at another energy scale
A < Ay it is represented by the effective action Seff, which contains corrections coming from
the high-energy ﬂuctuationzﬂ of the fields. Varying the parameter A we obtain the effective
action at different energies, so that, of course, we have Sé\ﬁ — Sp for A — Ag. Hence the pro-
cedure described above produces a trajectory (or flow) of equivalent effective actions which
describe the same theory at different energies. This is called Wilsonian Renormalization
Group flow (WRG) and provides a new method of renormalization.

At this stage, the computation of correlation functions for a theory described by a bare
action Sy can be done using WRG. If their momenta are of the order of Ag, i.e. very small
with respect to the cut-off scale, we have to compute such functions using the effective action
obtained from Sy by the integration down to Ag and perform loop integrals up to this scale.
Indeed high-energy effects are already contained in the effective action and their corrections
to correlation functions are introduced slowly within perturbation theory and without any
divergence.

This method not only allows us to perform computations for renormalizable theories,
but also for non-renormalizable ones. Hence it seems to provide a recipe wider than the one
of standard renormalization. On the contrary, thanks to a deeper analysis, one can show
that WRG is equivalent to the latter, even though it provides a wider comprehension of the

renormalization method, as we will see in subsection [1.1.2

1.1.1. Example: the ¢* theory

To make these concepts more clear we study WRG in a simple example: the ¢* theory in

four space-time dimensions. Consider the bare action at the cut-off scale:
1 1 A
Sy = /d43: (2(8¢)2 + §m2¢2 + 4l¢4>, (1.1.11)

where ¢ is a real scalar field, whereas m? and \ are bare parameters.

Set J = 0 for simplicity and split the field into ¢y and ¢;:

z - / Db Depy e ' [HO01+06m)+ 2 (r+m)*+ 3y (@n+on)']

/D¢ e~ Soler] /qu eXp< /d4 { (O¢n) +%m2¢§ (1.1.12)

+%<¢§ +4670u + 4oudy + 6¢E¢%)D,

3when we refer to high-energy fluctuations we mean those associated to the modes of momentum larger
than the scale we are considering.
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where the term [d*z 0¢yO¢, does not appear because in momentum space it becomes
[d*k k% ¢ypb1,_p and so ¢ypbr_p = 0 by definition (L.1.7).

Now we have to integrate out ¢y of the functional integral, in order to obtain the effective
action S(ﬁ}f. We can consider the parameter A small and use the perturbative method on it.
Then we expand its exponential term and evaluate its contributions using Wick’s theorem,
as showed in [4] and [I2]. Thus the part of the action involving ¢y, whose exponential is

not expanded, is:

1 1 d*k
/EO - 5 /d4$ |:(8¢H)2 —+ m2¢§1:| = 2A<k|/A (27r)4 (kQ + m2)¢Hk¢H7}ga (1113)

so that we can evaluate the correlation functions of high-energy modes using;:

O(k
<¢Hk¢Hp>O:NH/D¢H ¢Hk¢Hpe*f‘0 _ 5% (2m)464(k + p), (1.1.14)

k2 +m?
where (:)(k) is a Heaviside-like function which is 1 for A < |k| < A¢ and vanishes elsewhere,

whereas:

Nt = /D¢H oI5, (1.1.15)
which is the normalization. Furthermore the exponential of the remaining part of the action
is expanded in Taylor series:

/ Daﬁﬂ[l‘i! [dta (64 + 16260+ 40168 +66263) + 00| e T2, (1116)

and we can evaluate its behavior focusing on the contribution of single terms in the expan-

sion. Let us start with the first order term ¢?¢2, which gives the contribution:

— TN [ 62(@) (Gu(@)oula))o (11.17)

where Ny is the normalization term which can be absorbed in the definition of the functional
measure. Henceforth it will be neglected, so we can focus only on the computation of
correlation functions.

The contribution has a simple and clear diagrammatic description. We represent
the propagator of high-energy modes with a double line and the low-energy field ¢; with

the usual single line:

(pu(x)pu(y))y = o=y (1.1.18)

ou(z) = ——ez (1.1.19)
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In such a way, (1.1.17) can be represented as:

-2 [# 6@ Gu@)sul@y = 5 0 (1.1.20

X

where the internal line forms a loop because (¢u(x)du(x)), is evaluated at the same space-
time point and it contains the integration on the high-energy range because it concerns only
the UV field-modes ¢y, so:

. .
@ = (pu(x)Pu(x)), :/(if)‘lm ( )
1.1.21

1 2 A2 2 Af +m?
=gz (48 A% - m?1os (5 )

The explicit calculation of this integral, as well as of all the other relevant loop integrals we
are dealing with in this chapter is performed in appendix [A]

Therefore, since (¢u(x)du(x)), does not depend on z, we have:

A 2 2 d4k
- = & = —% /d4CE (Z)E(:I:) = —l;/w OrLiPr_ps (1.1.22)

4 x

where:

A AZ +m?

which, as we are going to show, is a correction to the mass term of Sy generated by the
high-energy fluctuations of the field coming from ¢?$2. Indeed, evaluating the second order

correction arising from the same term:

2
o35 [atedty @@ ) e Ie, (1.1.24)
we have two contributions:
)\2
55 [ ' d'y 6 @16 (1) Gu(@)du(@)y (¢n(1)ou()s (1.1.25)
2
5o [ dly @60 (bul@)on)y’, (1.1.26)

The term (|1.1.25)) is associated to the disconnected diagram:

@ X @ (1.1.27)

€T Y
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which is the product of two connected diagrams , so it gives a contribution propor-
tional to p*. Considering the third order correction arising from the same term, i.e. ¢2¢2,
we have, among all terms, a product of three diagrams . Going on to further orders
we have the same behavior, therefore the sum of all these terms produces the exponential
series, so that the action Sy is modified with the term (1.1.22) to produce a A-dependent

effective action:
1 1 A
Sé\ff = /d433 <2(8¢)2 + §(m2 +u%) ¢ + ] ¢t + - ) (1.1.28)

The mass correction p? in (1.1.23) introduces the dependence on the energy scale in the

mass parameter. In such a way the effective mass M? := m? + u? at the scale A is:

2 2
M? =m? + [(Ag —A2) - m? log(wﬂ. (1.1.29)

3272 A2 +m?2

If we take A — Ag, the contribution p? vanishes, so that M? — m? and the effective action
reduces to Sy. Moreover, since we are mainly interested in cases where the cut-off scale Ag is
very high, it is worth determining the leading behavior of M? in the regime where m? < A3.
Thus we have 2 ~ A\(A3 — A?), so that:

A
2 2 2 A2
M?* ~m* + 39,2 (A§ — A9). (1.1.30)

Now, being m? = m?/A% the dimensionless bare mass, we can define the dimensionless

—2
effective mass at the scale A as M~ := M?/A%. Thus its behavior is:

2
M (o) ~ (1 + o5 ) (3 oz (1.1.31)

This shows that MQ scales as (Ag/A)?, so it becomes increasingly important at low energies
(when A — 0) and, sending Ay — +o0, it reproduces the renormalization of the mass
provided by standard renormalization [4].

The contribution is a non-local term associated to the connected diagram:

x Y (1.1.32)

Many non-local terms associated to connected diagrams, like (1.1.26)), are produced when we
consider orders beyond the first in the expansion of the functional integral over ¢y (1.1.16]).
If we try to evaluate them in order to obtain their correction to Sy we have to face the

problem of integration over different space-time coordinates. Such integrals are not easily
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computable and, most importantly, contain products of the field ¢, evaluated at different
points, which cannot appear as corrections of a local bare action like Sy. To overcome this
problem we can expand the non-local terms in a series of infinite local contributions with
growing number of derivatives of the field. In such a way the corrections arising from them
can be included in the action as an infinite number of derivative interactions. Let us explain

more explicitly this method, considering the contribution ((1.1.26)) and its corresponding

diagram (|1.1.32)).

The field ¢, (y) can be expanded in Taylor series around y = x:

¢u(y) = (@) + Gudn(2)(y — )" +- -+, (1.1.33)

where 0, = 0/0z", so that:

S (y) = ¢1(x) + 20L(2)Fudr(x) (y — ) + - . (1.1.34)

Now, calling w = y — x, the correlator (¢u(z)¢u(y)), can be expressed as (¢ (0)pu(w)), for

invariance under translations, so ((1.1.26)) becomes:

2
= [t e B @6 @) + 20 @ ) GuObulw)l’ (1135

This expansion produces an infinite number of local terms with growing number of deriva-

tives, that can be written as:
A+ BHY
=& Jatest - o [dte st - S [ae 60,6000+ (1.1.36)

where ¢, A, B, ... are UV corrections to Sy proportional to A\?> coming from the integrals
over w in . Indeed, considering corrections of order higher than that of , we
can reconstruct the exponential series of such terms, as we did for , so that
rises to the exponent and represents a new one-loop correction to Sy, coming from :

A AR
eff_/d4 ( m ;'M 2+ +C¢4 !¢38

BHv
i $%0,00,¢ +) (1.1.37)

This is an important fact because S% i ow contains a series of non-renormalizable derivative
interactions which are not present in the bare action at Ag.

Before analyzing the consequences of the presence of such new terms in the effective
action, let us first focus on the first term in . It is a second order correction to the

¢* vertex and it reads:

/d4 d(x) = 16 /d4 ¢r.(x /d4 (61 (0)pu (), (1.1.38)
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where:

3 3 'k O(k)
C= 52 [aw on@onu))y” = —5 ¥ [ 55 Gy e (1.1.39)

Evaluating the integral (see appendix [A| for more details) one obtains:

32 A2 +m? 1 1
= log [ =9—— 2( — ﬂ 1.1.4
‘ 32w2{0g (A2+m2) m AZ+m2 A24+m2)] (1.1.40)

which is the UV correction to the coupling A, so it provides the dependence on the energy

scale of such parameter. Considering A — Ay we must have back the bare coupling A, indeed
we have ( — 0. Moreover, considering the bare mass much lower than the cut-off m < Ay,

as we did for p2, the leading behavior of ( is:

3\2 A
~ —=1 — 1.1.41
C~ oz lon( ). (1141

thus the total coupling evaluated at A reads:

AA/Ao) ::)\+§:)\[1+3>\log<A)} (1.1.42)

1671'2 A[)
This relation is exactly the order A2 expansion of the running of A calculated through the

standard RG treatment [3], 4]:

A

1— 127?2 log(AAO)

MA/Ag) =

B 3\ A ;

which stresses that WRG provides the same results for the scaling of renormalizable cou-
plings as the standard RG treatment provided by Callan-Symanzik equation.

Hence WRG and standard renormalization give the same results for the renormalization
of the mass parameter and the ¢* coupling constant. The crucial difference stands in the
fact that the effective action in WRG contains non-renormalizable interactions appearing
along the RG flow.

Indeed we have seen, in , that the UV contribution coming from not only
produces the correction to the ¢* vertex , but also a series of derivative interactions
of four fields. Even though such terms are not present in the bare action, they arise along
the flow influencing physical processes at lower energies.

Considering the behavior of these derivative vertices, one can note that A* = 0 because,
being it a four-vector, it would have introduced some privileged direction which breaks
the invariance under rotations. Moreover, considering the double derivative term, we have
that B* = 6" B(A, Ag) because it is a symmetric rank 2 tensor depending only on scalar
parameters A and Ag, thus it has to be proportional to the only invariant symmetric rank

2 tensor, which in Euclidean signature is 6. In such a way, for dimensional reasons its
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behavior in the regime where A2, A% > m? is:

B(A, Ag) ~ AQ(Ala — A12> (1.1.44)
Going on with further derivative terms one obtains similar results and so this means that
the dimensionless parameters associated to such couplings scale as some positive power of
A/Ay depending on their mass dimension, so they are suppressed with respect to A in the
low-energy regime.

In addition to these derivative terms introduced by , other non-renormalizable
interactions are produced by terms different from ¢?¢2 in (1.1.16). For instance, consider

@3 py, its second order expansion reads:

)\2
= [d'ad'y 8@)6kw) (Gulx)onv))o. (11.45)

which is associated to the diagram:

(1.1.46)

This contribution produces interactions of six fields, so that the first term in the Taylor
expansion of ¢?(y) around y = x gives rise to a ¢% vertex, whereas further orders generate
derivative interactions.

Since is a tree level diagram, it does not contain loop integrals. For this reason

it is useful to write it in momentum space:

~

8 d4]{7 d4k/ d4p d4p/ d4p// @(p+p/ +p//) y
72 ) (2m)* (2m)* (2m)* (2m)* (2m)* (p+p' + p")? + m? (1.1.47)

X ¢Lk¢Lk/¢Lp¢Lp/ ¢Lp// gbL*k*k/*p*p/fp” .

Such contribution depends on a parameter 1 of order A\?, which reads:

~

A ep+r+p)
S T2(p+p )2+ m?

n (1.1.48)

where p, p/, p” are external momenta of (1.1.46). Hence this term depends on whether the
transferred momentum p—+p’+p” in is greater than A. Thus, since the external legs
in such graph represent the field ¢, their momentum is always lower than A by definition
. Therefore the parameter n is vanishing.
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For this reason we have to study other terms producing vertices with six fields. Consid-
ering the third order expansion of the term gb%d% in (1.1.16)), we have:

)\3

o Ay d: RORWRE (AORGEE), (1149)

Expanding the correlator using Wick’s theorem we have that the only contribution associated
to a comnected diagram is 8 (dn(2)du(y))o (n () bu(2))y (Sn(2)u (), which gives:

(1.1.50)

This diagram produces interaction terms of six fields, so that, considering only the first term

in the Taylor expansions of ¢?(y) and ¢?(z) around y = =, we have:

ol d*z ¢? d'yd* 1.1.51

— 55 [ @) [dtyds (Gul@)on)y (nm)on(=)y (n()on())y.  (LL5D)
which corresponds to a ¢% vertex:

é/d“mﬁ(x), (1.1.52)

where the coupling is:

3
&= =2 [atyds Gu()6u))o Gu0)on(2)y (Gul)on(a))y
X d'% Ok
T48 ) mt (k2 4 m2)®

(1.1.53)

so that, evaluating the momentum integral (see appendix , we have:

15\3 1 1 m2 1 1
_ _ _ — ) 1.1.54
§ 1672 [A%+m2 A2+m? 2 ((A%—i—m?)Q (A2+m2)2)] ( )

The leading behavior of ¢ for AZ > m? and also A% > m? is € ~ A3(1/A3 — 1/A?). Defining

the dimensionless parameter £ := €A%, we have that:

£(%ap) ~ 1222 [(&)2 — 1]- (1.1.55)

This shows that at low energies also this term is suppressed with respect to A and, since

one can see that, as for (|1.1.32)), derivative terms are suppressed with respect to £ of some



18 1. Wilsonian Renormalization Group

positive power of A/Ay, also such terms are suppressed in the low-energy regime.

The production of these new interaction terms stresses that UV contributions of in-
tegrated modes generates all possible interaction terms along the RG flow, even though
starting from a renormalizable bare action. This is one of the reasons why we can assert
that a QFT at the cut-off scale contains all possible interaction terms.

Furthermore, this picture states that the UV corrections to the bare action coming from
WRG can be seen as the sum of all connected diagrams of the bare theory in the interval

of energies [A, Ao]:

eff—/d4 ~(0¢)* +f 2¢2+4,¢4 _@_+)©( }% . (1.1.56)

This being true, one can see that, even though along the RG flow non-renormalizable terms
are generated, at low energies the theory behaves as a renormalizable ¢* theory because all
new interactions are suppressed with respect to the mass term and the ¢* vertex.

In the next subsection, we will show that, starting from a general bare theory at A,
all non-renormalizable interactions are completely negligible at energies much lower than
Ag, so that in such regime the theory behaves as a renormalizable one. In this sense the

importance of renormalizability within WRG is restored.

1.1.2. WRG and the concept of renormalizability

In the beginning of the section we stated that, at the scale Ag, QFT is described by a
general bare action with all possible interactions, dropping any issue about renormalizability.
Then we saw that along the RG flow the action is modified becoming scale-dependent, so
that at low energies its behavior is different from that at high energies. This provides,
through WRG, a new way of understanding and using renormalization.

In this picture calculations can be made even though the bare action is non-renormalizable,
and this is possible because we made use of the concept of effective field theory. So one is
driven to ask: why among all possible theories only renormalizable ones describe nature?
The answer come from a simple analysis, explained, for example, in [2] and [4].

Consider an operator O; of mass dimension d; which represents an interaction term of
a d-dimensional bare theory defined at Ag. Its coupling gl@ has dimension d — d;, thus it
can be written as a dimensionless parameter §§O> multiplied by the factor Ag_di. Proceeding
along the RG flow gl@ receives UV corrections coming from high energy fluctuations, thus
it becomes a scale dependent effective coupling g;(A; Ag). Like for the bare couplings, we
can write g;(A;Ag) as the dimensionless effective coupling g;(A/Ag) multiplied by A¢~%,
Considering physical processes occurring at energies much lower than the UV cut-off, i.e. of
the order of AR < Ag, the contribution coming from O; produces a term proportional to

§§O)Ag_d". The strength of such contribution is determined by [d?x ©; and, since the energy
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of the process is of order Ag, by dimensional analysis we have:
di—d
/ diz O; ~ NG,

This means that the effect of the interaction O; on low-energy processes produces a contri-
bution proportional to (Ag/Ag)% .

If O; is a non-renormalizable operator with d; > d, we have that the its contribution is
suppressed by a factor Ag/Ap to a positive power and so it is completely negligible. For
this reason the presence of non-renormalizable terms in the theory at the scale Ag or, in
general, at a scale A still much greater than Ag, has no effect on the behavior of physics at
low energies.

This argument is very powerful because within a particle theory, such as the standard
model, we can reasonably think that the cut-off scale Ag is very high, for example of the order
of the GUT scale or the Planck mass, so that the typical energy scale of the experiments in
small compared to Ag. Then all experimental tests obviously reveal processes arising from
renormalizable interactions only.

Moreover, studying the evolution of renormalizable and non-renormalizable couplings
along the RG flow in the regime where couplings remain sufficiently small, a deeper analysis
can be done. In this work we do not explicitly perform such analysis, provided by Polchinski
in [5], but we just outline the main aspects. The first one is that the effective action evolved
from the bare action defined at Ag is equivalent, at low energies, to a renormalizable ac-
tion. In particular, starting with a theory defined at Ay by an initial surface on the space
of parameters determined by the set of bare couplings gz(»o), the evolution along the RG
flow necessarily reaches at low energies A < Ag a stable IR surface parameterized only by
renormalizable couplings, which is independent on both Ay and the initial surface. Here
non-renormalizable couplings are functions of the renormalizable ones, with the behavior
(A/Ag)%~? < 1, hence their influence is highly suppressed. Taking Ay — +oco and keeping
fixed the IR surface, non-renormalizable couplings reach a limit where they are strongly sup-
pressed by negative powers of Ag. For this reason the Wilsonian treatment is connected with
the concept of renormalizability, providing the identification between WRG and standard
renormalization.

All these arguments stress that, whatever the explicit form of the action at Ag is, a theory
behaves as a renormalizable theory at low energies A < Ag. This explain why one expects

the nature to be described by a renormalizable theory.

1.2. Wilson-Polchinski RG equation

In the previous section we have seen that WRG describes a flow of equivalent scale-dependent

effective actions. This trajectory in the space of parameters is obtained from the functional
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integral integrating out modes of momentum larger than the scale A. Since the latter is
introduced in Z to express a change of functional variables in order to write it in terms of
the effective action, such functional is independent of A. This fact implies that the effective
action has to produce, at every energy, the same scale-independent functional integral. This
requires that such actions satisfy a constraint in the form of a differential equation, which
describes their evolution along the flow. We can derive this equation imposing that 0y Z = 0.
This consists in the differential formalization of the WRG developed in [5] by Polchinski.
See also [6] and [7] for further discussions.

To be more explicit, consider the scalar theory introduced above. This time the functional

integral Z is expressed with the cut-off defined in the propagator:

_1 (0)
:/D¢>e H(oFig o) Shibe U0 /D¢> ~Solgl+(1¢) (1.2.1)

When considering the integration of high-energy modes of the field, even the part of the
propagator with momentum between A and Ag is integrated, thus its contribution is included

in the Wilsonian action Smt and the kinetic term propagates only up to A:
J] = /D¢e—%<¢PA 6) =S8 +(%.0) /p¢ e~ Slo+(7,0). (1.2.2)
Therefore the effective action can be written as:

Seild] = <¢PA (0) + Shilol, (1.2.3)

where P, is the propagator with the cut-off scale lowered to A. So it is convenient to
derive the evolution equation for S, instead of S%. To do so consider the derivative of the

functional integral with respect to A, which, as already said, has to be vanishing:
1 _ _GA
0=A0\Z = /Dqs [—iAaA (6 Py 6) — AOASH,| e Seirt (@) (1.2.4)

Instead of performing calculations to obtain the desired equation, Polchinski guessed that

the derivative of Smt

5SA 5SA 5284
AOASA, = / ddk(zﬂ)dAaAPA(k;)[ o k] (1.2.5)

Substituting this equation in ([1.2.4)), we must prove that:

L [aion dAaAPA/qu[ P06

2)
A
5‘S’1nt 55111(; B 5° Slnt efsé\g+<=]7¢> =0.

0, 60— O¢r0p_k

(1.2.6)
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To prove the identity above we can start by expressing the derivative of Smt in terms of the

whole effective action:

5SA ash
int, _ O eff Pl g, 1.2.7
5on 5on (27T) Lo ( )
so that:
dPx 5¢fk S oy, (2m)¢  dp_y o

SSB oSA. 65N 05K 1 5 2 S&
ht m — € i Py = . 1.2.9
5o = S g+ (k0 PR 6-ag (12:9)

Owing to the presence of the momentum integral in ([1.2.6]), some terms in ((1.2.9) have been
regrouped sending k — —k.
Now, using these relations, (|1.2.6) becomes:

1 %S 2 §(Pyl¢_j e )
- ddmnd/\ap/p{ +
2/ EmAIEN [PO |50 560 T amd o (1.2.10)
B 1 5(PK1¢—I~:) o5 | olh ) — 0
2m)d Spy ’
where we have regrouped some terms, such as:
A SQA 2 gA 2,—S4
<5Seﬁ 5Seff . 6 Sef'f ) efsé\ﬁ” _ 5 e ff 7 (1211)
O 0k Ok Oy 0Pk 0k
1 §(Py'ow) 2 5S4\ _gn
eri 06 PO g L
* (1.2.12)

_ 2 5(PX1¢_ke_ é\ff) _ 1 0Py Lo k) S
(2m)d dp_k 2m)d  dp_k '

At this point, the last term in the integrand of (1.2.10)) is field-independent, thus it can
be reabsorbed by a redefinition of the functional measure. Therefore such equation can be

written as:

§ 2
/dd 21)TAOA Py /D¢5¢ - K&m + WPA—1 _k> esé\ff} el =, (1.2.13)

where the exponential of the source term can be included in the functional derivative because
it does not give any contribution. Indeed the result of its derivation is proportional to J
and we immediately realize that the product AdyPp(k) x J(k) Vanishesﬂ Hence we have
the functional integral of a functional derivative with respect to the same argument, which

is zero by definition. This proves (1.2.6]), hence the Wilsonian action satisfies the evolution

equation:
5Sh 65n, 0S5
AOLSA, = /ddk 2 ) AD, Py () | 22 0Zint 07 Sing ] 1.2.14

195 Py is different from zero only for |k| > A, while J vanishes for momenta over Ag.
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which is called Wilson-Polchinski RG equation (WPE). Its solution, with initial condition
Gho — g©

int int» Provides the evolution of the Wilsonian action along the RG flow. In such a way

we can know the behavior of the theory at all the energy scale. Moreover, we can expand
S{I\It in power series of the field, so that, deriving the RG equations for the couplings, we can
determine their evolution with the energy scale, i.e. their running. This is very powerful and
useful, in particular, to prove the renormalizability of a theory by the derivation of its UV

limit (Ag — o0), as showed by Polchinski in [5] and also discussed, for example, in [8H12].

1.2.1. Wilsontan action and the generating functional

The Wilsonian action Smt arises from the functional integration over high-energy modes of
the bare interaction term and also over the high-momentum part (between the scales A and

Ap) of the kinetic term. Thus we can write it as:

_ _1/5prot )7
oS 9) z/que ICAOR Sin [00] (1.2.15)
where: (#/x3) — K(¥/x?)
K (Ka2) — K (/a2
PY(E) = e , (1.2.16)

which is the propagator with a double cut-off, which selects propagating modes only in the
interval of energies [A, Ag].

This way of writing S e through Py Ao jg equivalent to the definition with the cut-off in
the functional measure expressed by - Indeed the field ¢y is non vanishing only for
momenta between A and Ao, thus its kinetic term {¢y P!, ¢y) is equivalent to <gz~5 P/z\\0—17 gg>
in (LZ13).

Considering the properties of the Wilsonian action, we note, from , that S{}lt is
related to Feynman diagrams carrying information only about high energies. We give here

a general proof of this fact, showing that S, is actually the generator of connected and

int
amputated diagrams of the bare theory with the propagator Pf\\o with double cut-off.
Consider the generating functional of connected diagrams for such theory:
~ (g 3N 5O G4,
T /p¢€ H(FRT8)-sidH @, (1.2.17)
where we have used q~5 to name the field for a reason that will be clear later.

Now we redefine the source as:
Je = PN (k) o, (1.2.18)

so that F becomes a functional of the new source ¢, and we define:

Flo) = FIP g1+ L (o PR ), (1.2.19)
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which is a deformed generating functional equal to F plus a term proportional to ¢2. In
the following we will show that F satisfies WPE. Indeed the addition of the term quadratic

in ¢ allows us to write the deformed functional as:

T [ MO S S _ g sE 2
so that, when we take the derivative with respect to A we obtain:

Adpe? = /D&(—;AaA (G-0) PP d- ¢>> e=5A013.9], (1.2.21)

Recalling from ((1.1.3)) and ((1.2.16]) that the dependence on A in the propagator is introduced
by the function K (¥?/a2), the derivative of the double cut-off propagator with respect to A
is A@AP//\\O = —AOp\Py. Thus:

Adye T = —% / d'k(27)ADy Py
(1.2.22)

~ 1 _ _ B . -
: /%WPAAO 25 B (F— &)y eSO,

Therefore we can obtain the desired result if we prove that the functional integral in (|1.2.22])

is equal to:

(55’5 oF  8F )6_;_ 527
Ok Ok Ok 0Pk O 01
Performing the derivatives we obtain:

—F ~
r -/ DGt PR (G )i e B,

o8 (2
ﬁ — _/Dg 1 PAO_I(Sd(O) 503
00—k (2m)d" A
~ 1 - " B po
* /D¢(27r)2dPAAO 2(¢ — )i (o — @) _p e Sn 199,

where the first term in the second derivative is a field independent term, then we can neglect
it as we did for that in ((1.2.10). The remaining term is exactly the functional integral in
(11.2.22)), so F satisfies the Wilson-Polchinski RG equation:

5F OF 52 F
0k 01 0 d¢_1 )

AONF = % / dk(27)ADy Py (k) (1.2.23)

o] for A = Ay. Indeed in this limit PA(1 diverges,
[ A

thus e~ vanishes everywhere but for gz~5 = ¢, where it is equal to the bare interaction term.

int

with boundary conditions: F[¢] = S

At this point F and Sﬁt satisfy the same equation with the same boundary conditions,

then they must be equal up to some constant term that is completely irrelevant.
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This fact introduces an important relation:
-1 1 -1
Sinil0] = F[PR° ¢]+§<¢Pf\x0 ; ¢>, (1.2.24)

which states that the Wilsonian action is equal to the generating functional of connected
-1
diagrams of the bare theory with double cut-off, with source P//\\ 9 "¢. Then, for n > 2:

0" Sfui[9]

nt

0Py - -+ 0P,

5" FJ]

i ~1
=TT Pl (k) — 210 1.2.25
i:Hl Al ( )5Jk1"'5jkn ( )

¢=0 J=0

Hence, since connected and amputated diagrams are obtained by connected ones cutting
the external line propagators, actually states that Sﬁt is the generator of connected
and amputated diagrams.

This is a very important feature of WRG and it will be used in the next chapter to derive
the evolution equation for large matrix models.

WRG is a vast sector of QFT which, as already said, greatly improved the knowledge
and comprehension of renormalization. In this chapter we mainly developed the aspects
connected to the RG flow equation because they will be very important in the next stages

of this thesis work.



CHAPTER 2

The Large N Limit for Matrix Models

In this chapter we analyze a very important approximation scheme that can be applied to
a certain type of QFT’s: the large N limit.

This method, first developed by 't Hooft in [13], produces important results for particular
theories where fields are interpreted as N x N matrices and couplings are rearranged to be
proportional to the size N of the fields (’t Hooft couplings). Indeed, considering the matrix
size N going to infinity, the behavior of the theory drastically simplify because it receives
contribution only from a certain class of Feynman graphs, called planar diagrams. This is
possible thanks to the fact that the dependence on N of Feynman graphs is connected to
their topology. Thus, in this chapter, we will study the topological properties of diagrams
and we will show that planar diagrams are the leading contributions, whereas all the other
graphs are suppressed by factors of order 1/N or higher. After that we will study WRG
of a QFT in the large N expansion to show that the Wilson-Polchinski RG equation has a

particular and interesting form in such limit.

2.1. Topological classification of Feynman
diagrams

Consider a theory whose fields are N x N matrices M;;(x), where 4,j = 1,--- , N are the
matrix indices, while other possible space-time and flavor indices are neglected for simplicity.
In such a way products of the fields are non-commutative, so that the structure of the
interaction terms made of these products depends on how field indices are contracted in
them.

In general these matrix fields are thought to transform in the adjoint representation of a
certain non-abelian algebra, such as gauge fields in Yang-Mills theory, so that their matrix

structure arises from a symmetry principle. This fact requires that the action is written in

25
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terms of traces of the fields and their derivatives, so that every index is contracted and the
whole functional is invariant under such symmetry transformations. The most important
example is the U(NN) Yang-Mills theory, where gauge fields A, and so also the field strength
F,, are N x N matrices transforming in the adjoint representation of U(NN), so that the
lagrangian of the theory has the form Ly ~ —tr F,, F*.

The most important consequence of the non-commutative structure of the products of
fields is that the vertices of the theory are not invariant under all permutations of external
legs, but, thanks to the presence of the traces in the action, only under cyclic ones. This
means that exchanging the order of some lines of a vertex, even though attached to other
parts of a graph, one could produce a different diagram, i.e. a different contribution. This
is due to the fact that field indices of the external lines of a vertex can be contracted inside
a diagram in many different ways. For this reason it is useful to introduce a new notation,

called double-line notation, where the field is represented by a double line:

Mij(z) = —=—— (2.1.1)

Each line is associated to a field index and, if it is attached to another line carrying another

index, it produces the saturation of such indices:

= ~ 0i1 O (2.1.2)
J k

This is due to the fact that the structure of the kinetic term, neglecting the derivatives, is
proportional to tr|M |2 = > ap MapM 1. Thus, taking the second derivative with respect

to M in order to obtain the propagator, one has:

0 0

N MMy ~ 8 g
8Mij 8MTkl§b: ab ba il 05k

In this way one can keep track of how indices are contracted into the diagrams. For example,
consider the next-to-leading order correction to the free energy of the ¢* scalar theory. If
¢ is a commutative field the action is that considered in subsection thus we have
the contribution of three equivalent diagrams (Figure which arise from all possible
contractions of the lines of the vertex. They are equivalent because in a commutative theory
one can always rearrange the lines with a permutation in order to reach the same form for
all diagrams.

If ¢ is a N x N matrix, the lagrangian contains traces of the field, thus it reads:

1 1 A
£ ~ tr (2(6¢)2 + §m2¢2 —+ 4'¢4> .
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o

Figure 2.1.1. The three equivalent diagrams representing the first order correction to the
free energy of the commutative ¢* theory

Using the double-line notation, the graphs have the form shown in Figure where
diagram (c) is different from (a) and (b) because it contains different contractions of indices.
Indeed, as we will see in detail in the next section, every diagram of a matrix theory contains
a factor proportional to some power of the matrix size of N coming from the propagators
and the vertices, which depends on the explicit form of the action. Moreover, since every
line inside the diagram carries saturation of the indices, a closed line produces a factor
>i0ii = N. Now, diagrams in Figure have the same number of propagators and
vertices, so the factor coming from them is the same, but (a) and (b) contain three closed
lines whereas (c) only one. Therefore, taking the ratio of the contributions of such diagrams

we note that the latter is suppressed with respect to (a) and (b) by a factor 1/N2.

(a) (b) ()

Figure 2.1.2. The three diagrams representing the first order correction to the free energy
of the ¢* matriz theory

This example stresses that it is possible to understand whether a diagram is subleading
with respect to another one simply through the analysis of its structure of propagators,
vertices and closed internal lines, even though the explicit form of the action is unknown.
Thus one is led to ask whether it is possible to generalize this argument and to determine “a
priori” the correct behavior of every graph. The answer is yes and it involves a topological
analysis which allows us to make a classification of Feynman diagrams.

Indeed, thanks to the double-line notation, one can think that the first two graphs in
Figure have the same topology because they can be drawn on a flat sheet without
superpositions of lines (first graph in Figure . Instead, diagram (c) can be drawn only
on a torus (second graph in Figure because it contains a superposition of two lines,

which makes its topology different from the previous ones.
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Figure 2.1.3. First order diagrams of the free energy of the ¢* matriz theory embedded
in the associated surfaces

This preliminary analysis suggests that there could be a connection between Feynman
diagrams and surfaces, which enables us to organize graphs according to some topological
property of the related surfaces, like for example the number of handles. In such a way
one could define the topology of a diagram as the topology of its associated surface. This
is true for any non-commutative theory, where lines and vertices are ordered up to cyclic
permutations, and it is made evident by the double line notation.

To remark this important fact, in the following, we will develop the analysis for general
theories, stating a general proposition and exploring its consequences, whereas in the next
section we will focus on a concrete example of a scalar matrix theory to clarify these facts
through explicit computations.

The connection between Feynman diagrams and surfaces is defined by a proposition which

expresses that each connected Feynman graph corresponds to a unique Riemann surface:

Proposition:

Every connected diagram is associated to a Riemann surface whereon it can be drawn without

any superposition of lines.

This allows us to translate properties of Riemann surfaces into their associated diagrams.
Hence we can define the genus of a graph as the genuﬂ of its corresponding surface. For
example, the first graph in Figure [2.1.3] which represents both diagrams [2.1.2a] and [2.1.2D]

has null genus because it is associated to the sphere, or equivalently to a flat Sheetﬂ The

second one has, instead, genus 1 because it has to be drawn on a torus, which is the surface
with unitary genus, i.e. with one handle. Thus graphs with null genus will be called planar
diagrams, whereas graphs with non-vanishing genus will be non-planar diagrams.

At this point it is useful to limit our discussion only to vacuum diagramsﬂ for simplicity.

The results we will henceforth obtain can however be extended to diagrams with external

!The genus of a connected, orientable surface is an integer representing the maximum number of cuttings
along non-intersecting closed simple curves without making the resultant manifold disconnected. It is equal
to the number of handles on it.

20One typically prefers to consider compact surfaces like the sphere instead of open ones, like a flat sheet,
because topological properties are more easily formulated on them.

3Diagrams without external legs.
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legs, as we will see later. Thus, considering connected vacuum diagrams, we can use the
triangulation of Riemann surfaces applied to them. In such a way we can identify such
diagrams as geometric figures drawn on the associated surfaces, where the edges are the
propagator lines, the faces are the internal closed lines and the vertices correspond to the

vertices of the diagram. Therefore we can apply Euler’s formula to these graphs:
V-P+4+1=y, (2.1.3)

where V', P and I are respectively the number of vertices, propagators and closed lines,
whereas Y = 2 — 2¢ is the Euler characteristic and g is the genus of the surface.

By this identification we can provide a classification of vacuum diagrams based on the
genus. Indeed, even though the power of N multiplying every diagram, which is called
weight factor, depends on the explicit form of the action, one can show that the ratio of the
contribution of two diagrams respectively of genus g; and gs is proportional to 1/N 2(g1-92)

In order to prove that, consider a general matrix theory where fields M are N x N
matrices. Depending on the definition of the fields, the kinetic term may contain an arbitrary
power « of N such that KT ~ N tr|0M |2 and every propagator line carries a factor 1/N¢.

For simplicity, the interaction term Liy[M] is set to contain only single-trace couplings:
+oo
Lint[M] =) gntr |M|". (2.1.4)
n=3

Other derivative or multi-trace couplings are neglected because their behavior is the same
as the considered couplings and they would only represent an unnecessary complication to
our proof.

Now consider a generic vacuum diagram with P propagators, V vertices and I closed
lines. Calling V,, the number of vertices associated to the interaction proportional to tr M?,

we have:

+o0
V:x/g,)+‘/4+...:va. (2.1.5)
p=3

Every vertex of p fields in the diagram is attached to p propagators, which, in their turn,
are attached each one to another vertex. So, summing the total number of vertex legs in

the graph we count every propagator twice. Thus we have:
1 +00 P
P=-3V3+4Vi+--- :E =V, 2.1.6
2( 3 + 4 + ) = 2 p ( )

The contribution of the diagram is:

+oo
Vs V. — —
@ ~ 933944 o NI aP — N] aP H g;/p’ (2.1'7)
VPI p=3
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because every vertex give a factor equal to its coupling, whereas every propagator carries a
factor N~ and, since every line in the diagram carries a saturation of indices, every closed
line produces 3, 6;; = N, so we have the term N2,

Using (2.1.3)), (2.1.5)) and (2.1.6)), this contribution can be rearranged. Indeed the number

of closed lines is equal to:

“+o0o
I:2—2g+P—V:2—2g+Z<§—1)Vp,
p=3

so we have:

I—aP I v 2-2g—a) BV, o pop\ Y 2-2 o B 2\
N ngP:N p 2 pH(gpNQ ) =N gH(gpNQ 2) .
p=3 p=3 p=3

At this point, we can rewrite the theory defining the so called 't Hooft coupling A, of the
interaction tr MP as:
Ap =gy N2 1732, (2.1.8)

This being done, the diagram in (2.1.7)) becomes:

1 >
@ ~ W 3App. (219)
VPI p=

This shows that, writing the theory through ’t Hooft couplings, the contribution of every
vacuum diagram of genus ¢ is proportional to 1/N29~2. This feature is independent of the
explicit form of the action, i.e. the precise value of «, because the definition of 't Hooft cou-
plings acts balancing the contribution of every vertex with that of every propagator
so that the whole weight factor turns out to be independent of av. Therefore this proves that
the ratio of the contribution of two diagrams of genus g; and go is 1/N 2(91-92) and allows
us to make a classification of vacuum diagrams according to their genus.

This feature of matrix theories defined through 't Hooft couplings leads to a very inter-
esting behavior in a particular regime: the large N limit. This consists in taking N — 400
whereas 't Hooft couplings A, are kept fixed, so that the original couplings are switched
off. Thus, thanks to the presence of the weight factor, the contribution of diagrams with
non-vanishing genus becomes negligible compared to that of planar diagrams because it
is subleading at least of a factor 1/N2. Then in this limit the theory becomes simpler,
described only by planar graphs (¢ = 0) and so more easily computable.

For example, consider the free energy of the theory, which is defined as:

e = /DM e~ SIM], (2.1.10)
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where S[M] is the action. F contains the contribution of all connected vacuum diagrams of

the theory at every order. So we can expand it according to the genus of its diagrams:

F@

‘F: —_—
2g—-2°
g N=¢

(2.1.11)
where F@ is the contribution coming from all genus g connected diagrams, hence, it is
weighted with the factor 1/N2972. When N is sent to infinity, keeping A, fixed, only F©

survives, because only planar diagrams contribute to the theory, so the value of the free

energy is given only by few simple graphs.

(a) (b)

Figure 2.1.4. Two one loop connected diagrams of the ¢* matriz theory

All these discussions concern only vacuum diagrams. When considering graphs with
external legs, the correspondence with Riemann surfaces is still valid, but some complications
are introduced by the presence of the external lines.

Indeed, consider for example the two diagrams with two external legs of the ¢* matrix
theory shown in Figure In order to evaluate their contribution, we can note that both
graphs have the same number of propagators and vertices, but in (a) there is a closed line
(internal circle) which produces a factor N due to the saturation of the indices, whereas in
(b) there is none. Thus (b) is subleading with respect to (a) of a factor 1/N even if both of
them have sphere topology (vanishing genus) and so this fact completely disagrees with the
predictions of the topological analysis performed for vacuum diagrams.

This particular behavior can be understood considering the associated Riemann surfaces.
Indeed as long as dealing with vacuum diagrams, we can use the identification with geometric
figures and compute their weight factor through Euler’s formula , whereas, when there
are external legs, such identification is broken because of the presence of the latter. In order
to restore it we have to consider Riemann surfaces with boundariesﬂ where the external legs
will be attached. Thus a diagram with external legs is associated to a Riemann surface with
boundaries, such that, drawing the graph on the latter, every external line is attached to one
boundary. In such a way a diagram with external legs can be identified with a geometric

figure where such lines are thought as part of the associated boundaries, so we can use

4The boundary of a subset S of a topological space X is the set of points which can be approached both
from S and from the outside of S. For example a disk is of dimension 2 and its boundary is the 1-dimensional
circle.
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Euler’s formula where Euler’s characteristic generalizes to:
X=2—-2g—b, (2.1.12)

where b is the number of boundaries of the surface.

Since external lines are treated as part of boundaries, this identification holds true for
amputated diagrams, i.e. graphs where external legs are not propagators. Later, considering
the connected correlation functions, we will see that the analysis we are going to perform still
holds true for non-amputated diagrams, even though we have to include the contribution of
the propagators in the external lines.

Now we can study the behavior of the weight factor of diagrams with external legs
considering the general theory used in the case of vacuum diagrams. Recalling that ev-
ery propagator carries a factor 1/N® and the interaction term is that in , where
't Hooft couplings are , the contribution of a connected amputated diagram with r
external legs, V' vertices, P propagators and I closed lines, associated to a surface with

genus g and b boundaries, is:

N +
@  NI-aP ﬁo(Ale‘%+§“)Vp NP 0B T 2y

r; VPI p=3 p=3

Now, since there are r external legs, the relation (2.1.6)) between P and V is modified to:

+0o0 p r
P = -V,— = 2.1.14
];3 2 p 2’ ( )

because the r external legs are attached to r vertex lines, which do not have to be counted
as propagators in the sum. Therefore, as we did for vacuum diagrams, the contribution of
(2.1.13]) can be rearranged using (2.1.3)) with the generalized Euler characteristic (2.1.12)),

(2.1.5) and (2.1.14)). Thus the number of closed lines becomes:

+cop r
I1=2—-29g—b+P—-V=2—-29g—-b E ——1 - =

hence we have:

I-aP Pip g s
NI +Zp(1—5+§°‘)vp H )\Xp — N2-29-b+(a=1)3 H /\Xp.
p=3 p=3

The contribution of the diagram is then:

1 +o00 v
% ~ N29-2+b+(1-a) H Ap” s (2.1.15)
r; VPI p=3
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This shows that the weight factor of a diagram with external legs in a theory written through
't Hooft couplings not only depends on the genus of the diagram, but also on the number
of boundaries of the associated surface and on the number of the external legs. Unlike the
case of vacuum diagrams, here there is a dependence on the explicit definition of the action,
indeed depends on the explicit value of a. However the ratio of the contributions
of diagrams with the same number of external legs is general, indeed, if their genus is
respectively g; and g2 and the number of holes is b; and by, such ratio is 1/N 2(91—92)+(b1—b2)
whatever the explicit form of the action is. This result generalizes the one obtained for

vacuum graphs to all amputated diagrams.

:'"'l'_-n_'.f.-.' -7l

Figure 2.1.5. Connected diagrams associated to surfaces with respectively one and two
boundaries (dashed lines)

Before considering the case of non-amputated connected diagrams, it is important to bet-
ter understand the connection between the external legs and the boundaries of the associated
surface.

If we consider a diagram with all external legs attached to the same internal line, we have a
surface with one boundary because all the external lines can be attached to it (Figure
where the dashed box represents the boundary), so that the graph has b = 1.

If the external legs are attached to two different internal lines, the associated surface must
have two boundaries because the external lines cannot be attached to the same boundary
without cutting the graph (Figure . Hence the surface associated to a diagram has as
many boundaries as different internal lines containing external legs there are in the graph.

In such a way, both diagrams in Figure are graphs with null genus, but (a) is
associated to a sphere with one boundary, whereas (b) is associated to a sphere with two
boundaries. Therefore, using (2.1.15)), we have that (b) is subleading with respect to (a) of
a factor 1/N, which agrees with the prediction given above.

Let us consider now the connected correlation functions. They are described by non-
amputated connected diagrams, i.e. graphs where the external legs are propagators (hence-
forth we will refer to them just as connected diagrams). They have the same structure of the
associated amputated diagrams, except for the external propagators, each one producing an
extra factor 1/N®. Therefore the weight factor of a connected diagram with r external legs
can be computed using and multiplying it by 1/N", which is the contribution of

the external propagators. In such a way the ratio of the contributions of two connected
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diagrams with the same number of external legs and characterized respectively by (g1, b1)
and (ga, by) is still 1/N2(91-92)+(b1=b2),

For this reason the leading contribution to the r-point function comes from diagrams
with sphere topology and one boundary, i.e. with all external legs attached to the same
internal line. Hence such graphs are called planar diagrams, whereas all the other ones are
suppressed by powers of N and so they are called non-planar (included null genus graphs
with more than one boundary). For this reason, in the large N expansion, the correlation
functions receive contribution only from planar diagrams. For example the 2-point function

can be expanded as:
/e
<Mi1j1 (xl)Mizh (x2)>conn ~ @ T U T

In such a way the whole theory in the large N limit is described only by planar diagrams
(both vacuum graphs and diagrams with external legs), thus such regime is also called planar
limit.

In this section we have outlined the general features of the large N expansion of matrix
theories. For vacuum diagrams we have developed a very elegant proof of the dependence
of the weight factor on the genus. Then we have extended such argument to diagrams with
external legs.

In the next section we will apply these concepts to a single scalar matrix theory in
order to clarify them. First of all we will provide, through a redefinition of the field, a
particularly useful form of the action, then, focusing on vacuum diagrams, we will perform
explicit calculations in order to confirm the prediction coming from the topological
analysis. In the end, considering diagrams with external legs we will develop a very useful
formalism to describe correlation functions and the generating functional for both connected

and connected amputated diagrams.

2.2. Scalar matrix model

Consider a theory of a scalar N x N hermitian matrix M (z). Let us take the action:

. 1 T
S[M] = /ddm(2tr (OM)* = > gptr Mp>, (2.2.1)
p=3
where, for simplicity, we consider only single-trace non-derivative interactions.
Through this definition of the action the propagator does not carry any power of N, thus

it corresponds to o = 0. Hence 't Hooft couplings are defined as:

21

Ay = gpNE L, (2.2.2)
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so that S can be written as:
/dd ( tr (OM)* Z Ay N5 tr Mp) (2.2.3)
p=3
The free energy is:
Z :N/DM e SIM], (2.2.4)

where N is a normalization, which can be fixed requiring that Z| Ap=0 = 1, so:

-1
2

= (/DM e_;fddmtr(aMF) = (mdet D_l)_NTv

because we can write the exponent as tr (MOM) and perform a gaussian integral.
This being done, we can provide a very useful redefinition of the field, which actually is

the standard way of writing a theory which admits a consistent large N expansion:

P = ) 2.2.5
(@) = = (225)

so the action becomes:
S[® N/dd ( tr (0P)? E:)\ tr(I)p> = NS[®], (2.2.6)

where the new action S is defined carrying out of S the factor N. Thus the free energy is

now defined as:
e N = N/ch e NSI®], (2.2.7)

where the normalization N becomes:

_N2
mdet 01 2
N —_— <N> .

In such a way, because of the term N? ahead F, its topological expansion reads:
Fl)
g

thus the contribution to the free energy of a Feynman diagram of genus g now carries a
weight factor 1/N29.

This definition of the theory involves directly 't Hooft parameters A, and makes the
action S[®] independent of N. In this picture, given an arbitrary diagram, either vacuum or
with external legs, every vertex carries a factor IV, no matter what the number of external

legs it has is, every propagator carries 1/N and, as usual, every closed line produces a factor
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N, so this corresponds to a = 1. For this reason it is very simple to obtain the weight factor
counting its propagators, vertices and closed lines.

Moreover, within this definition, the large N expansion is straightforward because every
term in S does not change while sending N — +oo with A, kept fixed. For this reason
is the standard way of defining a theory which admits the large N limit.

2.2.1. Vacuum diagrams

In the first section of this chapter we have developed the topological analysis for Feynman
diagrams. At a certain point, considering some vacuum diagrams in Figure [2.1.2] we have
estimated the N-dependence of the ratio of diagrams with different topology and shown
that it agrees with the general predictions. Here we explicitly compute the single diagrams
and confirm the general analysis.

Consider the free energy F and focus only on the A4 vertex, which produces diagrams in

Figure
e VT = N/D(P e N Jdda(Ltr (99)2 s tr <1>4—~-~~~)7

where dots represent the other interaction terms we are not interested in. Expanding the

exponential in series of the couplings we can evaluate perturbative corrections to F:
e N = N/D<1> (1 + Ny /ddm tr &4 (z) + -+ O(Ai))e‘% Jux @), (2.2.9)

The correlation functions of the free theory are:

/D2 O(x) e~z Jr(@2)?

<O($)>0 fD‘I) 67% ftr(be)Q

= N/ch O(z) e~z Jir @2 (2.2.10)

where O is an arbitrary operator, thus (2.2.9)) can be written as:
e NF 14 N, /ddac (r®'(@)) +--+ OO, (2.2.11)
Now, recalling the method used in subsection we have that:

N 2
D & ——ftr(afb) o8
_ fDq) z](x) _kgy)e 2 . _ 5'Ll 6]k f(x,y)v (2212)
fD(I)e 2ftr(8fb) N

(@ij () Pri(y)),

where f is the ordinary Green function for a scalar field, which does not depend on N. In the
following we will only concentrate on the N-dependence and drop all space-time dependent

factors, including loop integrals.
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At this point we can compute the first order corrections to F using Wick’s theorem:

<t1‘ @4>0 = <(I)ijq)jkq)kl¢)li>0

= <(I)ijq)jk>0 <(I)qu)li>() + <(I)ij¢)kl>0 <(I>jkq)li>0 + <(I)ij(I)li>0 <q)jkq)kl>0 (2213)
1

1 1
= mdﬁc 055 it Oy + ﬁ&l Ok 0ji Opt + ﬁ‘sii 1 615 Ok,

where repeated indices are summed. In such a way, since d;; = N, the correlator reads:
Ny (trot) = At 2 2
2 (trd >O =5 S (Gin050ik0u + 6050530k + 0ii0000kk ) = Ma(N2 414 N?). (2.2.14)

Considering the diagrammatic representation, we can associate every term to its correspond-

ing graph. Starting from the vertex, we have:

N/
= N\ /ddx tr &4 (x), (2.2.15)
YA
k k

hence we can obtain the contribution of every term in (2.2.14]) connecting the external lines

of the vertex according to the contractions of the indices coming from the deltas. Thus we

have:
~ N (D) (D Pry) g = AN (2.2.16)

and:
N (@459 1) (PriPri)g = AN (2.2.17)
N (i Pri)g (P Py = M (2.2.18)

which means that the computation of the graphs produces the weight factor 1/N29~2 because

(2.2.16]) and (2.2.17)) are planar whereas (2.2.18) has genus 1.
Consider now further orders in the expansion (2.2.11)), such as the second order contri-

bution:
N2\2 / d' dly (o @ (x)ir @'(y))



38 2. The Large N Limit for Matriz Models

The computation of such terms produces the exponential series of ([2.2.14)), so that we have:

e N = exp (N4 /dda; <tr <I>4>0 +0). (2.2.19)

In such a way, since (2.2.14]) is composed by the three diagrams (2.2.16)), (2.2.17) and
(2.2.18]), they directly contribute to F:

f:—]i;;( + @ + +) ~A4(1+$+1+---). (2.2.20)

Hence, thanks to the definition (2.2.7) with the factor N2 in the exponential, these diagrams
actually give contribution to F with a weight factor 1/N29 instead of 1/N2972.

2.2.2. Correlation functions and diagrams with external legs

In the end of the first section of this chapter we have developed a topological analysis for
diagrams with external legs, obtaining that the ratio of the contributions of diagrams with
the same number of external lines depends only on the genus and the number of boundaries
of the associated surface.

In this part we perform explicit calculations within the scalar theory considered above
in order to confirm the general result of the topological analysis and, moreover, we develop
a very useful formalism to rewrite the generating functional in terms of invariant source
operators.

To do so, we study the connected correlation functions. Diagrammatically they are
described by diagrams where the external legs are propagators, thus their weight factor can
be computed using and multiplying it by 1/N", where r is the number of external
legs. Let us start considering the 2-point function:

Dq)q)l i\ ‘I>Z i \Y e_NS[(I)]
(Bus(0) i) = L2 P00 D) € (221

In this case, instead of directly computing the connected correlator, we consider the total
correlation function defined by ([2.2.21]), neglecting the disconnected contributions. In such

a way we can use the perturbative method expanding in series the exponential, so that:

<(I)i1j1 (x) (I)i2j2 (y)> = <(I)i1j1 (x) (I)i2j2 (y)>0

+NA /ddz <<I)i1j1 (z) ®iyjy (y) tr (1)4(2)>0 e (2.2.22)

where, for simplicity, we focus only on the A4 vertex.

The correlator (®;,j, ®i,j, tr <I>4>0 represents the first order correction and can be com-
puted using Wick’s theorem. Dropping contributions dependent on space-time degrees of
freedom and loop integrals, as we did in , we can focus only on the N-dependence,
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so that we have:

<(I)i1j1 (I)izjz tr @4> <(I)z1]1 (I)zzqu)abq)bcq)cdq)da>0

= (Piy s Pab) g (Pinja Poc) g (PeaPda)y + (Pirsy Pab)g (Pinga Ped) g (PocPaa)g + -+

(2.2.23)

Neglecting contributions coming from disconnected diagrams, the remaining terms can be

absorbed in only two contributions:

1 i S
(Pisjs Pab) (Pizso Poe)o (Ped®Pda)o = 773%i16951a0%2¢0j200caddd = % (2.2.24)
1 Si Sis
(@i Pab) g (Pinjo Ped) (PocPda)g = ~750i16071a0i2d0j2cO00a0cd = — o 2. (2.2.25)
N3 N3

Considering their diagrammatic representation we have:

? ) 0i1 0 0ini
i1 Q J2 ~ NA4 (P, (I)ab>0 (Pisjo (I)b6>0 <<I)cdq)da>o = )\4% (2.2.26)

J1 19

i1 iy 51131 Oin
. ; ~ NAL (i Pab) g (Pinjo Ped) g (PoePda)y = )\4%- (2.2.27)
J1 2

Unlike diagrams in Figure these are non-amputated graphs, thus their contribution

takes into account the presence of the external propagators. Anyway, according to the
topological analysis, (2.2.27)) is subleading with respect to (2.2.26|) by a factor 1/N.

Because of the invariance under cyclic permutations, these terms represent the only two
possible inequivalent contractions of the indices of the external lines. Hence, regrouping all

equivalent terms, we obtain:

N [ (1, (0) i) 0 8) ) =

2.2.28
! > _|_4 {) ~ 8)\ 7«132 7«2]1 +4)\ 6113157«2]2, ( )

Since ([2.2.26]) and ([2.2.27]) represent the only two inequivalent contractions of indices in the

2-point function, all further order terms must be proportional to one of them. Hence we

can write the connected 2-point function as:

N2 81 s Oin 8511 Oin
o (®i1j1 Pinjn)eonn = £ (0, 1)% + f(2,0)$, (2.2.29)
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where f(0,1) is the contribution of all diagrams of all orders corresponding to the contrac-
tion 0;,j,0i,j,, whereas f(2,0) comes from all diagrams with d;,,0s,5,. The term 1/2! is
conventional, whereas the power of N multiplying every term in is exactly the con-
tribution to the weight factor coming from the boundaries 1/N?. Thus, since the contraction
of £(0,1) corresponds to graphs with one boundary, it has 1/N, whereas f(2,0) has 1/N?
because it corresponds to diagrams with two boundaries. Moreover, the factor N? ahead the
2-point function in the Lh.s. of is the contribution to the weight factor coming from
the external propagators, thus in general it is N” for the r-point function. Through this
definition, being the contribution of the boundaries and the external legs inserted explicitly
in the expansion of the correlation function, the amplitudes f(0,1) and f(2,0) contain the
contribution to the weight factor coming only from the genus of their diagrams.

The notation f(v1,v2) introduced above develops a useful graphical method to build the
diagrams composing it. Indeed the first entry in the argument of f, i.e. vy, is the number
of internal lines with one external leg attached to them, whereas the second entry, vs, is
the number of internal lines with two external legs attached to them. Hence f(vy,12) is
the contribution of all diagrams with v; + 25 external legs, composed by vy lines with
one external leg and vy lines with two external legs. Thus every diagram in f(vq,v) is
associated to a surface with b = v + vo boundaries and so such term is multiplied by the
factor 1/N"1*"2. For example in (2.2.29) we have:

@ _ Q G (2.2.30)
o @

0 =0 -

(2.2.31)

This notation is defined so that the contraction structure of every diagram in f(0, 1), as well
as of each one in f(2,0), is the same. Indeed every graph in has the same number
of internal lines with the same number of external legs, as well as every diagram in .

The generalization of this formalism to the case of the connected r-point function is
straightforward. Indeed in such function there are as many different terms as the number of
all inequivalent contractions of the external leg indices among themselves. Thus, since the
contraction structure depends on how many external legs are attached to a single closed line
and how many of these lines are there in the graph, we can generalize f(0,1) and f(2,0) to

a function f({vx}), where {v4} is a sequence of natural numbers such that:
> kyp=r, (2.2.32)
k

which is the constraint imposing the number of external legs to be equal to r. In such a way

vy, is the number of closed lines with k external legs attached to them, thus f({v4}) is the
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contribution of all connected diagrams with r external legs with contraction structure {vy}.

Solving the constraint, we can find the number of inequivalent ways of contracting ex-
ternal indices, namely the number of different values of f({vx}). Each one of these values
is multiplied by its associated contraction term (the product of deltas) and by the fac-
tor 1/N*=Xx¥k corresponding to the number of boundaries of such structure. For example

consider the connected 3-point function:

(Piyjy (1) Pingip (72) Pigjs (23)) e - (2.2.33)

In order to expand it in terms of f({vx}) we have to solve the constraint (2.2.32]) with

r = 3. There are three solutions: (v; = 0,15 = 0,v3 = 1), (1n = L,y = 1,3 = 0) and

(v1 = 3,12 = 0,3 = 0). Thus we have:

£(0,0,1) = {j\[ ~ % (2.2.34a)

fa,L0= =) @ ~ 5”25]\2[# (2.2.34b)
8y OinjaOin
8,00= O ) L) ~ e (2.2.34c¢)

Hence ([2.2.34a)) is weighted with 1/N because its external legs are attached to the same
internal line, so b = 1, (2.2.34b]) has 1/N? because it has b = 2 whereas ([2.2.34d) is multiplied

by 1/N? because it has b = 3. Hence, considering only the matrix structure of the theory,

the 3-point function can be written as:

? <q>i1j1q)i2j2q)i3j3>conn = f(3’ 07 0)%
+r(,1,0) 2082000 g o 1)0i20idii (9 9 35)

N2 N

This formalism is important because, as already said, it separates the contribution to the
weight factor of boundaries and external legs from that of the genus, which is contained in

f({vk}). Thus, considering the general case of the r-point function, we have:

NT (contractions of structure {vy})
7‘ <(P711_]1 e (PiT‘j’r>conn = Z f({]/k}) Nzkyk * (2'2'36)

T
{vi}
Srkvp=r

Now f({vr}) contains the contribution of every diagram of structure {vy}, therefore it is
associated to graphs of every genus. The contribution of boundaries to the weight factor of

such diagrams being represented by the factor 1/N>"k outside f({vt}), we can expand the
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latter through the genus of its diagrams. Thus we have the expansion:

Flmy) = 30 Lo th) (22.37)
g

where f@({v}) is the contribution of diagrams with structure {v4} and genus g. In such
a way, reconstructing the total power of N of every diagram of genus g and structure {vy}
(i.e. with b = >, v boundaries) in the 7-point function, we have 1/N2972+Y*" which is
exactly the result one expects from the topological analysis (we are working with o = 1 and
r external propagators, thus each one carries a factor 1/N). From this we can explicitly see
that only planar diagrams give a finite contribution to the correlation functions in the large
N limit.

This formalism is then very useful to determine the behavior of the generating functional
in the planar limit. Thus, consider the generating functional of connected diagrams of the

scalar theory:
N _ /D P ¢~ N (S0)-[diatr J@)b(a) (2.2.38)

which is defined from the free energy ([2.2.7)) introducing the external source J(z), which is
a N x N hermitian matrix like ®. The connected correlation functions can be computed by

the relation:

0" F[J]
0Jiyjy (21) -+ 0S5, (1)

: (2.2.39)
J=0

<¢)i1j1 (1‘1) T q)irjr (xr)>conn = _N2—7”

where §/6.J;; is the functional derivative with respect to the matrix field J. Now, expanding

F[J] in a formal Taylor series, we have:

o F[J]
0Jirgy (x1) -+ 0S5, 5, (1)

+ool y p
f[J]:f[OHTZlT!/d o - da,

J=0
X Jiyj (1) --- Jirj,,(l'r), (2.2.40)

where repeated indices are summed. F[0] represents the free energy F defined by ,
which, as already studied, contains the contribution of all vacuum diagrams of the theory.
Since we have already described the expansion of F through the genus , here we focus
on the series of functional derivatives, which describes the contribution of the diagrams with

external legs.

Using ([2.2.39)) we can write:

AN d
FlI=F - [t dian @ @) @i @) o

X Jij (@) - Jipg (2r),  (2.2.41)
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where, dropping again the space-time degrees of freedom (dof’s), we can replace the correlator

(Piyjy - Pirjy) conn With its form in terms of f({vy}), so that the generating functional reads:

(contractions of structure {v})
=F+ Z Z f {Vk} N Jivjr o Jivje
=t {we}
Zkkuk T
contractions of structure {v}})

LU
{vk} Nk

For simplicity we can absorb the factor 1/N? into the definition of f({v}}), so that its

expansion becomes:

fud) => W (2.2.43)

At this point, the product of the contraction terms with the source tensor .J; “Jije

produces a scalar term depending on J. Its exact form can be understood considering that

1"

in a diagram of structure {1y} there are vy, lines with k external legs producing the saturation

of the indices attached to them, such as:

| T i ~ BiinBiggy  Oipjp1- (2.2.44)

Hence the product of this term with the source tensor gives the trace operator tr J*¥. There-
fore the whole contraction term of structure {1} produces the operator: [],, (tr J*)"*. More-
over, since every contraction term of such structure is weighted with a factor 1/N>+"k we

have:
1

ke tr JF\VE
Nrvn 1;[(“"‘] ) _H< N

k

Therefore the whole generating functional can be written as:

r kN Yk
f[J]szer({uk})H(t];,] ) : (2.2.45)

{vi} k

Reintroducing the space-time dof’s we can express it in momentum space:

=7+ S [ TL a0t 3 ek )smdsnts)

{v} " kjir,Jr kyig,Jk
st (J(ppt) - T (%)

< [T I ~ , (2.2.46)

k =1

where p”’“.) is the momentum of the j,-th external leg (jp = 1, - , k) attached to the ix-th
ky]k

line with & external legs (i, = 1,--- , ) and to the ix-th boundary, whereas f({vy};p} ’;L)

the amplitude of diagrams with structure {1}, which depends on their external momenta.
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The operators tr J* are trace operators, hence they are not invariant as N varies. Indeed,
since the trace of a N x N matrix is the sum of the N diagonal entries, we have that
tr (N x N matrix) ~ N. For this reason it is worth introducing invariant operators defined
by:

tr () I (1)

~ (2.2.47)

jk(ph o 7pk) =

which is of order O(N°? = 1). They are called source operators so that the structure of the

generating functional is:

~F 4+ 3 s L (2249
{vi}

Hence (2.2.46[) becomes:

=7+ 3 [T a0t 3 ) f(mdini)

{ve} " Kyik,dk kiz,dk

Vg
k =1

This is the structure of the generating functional in terms of the amplitudes f({vy}; pk jk)
and of the invariant source operators. Hence, since these amplitudes can be expanded

through the genus as in ([2.2.43]) and recalling that the free energy has a similar expansion:

Flo)
F=> T (2.2.50)
g

we can see that the whole generating functional can be written as:

Fl=> f;;[gj]. (2.2.51)
g

where F@[J] is the contribution coming from all diagrams of genus g, thus it reads:

Fo=F0+ ¥ [T abs, o X o )5 ki)

{v} " Kikdk kyik,Jk

Vi
< I I aeeis - pi). (2252
k ip=1

This proves that the generating functional receives contribution from all diagrams with
sphere topology in the large N limit. So it contains also non-planar contributions, because
in its expansion the only important topological property is the genus. This is due to the fact
that the operators ji, which contain the contribution of boundaries to the weight factor, are

invariant in the large N expansion.
Anyway, when taking the derivatives with respect to J;; of F[J] in order to compute

correlation functions, the powers of N contained in the source operators explicitly appear
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again, so that all the non-planar amplitudes are suppressed with respect to the planar ones.
The application of this formalism to the generator of connected and amputated diagrams
is straightforward. This will be important in the next section for the computation of the

Wilsonian action of the theory and of its evolution along the RG flow.

2.3. Wilsonian action and RG flow

In this section we apply WRG to the scalar matrix theory considered in the previous section.
In particular we study the RG equation in the large N expansion, noting that a closed RG
flow still exists in this limit, as shown by Becchi, Giusto and Imbimbo in [16].

Let us consider the action defined in , which is now treated as the bare action.
Hence we have to introduce the UV cut-off into the propagator and we do so introducing

the scale tg :== Ay 2 so that the kinetic term becomes:

1/ddxtr (0®)[2 :—1/dda:tr(q> 0, @) :1/ddkP1(k:)tr<I>k<I> e (231)
2 to 2 to 9 (27_‘_)[1 to —k> 0.

where O], is the d’Alembert operator with a cut-off o, explicitly defined in momentum

space by:

K (tok?)
kK2

which is the propagator with cut-off tp, where the function K is the same defined for (1.1.3)).

Through this definition the bare action becomes:

Py (k) = (2.3.2)

d
Sol®] = 5 /(;ZW]; P (k) tr @@y, — Sin[@], (2.3.3)

where:

S @] / dda:Z)\ tr ®P (z (2.3.4)

is the bare interaction term, so that the whole action is single—traceﬂ
Proceeding along the RG flow, Sy is replaced by an effective action S; defined at the

scale t := A2 < t;, whose interaction term is the Wilsonian action:
ddk
2 / tI‘ PLD_; — NHt[ ] (235)

where P; is the propagator with cut-off ¢ and H; is the Wilsonian action. Since H; is also

the generator of connected amputated diagrams of the bare theory with double cut-off, we

5 An operator is called single-trace if it is proportional to a trace of some product of fields. Hence a single-
trace coupling is the parameter associated to a single-trace operator and a functional is called single-trace if
it is made of single-trace operators.
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can consider the functional:

(0)
e~ N?Fiol7] _—./\/'/Dq)e ( f(2 ;Cdpto tr @@ =S 9] f( )dter<I> )
(2.3.6)

=N / DP ¢ 5[],

which is the generator of connected diagrams with double cut-off, where J is the source and
Pfo is the propagator with double cut-off, defined in the same way as (1.2.16)). Moreover

the normalization term N is: ,

mdet PO\ "=
V= (55

Defining ¢, := P{°(k).Jr we can recall the connection between Wilsonian action and gener-
ating functional ((1.2.24)), so that:

d
Hilo] = —Fop [P0 o) — [ LK pto=t gy (2.3.7)
t|Pp tito £ ¢t ® IN (27T)d t rYrP—k- -9,

Taking the derivative with respect to ¢ of this equation we have:

Ly 1 d% 9P (k)

_ to~ v A%
at/Ht[SO] - 875]:75,% [Pt IN ( 7T)d Ptto (k‘)

tr Y _k. (2.3.8)

Computing the derivatives of F;;, and writing them in terms of #; using (2.3.7), one
can obtain the RG equation for the Wilsonian action. Therefore we can start doing so
considering:

DD O(k) ¢S5 [®:4]

i 2.3.9
/Do e 5 [2.¢] ( )

(O(k)), =

which is a sort of correlator where the source ¢ is not switched off. In such a way we have:

1L oN 1 [ d%k 8tPf°

Wt = NN TN | @nyt pi?

(tr @ P_y),

2.3.10
/ddk aPEO (tror®_y).,. ( )
N T k

Now we have to evaluate every single piece of the second member of the last equation. Let

us start from the first one:

M :N18t<

2
7 det P} > -7 N2 9, det P[0 N2
N

= T = — -0y log(det Y 2.3.11
N 2 det PP Orlog(det 17?), (23.11)

thus det Ptt0 is a functional determinant whose derivative can be computed using a property

which connects it to the functional trace:

det P/° = exp(Tr log P}°),
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where the functional trace is represented by the symbol Tr to distinguish it from the ordinary

matrix trace tr. In such a way:

dk 9,Pf (k)
9, log(det P°) = 8, Tr (log Pl :/ St 2.3.12
t Og( € t ) t T(Og t ) (27.[_)d Ptto(k') ( )
ths: ON dk O.P°(k )
1 t tP
- 2/ b (2.3.13)

Considering the other two terms in (2.3.8) and taking the derivatives with respect to ¢y of

_Ar2
e~ Nt we can show that:

52}—tt 2 5~/Ttt 5}—tt
tr p®_p) = — PP (k)tr ——lo 4 N2 Plo® (ke S blo Ot
(trpp®_p), = —NP(k)trp 0wty
kP—k) + o
At this point, inserting these results in (2.3.8]), we have:
1 [o,P° 52
@’Ht:—*/ ttt ——/@Ptot ftto
2 B 0Pk 0Pk (2.3.14)
N 0 F i 0F 14 WP 6F, 1 [OP .
— [9,Plot o ~2 blo tr o 4 t
/ et dor 6ok * pjo B 0Pk ToN Pto oYk
Using (2.3.7) we can rewrite the derivatives of F, in terms of those of H;:
5]'} to 6Ht 1 to—1
Pt O plo~ (k) 2.3.1
thus:
52 52 1 6P (k)p_
Fito _ _ 0H 1B (K)o (2.3.16)
dpr 0ok dppdpr N dpg
0Ftty 0Ftt, OHi 0Hy 1 (57—& OH+ ) "
: = = —plo —PO _ 2.3.17
so ([2.3.14)) becomes:
OH, = /atpto 1 /a plog M
b plo 2N B 0k 0o _k
5P §Hy OH,  [OP  §H,
—— [0, P[°tr / Plotr Lt
+2N2 /815 t 580 k O t s k530_k + Ptto I'Sok(ssok
_ /@Ptto o M 1 3tPtt°
tr ppp—k Ptto Pk Son 2N Pt T ppp -

In such a way the terms proportional to tro? and tr cp% cancels out, whereas the field

independent terms proportional to [9;Pf°/P[° can be reabsorbed and neglected as we did



48 2. The Large N Limit for Matriz Models

in (1.2.10). Hence we have:

ik 1 52, N M, 6H,
- Pho(k pr—o Tt N 0 2.3.1
Oty /(2 ) K ){QN Sonopn 2 G dp i)’ (23.18)

which is the WPE for the scalar matrix theory with UV cut-off ¢y, indeed it has the same
structure of the equation we have found in chapter

Since we are interested in the large N limit of the theory, we realize that the term
proportional to the second derivative of H; in is subleading with respect to the other

one. Thus one may expect that in such limit only the term proportional to (557;[;) survives.

This is not true because the second derivative term actually produces some contribution of
the same order as the leading term. This is due to the fact that the equation is written
in terms of the matrices ¢, which are not invariant when N increases. Thus, in order
to analyze what happens to in the large N expansion, we have to use invariant

operators defined as:

Ym(pla"' apm) = N

Hence we can rewrite the functional derivatives of H; using the chain rule:

In such a way the matrix structure is in the factor ‘%}”, which reads:
5Ym(p17 T apm) o 75“ (‘ppl t (Ppm)
1) N 0
ok | ok (2.3.21)
N Z 27T déd k— pZ)SOPH-l CPpmPpr  Ppica-

=1

Thus, redefining integration momenta in a suitable way, we can perform the sum over ¢ so

that we have:

ddpl d pm 1%p1 " Ppm—1 5Ht
e a . 2.3.22
Z / )d N 5Ym(k1p17 7pm—1) ( )
Using this relation we can rewrite the first and the second terms in (2.3.18)):
OHy OHe Y m / ddm A1 dlqr dgn
I‘ —_— ... ..
Spr 0ot A @2m)d (2m)d (2m)
% t (Opy * Ppp 1P " Pan_1) OHy OH;

N2 5Ym(/€,pa) 5Yn(_kaQ,3)’
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and:
2 d
Ot Y m /dmm pmldQI“‘dandl
Opdp—r  f 2m)? (2m)®  (2m)
% (901)1 PP Spqn71) 52Ht
N? 0Yom (k. pa) 0Yn(—k, q3)
ddpl d pm 11 5()0]71 PPt (YHt
+Z / T (2n)d Ntr( dp_k )5Ym(k,pa)’

where, in the argument of Y,,, in the derivatives of H;, p, and gg represent respectively the

dependence on pi1,--- ,pm—1 and q1, -+ ,gn—1. Moreover:
—1
5()0p1..-(,0pm—1_7n2(2 dé‘dk It )
(SQO—k = m)“6%(k + p;)tr (¢p1 Ppi1)Ppiy1 Ppm—17
- i=1

which allows us to replace the traces with the operators Y;,:

N, oM OHy —fZ /dP1 O N T/
2" o oo 25+ Gt emt et
OH OH:
Ym n— oy ’ 2323
R e s b TG
and:
1 P ] Zmn/ddpl A dlq dge
2N~ Sppdp_p  2N%2 2~ (2m)? @m® @2m (@2
52H, 1) dp, "1
. ..
X m—+n 2(pa’qﬁ)5Ym(k7pOé) 6Y( k qﬁ 2; =1 / d (Zﬂ)d
OH
x (2m)%6%(k + pi)Yic1(p1y -+ s ic1) Yin—ic1 (Dig1, - ’pm_l)m' (2324

This form makes clear that the term proportional to % is suppressed with respect to

(2.3.23)), whereas the last term in (2.3.24)) is of the same order. For this reason, in the large
N expansion, the RG equation ([2.3.18]) becomes:

1 d% g dip,  dipy 1 dlq  dlg, .
OHy = 3 /Watpt (k) L;Lmn/@ﬂ_)d T @ @

My M, D (S
X Von2(Peo 08) gy S S S ; 2 m/(%)d (2m)?
dgd dad
x (2m)0% (k + pi)Yi1(p1, -+ s pie1) Yom—io1(Dig1, - - ’pm*l)m - (2329)

This is the RG equation of H; in the planar limit. It is a Hamilton-Jacobi type equation

which describes a system with a t-dependent “hamiltonian” of the sources Y.
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This equation produces a closed RG flow in the large N limit which differs from the ordi-
nary one. Indeed, though the first term in ([2.3.25|) is exactly the classical term proportional

to (M)2 already present in the ordinary equation ([2.3.18]), the second term, proportional

dp
to ggf;, is a quantum loop term completely different from that, proportional to ‘562;{;, in

the ordinary WPE. The presence of the latter term is the crucial point, because it leads to
the creation of multi-trace termsﬁ in H; associated to non-planar amplitudes with sphere

topology.

Figure 2.3.1. The planar RG equation applied to the contribution to H: coming from a
planar diagram

Considering a diagrammatic argument, we can show that actually contains con-
tributions coming from non-planar diagrams. Since H; is the generator of connected ampu-
tated diagrams with double cut-off, we can describe its evolution considering the action of
the derivative with respect to ¢ on graphs composing it. The effect of the application of 0;
on these graphs is that one internal propagator PttO is cut forming two new external legs,
later connected by its derivative 8tPtt° = Ptto. Therefore, according to the positions of the
cut propagator inside a diagram, there are different possible situations. Let us show this
fact through the example of the planar diagram in Figure Here the derivative 0; can
cut one of the three internal propagators, producing two different diagrams. The first graph
in the r.h.s. of such figure represents the situation where d; cuts the upper or, equivalently,
the lower propagator. In such a way all the external legs, both the new ones and the original
ones, are attached to the same line, thus the diagram is planar. The second graph in the
r.h.s. of Figure 2.3.1] represents the situation where 9; cuts the middle propagator, therefore
the new external legs are attached to a line which is different from that of the original one
and so the diagram is non-planar. This shows that the evolution of H; in the planar limit is
influenced also by non-planar diagrams. Moreover, since every line inside a graph produces
the trace of as many sources as external legs attached to it, these non-planar amplitudes
are proportional to multi-trace terms and the presence of them in the planar RG equation
means that multi-trace interactions are produced in H;.

This fact is possible only because we have written the theory in a very suitable way, using

invariant composite operators Y;,. By this definition the weight 1/N of every internal line

5A multi-trace term is an operator proportional to a product of different traces of products of fields.
Thus a term like O ~ tr ¢Ptr ¢? is called double-trace operator because it is the product of two traces. The
couplings associated to such terms are called multi-trace couplings.
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containing external legs, i.e. of every trace, is absorbed into Y;,, so that the contribution
of every diagram depends only on the genus. For this reason both planar and non-planar
diagrams with the same genus produce contributions of the same order to . Therefore
the evolution of H; along the RG flow in the large N limit is influenced by all diagrams
with sphere topology, both planar and non-planar. In particular, non-planar amplitudes
are responsible for the creation of multi-trace interactions, even though starting only from
single-trace terms.

These facts can be remarked also using functional methods. Indeed, since H; is connected
to the generator of connected diagrams F;;, by , we can expand H; through the

amplitudes of its diagrams:

Hilgl= 3 [ T1 i o"( 3 oty ki)

{vk} " KiK.k kyik,Jk

<[] H Ys pgk;,... p 1‘5;), (2.3.26)

k =1

where hy ({vg}; p( ’“)) is the amplitude of all connected amputated diagrams with structure

(k) . Therefore, such amplitudes are defined in the same way as the

{vx} and momenta p;’
amplitudes f ({Vk};pi) of the functional F;4,[J], thus they contain only the contribution

coming from the genus of their diagram and so they can be expanded as:

he? ({vi}; pi)

he({veips) =0 =z (2.3.27)
so that: 7-[(9>[ |
Hilel =D =, (2.3.28)
g

where Hff’) is the contribution of all diagrams of genus g, thus it reads:

#lel= 3 [ TL i, o'( 32 ol ot (ndin)

{vk} " Kk kyik,Jk

Vi
(ig) (i)
< TT II Ye(is - pi%). (2.3.29)
k ip=1

This shows that the planar generator ’Hfto) receives contribution from all diagrams with sphere
topology, both planar and non-planar, exactly as the generator of connected diagrams F .

In conclusion we have seen that the RG flow of a d-dimensional matrix theory with UV
cut-off is described in the large N limit by a Hamilton-Jacobi equation , which differs
from the ordinary WPE in the quantum term. This equation generates a closed RG flow,
which involves both planar and non-planar diagrams with sphere topology and along which

multi-trace interactions are produced in the Wilsonian action, even though starting from a
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single-trace bare action.

This result is important because it can be connected to the RG equations of the gravity
dual in the AdSy1 space obtained from holography. Therefore in the next chapter we will
develop the AdS/CFT correspondence, arising from the holographic conjecture, in order to
describe the holographic Wilsonian renormalization. The latter enables us to obtain RG

equations in AdS space and to translate them into the QFT-side of the correspondence.
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The AdS/CFT Correspondence

Gauge/Gravity duality is one of the most important results coming from sting theory in the
last twenty years and it describes a duality between theories with gravity and theories with-
out gravity. The AdS/CFT correspondence represents a specific case of such duality, which
concerns gravity theories in Anti-de Sitter space (AdS) and field theories with conformal
invariance.

The first explicit realization of AdS/CFT correspondence is the equivalence between type
IIB string theory (and also supergravity) defined on AdSs x S° and N' = 4 super Yang-
Mills theory in four dimensions, proposed by Maldacena in [I7]. Other works [I8|, [19] have
developed a general prescription which determines the duality between a gravity theory in
a d + 1-dimensional AdS space and a local conformal field theory (CFT) in d dimensions.

The AdS/CFT correspondence is related to an important physical idea on quantum grav-
ity: holography [20} 21]. This idea comes from the thermodynamics of black holes. Indeed
it has been shown that a black hole is a thermodynamic system where the temperature is re-
lated to the black body emission, whereas the entropy depends on the area A of the horizon
of the black hole through S = A/4G, where G is the gravitational constant. Since entropy
determines the number of degrees of freedom (d.o.f’s), the latter equation implies that in
a d + 1-dimensional gravity the number of d.o.f’s contained in a box depends on the area
of such box, i.e. on a d-dimensional object. Instead, in a local field theory the number of
degrees of freedom in a box depends on the volume. Therefore, since an area in d+ 1 dimen-
sions is the same as a volume in d dimensions, this means that a gravity theory has the same
number of degrees of freedom of a local field theory in one less dimension. This situation is
analogous to an hologram, which provides a 3D picture from the information stored in a 2D
image, thus this phenomenon is referred to as holography. The AdS/CFT correspondence
is a realization of holography since it equalize a theory of gravity in d + 1-dimensions to a

local field theory in d-dimensions.

93
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3.1. The Anti-de Sitter space

Before staring with the proper development of the AdS/CFT correspondence, let us focus
on the Anti-de Sitter space in general d 4+ 1 dimensions (AdSg41).
From the physical point of view AdS;11 is a maximally symmetric solution of the Einstein

equations in d + 1-dimensions with negative cosmological constant A. < 0:

1 A

Rinn — z9mnR = _igmnv (311)
2 2
where m,n =0,1,--- ,d. From this equation we have:
d+1 A

hence the maximally symmetric solution is represented by the Riemann tensor:

Ac

'Rmnpq = m(gmpgnq - gmqgnp)' (3.1.2)
This solution can be parametrized as the subspace of R24 with signature (—, —, +,+ -+ ,+),
determined by the quadratic equation:
d
- X2 - X5+ > X7 =-R?, (3.1.3)
i=0
with X_1 > 0 and:
R2— B
d(d—1)’

where R is the so-called AdS radius.
The equivalent maximally symmetric solution in Euclidean signature is the subspace of

R4+ solving the hyperboloid equation:

- X2, +X§+§:Xi2 = —R% (3.1.4)
i=0
Therefore we can easily pass from the Minkowskian to the Euclidean solution with a Wick
rotation: X — —iXy. This operation is very useful since one typically prefers to work in
Euclidean signature. Thus, henceforth we will work on the Euclidean version of AdS;; and
we will set R = 1 for simplicity.
The coordinates Xg, X1, -+, Xg—1 are usually represented as a vector X, so that the

Minsowskian metric of R»¥*1 induces a metric on AdSz,; of the form:

ds* = —dX?, + dX] + dX,dX", (3.1.5)
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where dX,dX* = 0"dX,dX,. Being X_; related to X4 and X, through , we can
parametrize the space by (X, Xg) € R 1. This space has a boundary which can be reached
sending X7 (with I = —1, 4, d) to infinity with the same rate, i.e. keeping fixed the ratios
X71/X, and identifying points according to the equivalence relation X; ~ s X, with s € R..
In such a way from for large X1 we have:

X2 = X3+ X, X"
Rescaling X7 with s =1/X_4, so that X_; ~ 1, we have:
X3+ X, Xt =1. (3.1.6)

This equation defines the boundary of AdS;11 and shows that such boundary has the topol-
ogy of a d-dimensional sphere S¢.

A suitable system of coordinates on AdS;y; can be defined by:

1 Xy

5 T, ==t 3.1.7
X 1+Xy X+ Xy ( )

where z > 0 is the so-called radial coordinate. Thus:

1 2 2

X 1 Xg= - Xg—X_4=-* Rl X;L:@,

z z z

where z2 = x 2t = o2t x”. Therefore the metric becomes:
dz? + dx, dzt
ds* = gmndz™d2™ = (dz ki ), (3.1.8)

22

where 2™ = (z, ") and gmn = 2~ 20mn. This is a very useful definition of coordinates because
the metric g.,,, is diagonal and it depends only on the radial coordinate z. Moreover, here
it is immediate to realize that AdS;y1 admits d-dimensional subspaces z = r € Ry which

are Euclidean slices orthogonal to the radial axis z with induced metric:

hy = % (3.1.9)
In these coordinates the boundary is parametrized by the points (z = 0, x), reached for X_,
X, and Xy going to infinity with the same rate and X_; # Xy, plus (2 = 400, ), which
corresponds to the case with X_; = X;. Therefore it corresponds to the d-dimensional
Fuclidean space plus the “point at infinity” z = —|—ooEL which means that it has the topology
of the sphere S¢.

!The proper “point at infinity” of this space is (z = 0,z = oo), but the isometry which maps
Izl 4y = ||as||;+11 shows that both (z = 0,z = o0) and (¢ = 400,z) are mapped to the same point
(z =0,z = 0), thus they can be identified.
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The metric (3.1.8)) is singular at z = 0, thus it cannot induce a metric on the boundary.
For this reason one has to consider a positive function f on AdSg;q such that f ~0 g(z),
Z—r

i.e. that has a first order zero on the boundary, and redefine the metric as:
ds? = f2ds>. (3.1.10)

This new metric for AdSy41 is finite at z = 0, thus it can induce a metric on the boundary.

The choice of the function f is non-unique because we can always take this transformation:
fr=ef,
with a smooth function w, that changes the metric:
d3® s e*"d3>.

This means that the metric d5? is defined up to conformal transformations parametrized
by the function w. Therefore the metric on AdS;y; defines a conformal structure on the

boundary.

Since AdS;,; is a subspace of RU4*1 defined through , its isometries are the
isometries of RM*! which form the group SO(1,d + 1). Moreover the latter is also the
conformal group of the boundary since it has the topology of the sphere S¢. The action of
SO(1,d+ 1) on AdSgy41 can be expressed in the basis (2, ;) through:

Z Az Ty = Az, A €eRy, (3.1.11)
which is a dilatation. Furthermore, the translations are given by:
Zr 2z Xy Ty +ay a, € R4 (3.1.12)
The subgroup SO(d) generates rotations:
Z 2z xy = Ny, (3.1.13)

with Ay, € SO(d), whereas the special conformal transformations are given by:

z z, — by (2% + 2?)
— Ty = 57 9 5
1—2b-2z+b2(22 + 2?) 1—2b- 2+ b2(22 + 22)

z (3.1.14)
with b, € R%.
In addition to these transformations we can extend the isometry group SO(1,d + 1)

including a transformation non-connected with the identity, called inversion:

z Ty
A Ty 55 -
2c+x

pe (3.1.15)
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In such a way, including the inversion, the isometry group becomes O(1,d+1). In this form
we can easily see that for z — 0 these transformations reduce to the conformal transforma-

tions on the boundary.

3.2. The definition of the correspondence

In the previous section we have studied the properties of the AdS space, now we explicitly
define the AdS/CFT correspondence following the method proposed by Witten in [19].

The duality determines the equivalence between a gravity theory (supergravity/string
theory) in d + 1-dimensional AdS spacd’] (bulk theory) and a local CFT in d-dimensions.
Its definition requires a map which relates quantities of the two theories and a prescription
which specifies the equivalence between them.

Therefore consider the action of the bulk theory Ss45[®], where the fields are collectively
denoted by ® = (¢, Ay, g, - - -). To have an AdSg;1 vacuum for Sygg let us assume that the
scalar potential has a negative minimum so that it creates a negative cosmological constant.
Now focus on the behavior of the theory near the AdS boundary at z = 0. Define a set of

boundary conditions for the fields which determines their behavior near the boundary:
D(z,x) ~ f(2)®Po(x), (3.2.1)

where f is a function of z which represents the profile of the field along the radial axis of
AdS441 whose form is determined by the solutions of the equation of motion for small z,
whereas @ is an arbitrary function of R¢ which represents the boundary value of ®.

The partition function of the theory is the functional integral defined with boundary

conditions (3.2.1]), thus it reads:
Z s = / DP ¢~ Has[®] (3.2.2)
B B

At this point, we define the map between the two theories stating that any field ¢ in the
bulk is associated to a conformal operator O of the dual CFT, such that it couples to &g
through the term [ ®,O. Therefore the prescription which defines the equivalence between

the two theories is:
<ef P00 = Zaas = / DP ¢~ Saas(®] (3.2.3)
CFT D~ fDg

which represents the identification of the bulk partition function with boundary state spec-
ified by ®¢ and the generating functional of the d-dimensional CFT, where the boundary

value ®g represents the source of the dual operator O.

2To be precise the vacuum of such theory should be AdSgy1 x M, with M some compact manifold. For
simplicity we will always neglect M and refer only to AdSg+1.
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Since the isometry group of AdS;.1 coincides with the conformal group of its d-dimensional
boundary, we can think of the dual CFT as “living” on the boundary of AdSy.1, so it will
be referred to as the boundary CFT.

Even though the precise map between bulk fields and boundary operators depends on the
explicit realizations of the duality, some general aspects can be understood using symmetries.
Indeed the source term [®oO must be invariant under conformal transformations, therefore
the O(1,d + 1) quantum number of O, such as the scaling dimension, have to be dependent
on the transformation properties of ®q. In particular, if ® is a scalar field, then the dual
operator O has to be a scalar operator, so that the source term is invariant. For the same
reason if ® is a vector or tensor field, then O is a vector or tensor operator. Moreover, let
us mention another important aspect related to symmetries: gauge symmetries in the bulk
corresponds to global symmetries in the boundary theory. This implies that bulk gauge fields
A® are dual to the conserved currents J, of the corresponding global symmetry. Particularly
important is the case of the conserved energy-momentum tensor in the boundary theory.
Indeed, being a symmetric rank 2 tensor, it corresponds to the metric tensor in the bulk
theory, implying that the latter is characterized by invariance under diffeomorphism. For
this reason the bulk theory is expected to be a gravity theory.

The equation represents a general prescription for the duality, defined without
specifying the complete form of bulk theory and local boundary CFT. However the de-
velopment of most properties of the correspondence is explicitly obtained in string theory,
considering the original duality between type IIB string theory compactified on AdS5 x S°
and N = 4 super Yang-Mills theory in four dimensions in [I7]. Indeed, the identification of

the partition functions of the two theories implies that their parameters are related by:

R 4
(z) — N, (3.2.4)

where, on the bulk-side, R is the AdS radius and I, is the string scale length which determines
the size of the fluctuations of the string world-sheet, whereas, on the CFT-side, gy is the
gauge coupling and N is the size of the gauge group, so that A = g%,MN represents the
't Hooft coupling of Yang-Mills theory. This relation shows some important aspects of the
duality. First of all the perturbative string regime, where the supergravity approximation
is comsistent, is reached when the string fluctuations are small compared to the radius R of
AdSgy1, thus for:

R 4
(z) = g%y N > 1. (3.2.5)

In such regime the 't Hooft coupling A is strong (large 't Hooft limit), so the boundary
CFT is not in perturbative regime. On the other hand, the request of A < 1 to reach the
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parturbative regime of the field theory implies that:

R

4
g uN = <l) <1 (3.2.6)

which means that the string fluctuation size is greater than R and so string theory is in
non-perturbative regime, where the supergravity approximation breaks down. These facts
make clear that the perturbative field theory regime and the perturbative gravity regime are
incompatible. This does not corresponds to some contradiction in the correspondence, but
represents the fact that the AdS/CFT is a strong-weak duality, which means that, when
one side is weakly coupled, the other one is strongly coupled and viceversa.

Moreover, another crucial aspect concerns the classical gravity limit. Indeed another
property of the duality is that the string coupling constant gs, which controls the loop
expansion in the bulk theory, is related to the gauge coupling of the boundary field theory
through g5 ~ g%,M. Therefore in the supergravity approximation regime (3.2.5) we have:

A= g3y N ~ gsN > 1. (3.2.7)

This means that, being the 't Hooft coupling A fixed by , taking the classical gravity
limit gs +— 0 necessarily implies that N — +4o00. Therefore the classical gravity regime of
the bulk theory is dual to the large N limit of the boundary field theory.

In such limit the bulk action is evaluated on the solutions of the supergravity equations
of motion (on-shell). Owing to the boundary conditions (3-2.1), these solutions ® behave
as © ~ f®o for z — 0. However, the e.o.m. is a second order equation, so it requires two
conditions to be solved. In addition to (3.2.1]), usually one imposes an additional regularity
condition at z = +o00. This is useful because it has been shown that such condition makes
sure that, given the boundary condition specified by ®q, the solution is unique and extends
over all the AdS space. This means that ® can be completely written in terms of ®y and so
the on-shell bulk action is a functional of ®y. In such a way the gravity partition function

in the classical limit reduces to:
ZAdS|cf> = ¢~ Sas[®o], (3.2.8)

Therefore the prescription (3.2.3)) reduces to a relation between the classical bulk theory
and the large N dual CFT:
(e 20O) = e~ Saslial, (3.2.9)

CFT
where the 1.h.s. represents the large N generating functional of the correlation functions of
the operator O of the boundary CF'T. This equation implies that the tree level bulk action is
identified with the generator of the dual field theory. Owing to this fact, we can use directly
Sadqs to compute the correlation functions of the operator O dual to the field ®. Indeed
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from (3.2.9) we have that:

B 6" Suas[Po]
5@0(1:1) ce 5@0(azn) dy=0 ’

<O(x1) T O<mn)>CFT = (3'2'10)
which means that we can evaluate holographically the large N CFT correlation functions
through the derivatives of the tree level bulk action with respect to the boundary value ®,
eventually setting ®o = 0 (holographic method).

The conformal invariance of the boundary field theory fixes the form of the 2- and 3-point

function of a conformal operator O of dimension A to:

Cc

(O(21)O0(22)) ¢ = (3.2.11a)

’l‘l . $2|2A
d

|21 — xo| 2y — 3]y — w3

(O(21)O(22)O(3)) (3.2.11b)

CFT —

Therefore, computing the correlation functions with the holographic relation (3.2.10]), one

must ultimately yield exactly this result.

3.3. Dynamics of a scalar field in the bulk

In this part we develop more concrete aspects of the AdS/CFT correspondence through the
study of the dynamics of fields in AdSg, 1.
Let us consider the simple example of a real massive scalar field ¢(z,x) in AdS441 with

action:

Sads @] = / dzdz\/g Bgm” i $On ¢ + %m%ﬁ +V(9)], (3.3.1)

where we neglect the back-reaction of the field on the metric and we fix g,,, to be the

AdSq41 metric [3:1.8), so that /g = v/det g = 27174

The equation of motion is:
(—O+m?)¢+V'(¢) =0, (3:3:2)

where:

06 = ;gamwggm" 6, (3.3.3)

which is the d + 1-dimensional d’Alembert operator (in Euclidean coordinates it reduces to
a Laplacian operator), whereas ¢"™" is the inverse of the metric, thus it reads ¢"" = 225,

In such a way, the e.o.m. can be written as:

2020+ (1 — d)20.¢ + 2°05¢ — m*¢ — V'(¢) = 0. (3.3.4)
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In order to determine the boundary value of ¢ we may restrict to the linearized (free)
equation of motion and treat the contributions coming from the interaction term V(¢) as
perturbations which do not affect the leading term of the solution for z — 0. Thus we have
to solve:
252 _ 292 4 24
22050 + (1 — d)20,¢ + 270,60 — m"¢ = 0, (3.3.5)

This equation can be solved using Bessel functions. However, when z + 0 the x-dependence
becomes negligible because the term 226Zd> is of order 2% whereas all the other terms are of
order 2% = 1. Hence near the boundary the solution behaves as ¢ ~ z2, where A satisfies
the quadratic equation:

A(A —d) —m? =0. (3.3.6)

The roots of this equation are:

d d?
Ai:§:|:1/, uzﬂz—i—mQ, (3.3.7)

so that the boundary behavior of the solution is of the type:
¢~ Az® 4+ Bz, (3.3.8)

with A and B imposed by initial conditions. Now, restricting to values of the mass such that
v is real we have that A_ < A, with A_ = A, = d/2 only for m? = —d?/4. Therefore the
boundary behavior of ¢ is dominated by the term scaling as 22~ so the boundary conditions

are specified by:
Pz,7) ~ 25" ¢o(a), (3.3.9)

z—0

where the arbitrary function ¢g(z) is the boundary value representing the source of the dual
operator O in the boundary CFT.
Imposing the regularity conditions at z = 400 the solution can be uniquely specified on

the whole AdSy41 by the boundary value. In such a way we can expand it as:

_ T =
oz, ) = 25~ (qﬁo(x) + Z z%(bzk(x)) + 28+ (A(x) + Z ZQkAQk(.Z')), (3.3.10)
k=1 k=0

where the functions ¢o can be recursively determined in terms of ¢y by the relation:

o — D020 (3.3.11)
K7 2k(d— 2A_ — 2k) "

whereas A and Ao, depend on the regularity conditions and can be computed only solving
exactly the equation of motion.
Turning back to the restriction of the mass values only on that which provide real solu-

tions of (3.3.6]), we note that such condition admits the possibility to have m? < 0. This
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implies the possibility to have tachyons in the AdS theory. At first sight this may be puz-
zling, in actual fact a theory in AdS space has more “freedom” on the definition of the
mass. More precisely, one can choose the mass such that m? < 0 without generating in-
stability because, as proved by [24], the boundary conditions force the kinetic term not to
be vanishing at infinity. This implies more loose stability conditions, which require that m?
is greater than some negative bound, instead of strictly non-negative. This is called the

Breitenlohner-Freedman bound, and reads:

R*m? > - (3.3.12)
where, for once, we have restored the AdS radius R. If m satisfies this condition the energy
is positive definite, hence the presence of tachyons has not to be worrisome.

This implies some important facts connected to whether the mass is positive, null or
negative. Indeed, if —d?/4 < m? < 0 we have A_ > 0, therefore ¢ vanishes at the boundary,
whereas, if m? = 0 we have the massless case, where A_ = 0 and so ¢ approaches to the
finite value ¢g at the boundary. In both cases the definition of the boundary value through
the linearized e.o.m. is justified and self-consistent, therefore the generating functional in
the Lh.s. of is well-defined.

If, however, m? > 0 we have A_ < 0, so ¢ diverges at the boundary. This means that
the boundary behavior of ¢ determined through the linearized e.o.m. is not self-consistent
and so we cannot build a well-defined generating functional unless we treat the boundary
value ¢q as infinitesimal.

Avoiding for now these issues, let us suppose the generating functional of connected
correlation functions of O to be determined in a consistent way. Thus the duality states

that it is equivalent to the partition function of the bulk theory:
(e J WOy = / D e Saasl?], (3.3.13)
CFT  Jgnz®~go

In this example we explicitly keep track of the standard normalization of the dual CFT
carrying out a factor N2, where N represents the matrix size of the boundary fields. The
operator O is dual to the bulk scalar field ¢, thus it is a scalar operator which have to be
of order O(N? = 1) so that the source term is of order O(N?). This means that O can
be written as the trace of a product of fields and derivatives of the fields in the boundary

theory with normalization:

(3.3.14)

On the other side of the duality we explicitly express the gravity coupling k=2 ~ 1/Gy;,
where Gy is the Newton’s gravitational constant. In string theory Gy is related to the
string coupling constant by G ~ g2. Therefore, since through the duality gs ~ 1/N, we

have that Gy ~ N~2. In such a way =2 ~ N2, which means that the bulk action is of
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the same order O(N?) of the action of the dual CFT. For this reason the classical gravity
limit-large N limit connection in the duality is reached by &2 — 0.

To avoid any confusion, henceforth we will use N2 for quantities of the boundary field
theory and k2 for quantities in the bulk.

Now the classical gravity duality implies that the on-shell bulk action is the generator
of connected correlation functions of O in the large N limit of the dual CFT, therefore we

have that:
(eV J WOY = e Shaslon] (3.3.15)

CFT

The definition of ¢ is arbitrary because it depends on the choice of the coordinate z.
Therefore, performing an isometry one could have a change of coordinates which modifies
¢o. Doing so, since the isometries of AdS;.1 are conformal transformations on the bound-
ary, we can obtain the transformation properties of ¢y under the conformal group. Hence
considering, for example, a dilatation , the bulk scalar field ¢ must be invariant un-
der such transformation, hence g(z’ ,2') = ¢(z,z). Therefore, using (3-3.9), the boundary

value transforms as:

do(z) = ¢p(') = A2 go(Ax), (3.3.16)

which means that ¢y has scaling dimension —A_, or mass dimension A_ (henceforth, the
mass dimension will be simply referred to as dimension). Therefore, if we consider the source

term [¢oO of the CFT, we have that the dimension of the dual operator O is:
d

This means that the mass of the bulk field determines the dimension of the dual operator in
the boundary CFT. Thus, adjusting the latter one can obtain an operator in the dual CFT

of the desired dimension.

3.3.1. Holographic renormalization

In the previous part of the chapter we have seen that a classical gravity theory (supergravity)
in AdS,.1 is equivalent to a local large N field theory on the d-dimensional boundary S¢
of AdS411. In particular the fundamental statement asserts that the tree level bulk
action is the generator of connected correlation functions of the boundary CFT in the
planar limit. However, the duality so defined is affected by divergences. Indeed there are
IR divergences in the on-shell bulk action because, due to the boundary behavior of the
fields, the z-integral diverges as z — 0. This fact makes the prescription a formal
identification between the two theories, unable to yield finite results.

Anyway, we can see that these divergences in the bulk can be related to UV divergences
in the dual field theory. This is due to the so-called IR/UV connection [23], which states
that the long distance (IR) regime of the bulk theory is connected to the short distance
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(UV) regime of the dual field theory. In particular, it has been shown in [23] that a IR
regulator paramenter € < 1 in the bulk, which shifts the boundary from z = 0 to z = ¢, acts
through the duality as a UV cut-off for the correlation functions of the boundary theory for
distances much greater than e.

Due to this fact we can identify the radial axis in AdSz11 with the length scale in the
boundary theory. This is supported by the fact that, taking a dilatation in AdSg.1,
we have that z — Az, i.e. the radial coordinate is rescaled by a factor A, whereas, since
represents also a conformal transformation on the boundary theory, in the QFT-
side the energy scale A is rescaled by A — A/\. Therefore we shall make the identification
of the radial coordinate z with the inverse of energy scale A of the boundary theory.

This is a very important aspect of the AdS/CFT correspondence because it implies that
the near-to-boundary region (z < 1) of the bulk theory corresponds to the UV regime of
the dual QFT, whereas the interior region (z > 1) of the bulk is connected to the IR regime
of the field theory.

In this subsection we will outline the procedure of holographic renormalization for the
massive scalar field in the bulk introduced above. Thus, first of all let us consider the on-
shell bulk action . Using integration by parts and the fact that ¢ satisfies the e.o.m.,

we can write it as:

1
/ dzdle { fgm”¢6n¢)+f< (¢ )—2¢v'<¢)>} (3.3.18)
Now, the first term can be rewritten as:
/ dzd’z (/39" $Ond) = / dzdz 8, (2116 30, 0)
= / dzde[0.(='~190.0) + 9,(=' 45" 60,0)]. (3.3.19)

where, since ¢ is set to vanish as x goes to infinity, the only surviving term is the derivative

with respect to z, which produces a boundary term:

z2=-400

5 [asdte o= 100.0) = 5 [ [atett90.0)| == [ate (=7 0.0]
(3.3.20)

because, thanks to the regularity condition imposed at z = +oo for the solution of the

z=0

e.0.m., only the term at z = 0 survive and, in particular, is divergent.

This fact is due to the behavior of the on-shell field approaching the boundary. Therefore,
we can think of introducing a regularization scheme defining a IR cut-off ¢y < 1 on the radial
axis, which shifts the boundary from z = 0 to z = ¢3. In such a way we have a regulated
boundary where, as long as we keep €y # 0, there are no divergences. Like in the standard
renormalization method for ordinary QFT, we can proceed evaluating quantities on the

boundary at z = ¢p and eventually send ¢y — 0.
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Owing to the regularization procedure, the boundary conditions of ¢ are now specified
by:
A_
p(eo0,x) = €5 do(z), (3.3.21)

and the action S is regularized to:

1
Sw="3 / dx (14600

[ adeglve) -] B3
z=¢€q 2>e0

The study of S, enables us to determine the divergent contributions and so to develop a
way to remove them. In order to do so we should insert in the first term of the
solution of the total e.o.m. (3.3.2]). Treating such solution in a perturbative way, we can
expand it as: 5 = 5(0) + 5(1) + .-+, where E“’ is the free solution, whereas the other terms
are perturbations coming from the potential. Such corrections acts modifying the terms of
the expansion (3.3.10)) of the free solution leaving the structure of the expansion unchanged.
Hence we can express ¢ through the same expansion , where the coefficients contains
the free contribution plus other perturbative corrections (for example A = A© + A® 4...).

Doing so the boundary term of S, can be expanded as:

(7100.0| =™ 00+ @ duk) (A-do+ (A +2K)eN o) +ddo A+ Oleo)
zZ=€0 A T
2A_—d = /
= Y (AL + 2K M pordop + dpoA + Oleo), (3.3.23)
k,k'=0

where O(¢p) includes non-pathological terms proportional to positive powers of €y, thus
vanishing as ¢y — 0. The divergent terms are those proportional to ¢orpor which satisfies
k+k < (d—2A_)/2 =v, hence we have:

Saiv = —%eSA—*d / d'z 3" (AL +2K) e dop o, (3.3.24)
E+k <v
which is the divergent part of the on-shell bulk action and is responsible for the “bad”
definition of the correspondence .

Let us remark that Sg;, is a local term. Thus, like standard renormalization in QFT,
which involves a procedure of regularization followed by the removal of infinities through
the definition of counterterms, we can define a local boundary term Sc . to be added to S,
which acts like a countertem, removing the divergent part Sgi, of the bulk action, so that

the renormalized action is defined as:
Sren = 610@0(360 + Ses.). (3.3.25)

To have a finite Sye, through this definition, the counterterm action S.( must cancels out

the divergent terms, therefore it has to be a boundary term which for € — 0 reduces on-shell
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to —Sgiv:
Se. = —Sdiv- (3.3.26)

eo—0
This condition of course leave some freedom in the choice of the boundary term, because
one can subtract some arbitrary finite term besides the divergent ones. This means that, as
in the standard renormalization case, there are different renormalization schemes which are
based on the finite contributions subtracted by the counterterm action. All that said, we
will not further investigate this argument and we will just give one choice for S. . without
dwelling on other possible subtraction schemes.

Let us now consider the case where v < 1, i.e. 2A_ — d < 2. Here the only divergent

term is the one corresponding to k = k’ = 0, thus:

Saiv = —%A,GSA*_CI /ddx P2 (x). (3.3.27)
To remove such divergent term the counterterm action must be such that:

Ser —s A (2A-—d / dz §B( (3.3.28)

There are many ways to define S. ;. satisfying such condition. Here we choose:

Ser = %A, / d'x (Vhe?(x)

: (3.3.29)

z=€0

where h,, is the induced metric on the flat d-dimensional slice of AdS;1 at z = €.
Evaluating ([3.3.29) on the solution ¢ we have:

S, = %A, / a2 53 (x) + 200(2) Alx) + O(c) ). (3.3.30)

thus it removes Sgiy plus a finite term proportional to ¢gA.
If v > 1, s0 2A_ — d > 2, there are other divergent terms to be removed. To do so we

have to include in S.t. other boundary terms. For example, consider the second divergent

term (k=1, k" =0and k=0, ¥ = 1) in the series (3.3.24)):
— (A 4 1)t /ddaz bods. (3.3.31)

The corresponding counterterm can be defined as:

A +1
1) _ d
Sci. = S(d—2A_ — ) /d v

, (3.3.32)
z=¢€g

where [J;, = h#¥9,0,. In such a way the counterterm action is Ser. = S + SU, where
S is the term in (3.3.29) defined for the previous divergent term.

At this point, defined a counterterm action which subtracts the divergent part of the

on-shell bulk action we can send ¢y — 0 and obtain the renormalized action S;ey.
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This is the holographic renormalization procedure, which provides a recipe to obtain
a finite on-shell bulk action. This method is very similar to standard renormalization of
UV divergences in ordinary QFT since it requires a regularization of the action and the
introduction of counterterms to subtract the divergences, which can be realized through
different renormalization schemes. The main difference is that the counterterm action S. ¢
introduced in the holographic renormalization is a boundary term which “modifies” the
theory, whereas in ordinary QFT counterterms are introduced through redefinition of the
fields. Moreover, in standard renormalization divergences appear at every loop order and
so in a infinite number of diagrams, thus renormalization is performed perturbatively order
by order, whereas in holographic renormalization divergences depends on the value of v,
i.e. on the mass of the bulk field, thus we can have just few divergent terms. For example,

2

in our case, if v = 0, so m? = —d?/4, there is no divergence coming from the boundary term

. Instead, if ¥ < 1 there is only one divergent term, which corresponds to ([3.3.29)),
whereas if v > 1 there are many other ones, such as . Hence, since v = 4/ % + m2,
adjusting the mass of ¢ in the bulk we can manage at will the structure of the divergent
part Sgiv. This means that also the structure of the boundary term S.: depends on the
mass m of the bulk fields.

At this point, the holographic renormalization method provides a consistent prescrip-
tion which identifies the renormalized bulk action Sye, to the generating functional of the

connected correlators of O of the large N dual field theory:

<eN2 I ¢00> = e Srenldo] — i e~ Seold0l—nSe[d0], (3.3.33)
CFT eo—0
In such a way the derivatives of Sion, with respect to ¢¢ reproduces holographically the
correct correlation functions of O, which have the form given in .
In particular, considering the first derivative of Sien, we can show an important fact: the
mode A going as z2+ in the solution ¢ represents the expectation value of the operator O

in the boundary theory.

Therefore, from (3.3.25)) we have:

6Sren BERT 5560 5Sc.t.
5go(x) eﬁlino(a%(x) + 5%(1;))- (3.3.34)

Let us start the computation with the derivative of Se,:

0S¢ vd s 08, do(<, ) 6Se,  00mop(Z, )
5¢0($)_/ dZdaj(&ng(z’,x’) So0(x) | soma(ea)  oo(x) )
_ ! gd, 0S¢, B 0S¢, 55(2’735’)
_ / 47 d%x [(M(Z,’x/) &"mma (Z,’x/)) = (3.3.35)

0Se, (55(2’,95’) — d 9Se, 6$(z,x’)
+8m(58m¢(z’,a:’) d¢o() ﬂ B /d ! (5@(}5(2,:17’) dgo()

z=€0
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thus:

| 1 / dz"d%" (2")' ¢ _0(@9)*
00.6(z,x") —o 2 80,9 (eg, z")

=61 0.0(27)| =6 A g0+ O(eo) + 6 (AL A+ O(en))), (3.3.36)

zZ=€o

z=¢€q

whereas, using (3.3.10) we have:

00(c0, ') _ A (51 i o) 4B (SAE)
) = (4 =)+ 0fe)) + 6 (G + O)) (3:3.37)
Therefore:
0% == dy! A(x’) ivergent terms
oty = AeAl) ~ A /d 6o(s') 50+ (divergent: torms) (3.3.38)

where we have dropped terms proportional to positive powers of ¢y because they vanish as
€o — 0.

Now consider the derivative of S... We compute it with S defined in plus all
the further terms necessary to remove the divergences in S, like S in . From the
computation we can see that the only non-divergent term in the derivative of S.; comes

from S°) , thus we have:

(SSCt _ 2= d 1 —2 ’
ks = 5 Jata! (Vg #ean|

LSt

5<Z>0( )

Ip(eo, @) OSLL.
dpo(x) 0o ()

:A_/ddx'eod¢(eo, ) YL (3.3.39)

Expressing ¢ through the expanded solution (3.3.10) we obtain:

5Sc.t.
(5¢0 (l‘)

JA(x)

+ (divergent terms), 3.3.40
() + (divers ) (3:3.40)

= A_A(z)+A_ / d%a o)

where the divergent terms are exactly the ones required to cancel the divergences of (|3.3.38)).

In such a way, we have that the derivative of Syey is finite and reads:

5Sren _ d / / {L’/)
Soue) = A = A [t o)

FA_A(z) + A / dz’ o () — (A — A)A(z), (3.3.41)

so that, since Ay — A_ = 2A, — d, we have:

(O(2)) 4, = 2A4 — d)A(), (3.3.42)
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which is the 1-point function of the operator O with ¢g switched on. This stresses a very
important fact: the expectation value of the operator O is determined by A(x).

In this subsection we have outlined the holographic renormalization method, which en-
ables us to obtain the correct correlation functions of the boundary CFT (see appendix
through the renormalized bulk action.

Anticipating the content of the next chapter, holographic renormalization is primarily
important for the study of the non-conformal regime of the dual field theory. Indeed, as
introduced in the beginning of the subsection, through the IR/UV connection it is possible
to interpret the IR infinities of the bulk theory as UV divergences of the dual field theory.
Hence the renormalization of the bulk action corresponds to the renormalization of the dual

field theory, where the boundary CFT represents a fixed point.
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CHAPTER 4

Asymptotic AdS/deformed CFT

correspondence

4.1. Introducing a deformation

In the previous chapter we have studied the standard AdS/CFT correspondence, considering
the duality between a bulk theory in AdSgy1, where fields are forced to reach some
boundary value specified by the boundary conditions, and a d-dimensional CFT on the
boundary of AdS;4+1. Every bulk field is associated to a boundary operator in the CFT
such that its boundary value is interpreted as the source of such operator. Moreover, the
classical limit of the tree level bulk theory is equivalent to the large IV limit of the boundary
CFT. However, the correspondence so defined is affected by IR divergences in the on-shell
bulk action due to the behavior of the bulk fields in the boundary, i.e. for z — 0. Therefore
we have presented a renormalization method (holographic renormalization) to remove such
divergences, so that the renormalized bulk action is able to yield finite results. In particular,
through the holographic method, the derivatives of the renormalized bulk action with respect
to the boundary values of the fields give the exact form of the correlation functions of the
dual operators imposed by the conformal invariance of the boundary theory.

This technology is applied to field theories with conformal invariance. The latter are not
realistic theories of particles because they do not show a running behavior of the couplings.
Indeed the RG equations of the couplings are trivial (8 = 0 for the generic coupling A) and
so there is no RG flow. Therefore, to be more realistic, we would develop the correspondence
for the case of non-conformal field theories. This is possible if we consider theories which,
in the UV, behave as deformations of some CFT. In such a way their action can be written
as:

I=Icer+ /ddaz 90, (4.1.1)
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where Iopr is the actionlﬂ of the original CFT and O is a conformal operator of dimension A
which produces a deformation term with coupling g. Such term breaks the conformal in-
variance inducing a running with the energy scale of the parameter g. Depending on the
dimension of O the behavior of the deformation changes. Indeed, if A < d, the deformation
is relevant and it grows stronger while going to the IR along the RG flow. On the contrary, if
A > d, the deformation is called irrelevant and it grows as the energy increases. Instead, if
A = d the deformation is called marginal and the action I is still conformal at classical level.
In the latter case the symmetry breakdown can occur only considering loop contributions
of order g? or higher. Depending on the anomalous dimension vo of O introduced by the
loop corrections, the marginal deformation could have very different behaviors. If y» < 0
it is marginally relevant and behaves as a relevant perturbation, if yo > 0 it is marginally
irrelevant and behaves as an irrelevant one, instead if vo = 0 at every order it is exactly
marginal and the conformal invariance is preserved also at quantum level (5, = 0).

Considering the holographic description of the bulk theory dual to the CFT described
by Icpr, we can use the prescription . In the case of a scalar field ¢ we have:

(N J#O) =z :/ L Dpe sl (4.1.2)
CFT ¢ N ~¢o

The boundary condition in the partition function Z445 of the AdS theory determine a

deformation on the dual CFT of the form:

Toer = Topn + N2 / dz $o0, (4.1.3)

so that the boundary value ¢q is naturally interpreted as the coupling of the deformation
term proportional to O.

This holds true also in the classical gravity limit of the duality, where the tree level bulk
theory is dual to the large N limit of the CFT described by Icgr. In this case the form of

the field in the bulk can be determined by the solutions of the free e.o.m. and reads:
¢ = 22 (do + O(2)) + 227 (A + 0(2)), (4.1.4)

where ¢q is the boundary value which determines the deformation of the boundary CFT,
whereas, as seen in , A represents the expectation value of the operator 0. This
means that A specifies a choice of the vacuum of the field theory, determining the VEV of
0.

Thanks to the IR/UV connection we can identify the radial coordinate z of AdS with the
inverse of the energy scale of the dual QFT. In this picture the boundary CFT described
by Icpr is supposed to represent a UV fixed point of the deformed QFT, which is the

In this chapter, to avoid any confusion, we will denote the action of the bulk theory with S, whereas the
action of the dual field theory with I.
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starting point of the RG flow of the deformation term. Indeed, going down to the IR,
the perturbation is switched on and it runs along the RG flow. Since the coupling of this
deformation is ¢g, its evolution along the energy scale has to be associated to the evolution
of ¢ along the radial axis of the bulk metric, so that the solution of the bulk e.o.m. with
boundary conditions specified by ¢g encodes the informations about the running behavior
of the associated deformation of the dual QFT.

From the analysis of the dimension of the operator O, we note that this makes sense only
if the deformation is relevant (or marginally relevant). Indeed, recalling that the dimension
of O, as given in , is Ay = d/2+v, where v depends directly on the mass of the dual
scalar field ¢ in the bulk, we have that O is relevant if —d?/4 < m? < 0, marginal for m? = 0
and irrelevant for m? > 0. Therefore, if the deformation is irrelevant the dual scalar field has
positive squared mass and is characterized by A_ < 0, which implies, through , that
¢ diverges on the boundary. This fact means that the use of the free e.o.m. to determine
the boundary behavior of ¢ is not self-consistent, because the diverging behavior requires a
non-linearized description of the near-to-boundary regime of the bulk theory. This means
that in the QFT-side the partition function of the field theory in the lL.h.s. of is not
well-defined and so the description in terms of a flow starting in the UV from a fixed point
breaks down. This is consistent with the fact that an irrelevant perturbation grows stronger
in the UV and invalidates the description of the theory through a deformation of a CFT
which we started with.

On the other hand, considering a relevant perturbation, the dual field ¢ in the bulk is
characterized by A_ > 0, thus it vanishes on the boundary. This means that the use of
linearized solutions of the e.o.m. is consistent in the UV and so the partition function of
the dual QFT with the deformation generated by ¢ is well-defined through the duality.
Therefore the latter describes the RG flow of a QFT starting from a UV fixed point and
evolving to the IR through a deformation generated by the boundary conditions of the fields
in the bulk. This works also for marginally relevant deformations. For this reason we will
explicitly focus only on relevant and marginally relevant deformations, dropping the case of
irrelevant ones.

Since the RG flow generates a running behavior of the couplings, the conformal invariance
is broken in the dual QFT. This fact implies that also the isometries of AdS4y1 are broken
and so the bulk metric is no longer that of AdS;y1, but is deformed. However, the flow
has a UV fixed point characterized by Icpr, where the conformal invariance is not broken.
This means that the bulk geometry has to be asymptotic to AdSg.1 in the IR region, so
that it has an AdS boundary where bulk fields behave as and the duality can
be defined. Assuming that the deformation breaks the conformal invariance but preserves

the d-dimensional Poincaré invariance, so that the dual theory is a well-defined relativistic
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QFT, we can parametrize the bulk metric by:

ds? = u*(2)dz* + hy,(2)datdz”

(4.1.5)
huv(z) = vz(z)dw,

where z is the usual radial coordinate and the boundary corresponds to z = 0. Approaching
the region where z is small, the metric must take an AdS form, thus:

w,v ~ 27t (4.1.6)

z—=0

This is an asymptotic AdSg, 1 metric (aAdSg; 1) parametrized by (z,z) € R*! and depend-
ing on uw and v, which are functionsﬂ of z.

Considering the bulk theory on this metric does not change the prescription
because the presence of the AdS boundary ensures that the boundary behavior of the bulk
theory is the same. For this reason we refer to this duality as the asymptotic AdS/deformed
CFT correspondence (aAdS/dCFT).

When dealing with a bulk theory in an asymptotic AdS space, the application of almost
all the AdS/CFT technology is straightforward, but there is an important aspect which is
different from the pure AdS case. That is the relation between a radial cut-off z = € in the
bulk and the energy scale A of the dual QFT. In the case of pure AdSy,1 this relation is
A = ¢!, which means that the radial cut-off in the bulk is the inverse of the energy scale of
the dual QFT. The generalization to a AdS4y1 is much more subtle and a precise connection
has not yet been determined. Some attempts to define an approximate relation between e
and A have been made, such as in [23], [30], but these are euristic arguments and the topic is
still an important open problem. Nevertheless, it is clear that near the boundary, where the
metric reduces to AdS4y1, the connection between the radial cut-off and the energy scale
reduces to the pure AdS relation.

Considering the technology described in the previous chapter, we can apply the holo-
graphic method to the aAdS/dCFT case for the computation of the correlation functions
for the deformed CFT. Indeed, the correlators of the operator @ when the deformation

specified by ¢g is switched on are defined as:

<0($1) Oz f¢>00>
e

(O@1) - Olwn))y, = crr. (4.1.7)

CFT

Therefore, using the classical gravity limit prescription (3.2.9), we can compute the large

N connected correlation functions of O through the derivatives of the on-shell renormalized

In general u and v are functions of both z and x, but the d-dimensional Poincaré invariance requires
them to be independent of the coordinates x.
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bulk action £ 2S;en:

1 0"k 2S e

N7 bgo(a) -+ 0do(wn) |,

(O(z1) - O(#n)) 4y conn = (4.1.8)
where ¢ is set to be equal to the value of the effective coupling at the scale we are interested
in. Setting ¢g = 0, one recovers the correlation functions of the boundary CFT.

This method exploits the holographic renormalization, which provides a finite renormali-
zed action Spen through the introduction of a local boundary counterterm S¢ ;.. The removal
of IR divergences of the on-shell bulk action corresponds to removing the UV divergences
in the dual QFT, so that the renormalized bulk theory described by Sien is dual to the
renormalized QFT on the boundary. In such a way this correspondence is given by the
prescription:

(N ]%O) = lim Dep e~ 2SI —r25e.[6] (4.1.9)

A
CFT eo—0 ¢(60)~60 ~ o

where the r.h.s. represents the partition function of the renormalized bulk theory and ¢ is
some IR cut-off on the radial axis.

Many works have developed this aspect, such as [26-28]. In particular it has been shown
that the correlation functions computed using , i.e. after the holographic renormal-
ization, satisfy the standard Callan-Symazik equations of the dual QFT. Moreover the RG
flow of the deformation couplings can be described in terms of the evolution of the bulk
along the radial coordinate. In this picture the bulk fields are interpreted as the running
coupling of the deformation terms and their e.o.m.s represent the RG equations of the de-
formation couplings. For example, the Hamilton equations for a scalar bulk field ¢ are the

RG equations for the deformation coupling ¢g:

d oH

In the next section we will develop in detail a Wilsonian approach to the holographic RG,

in particular, working on a scalar bulk theory.

4.2. Wilsonian approach to holographic RG

The development of the aAdS/dCFT correspondence improved the use of renormalization
methods based on holography. Besides the results mentioned above, a Wilsonian approach
has been recently proposed in [30}, B1] and later developed in other works, such as [32H34].

In this section we will develop this approach following the original works and focus on

the holographic computation of the Wilsonian action of the boundary QFT.
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The fact that the radial coordinate z of the bulk is connected to the energy scale of the
dual QFT suggests the existence of a relation between the radial evolution of the bulk theory
and the Wilsonian RG flow of the dual field theory. This idea is developed reproducing for
the radial coordinate in the bulk theory the Wilsonian procedure of separating the functional
integration into a UV and a IR part at a certain cut-off and integrating out the UV modes in
order to obtain a non-local functional which modify the bare action into the scale-dependent
effective action.

Therefore consider a bulk theory in a AdSy1 with action Sy. For simplicity let us restrict
only on scalar fields ¢?, thus the partition function defined with appropriate boundary
conditions reads:

Z= De "t Holdl, (4.2.1)

# 0%

Let us introduce in the z-axis of aAdS4z11 a IR cut-off ¢g < 1 which determines a regulated
boundary. The action Sy is regularized by this parameter and treated as the bare action
of the bulk theory. On the QFT-side, ¢ is identified with the UV cut-off Ay = ¢ Loof
the boundary theory. Now define a new radial cut-off € > ¢y which is meant to be the
floating cut-off running along the z-axis. This is dual to the floating energy scale A(e) of
the boundary QFT but the precise relation which connects them depends on the form of
the bulk metric (4.1.5). We take e as the reference scale on which we want to develop the
duality. Therefore we can split the functional measure of the partition function Z into three
factors:

2= r Docey DODe(. e Soldlacemr S0l (4.2.2)
@ (e0)~ey ~ @

where ¢! := ¢'(z = €) are the bulk fields evaluated at z = ¢. Now we define the amplitudes:

¢ (€)=t _
Uuy(ge) = /¢> Doecge " *Sold]=< (4.2.3)

i(EO)NGUA7 d)o

(6 = [ Doy e Sl (4.2.4)
@' (e)=L

where U is called IR amplitude because it contains the information about the behavior
of the theory in the interior of the bulk, which is dual to the IR regime of the boundary
QFT. Instead Wy is called UV amplitude because it contains the information about the
near-to-boundary behavior of the bulk theory, which corresponds to the UV regime of the
dual QFT. Looking at these definitions, Wy is a functional defined with two boundary
conditions. The one imposed at z = ¢q is the proper boundary condition which specifies the
behavior of the bulk fields on the boundary (z = 0), whereas the other one, defined at z = €
and specified by ¢!, imposes the value of the fields at the floating cut-off scale. For this

reason the information about the boundary behavior of the theory (UV data) is contained
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in Wyy. On the other side Wiy is defined with the same condition imposed for ¢ at z = €
as Uyy.

Through these definitions the total partition function of the bulk theory becomes:

Z = /D¢e \I/UV(¢6)\I/IR(¢6)- (4-2'5)

The separation of modes at the floating cut-off can be seen as reflecting the Wilsonian
treatment of the dual QFT. Therefore, following [30], we assume that the IR amplitude ¥y
is equal to the partition function of the dual theory with cut-off at A(e), thus:

(A) —A_ i
Wia(60) = [Dar eI 0, (1.2.6)
where M represents the generic matrix field of the dual QFT and IS}, is the undeformed
action of the boundary theory with cut-off A(€). The operators O; associated to the bulk
fields ¢° are single-trace operators with normalization such that the deformation term is of

order O(N?), thus:
N )

0; =

where the dots represent products of the field M and its derivatives.

The equation is taken in [30] as a postulate which represents the key point to
develop the holographic Wilsonian approach. Starting from this and inserting in the
total bulk partition function we obtain:

Z:/DMe_IéAF)T[M] /me Uy (o) N S Am0i0, (4.2.7)

At this point, the integral over ¢, is interpreted as the Wilsonian action I at the scale A(e)
of the dual QFT:
e~ 1Al0] = / Dobe Uy () eV 770201 (4.2.8)

which means that:
Z= / DM e~ TorrlMI=1A0] / DM ¢ TenlM.O], (4.2.9)

In such a way the total bulk partition function represents to the partition function of the dual
renormalized QFT described in Wilsonian approach by the effective action Iog = IS + 1.
The Wilsonian action I, at the scale A(e) is then connected to the UV amplitude Uy,
of the bulk theory defined at the separation scale € through the integral transform ,
which means that moving e along the z-axis corresponds to considering the dual theory at
the scale A.
Analyzing this relation, Wyy is a non-local functional due to the integration of propa-

gating bulk modes confined in the region ¢y < z < e. This extends to the Wilsonian action
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through the integral transform (4.2.8]), so that I, can be seen as containing non-local con-
tributions coming from integrated modes above A(e). As we have seen in subsection m,
I is then expected to be a functional localized on the scale A(e) and containing general

multi-trace terms coming from the expansion of the non-local contributions.

-"""h.._‘_‘_\_\_‘_-_:ﬂ_'_,-’)q‘@g
> -

F=r 7=l F=0o

Figure 4.2.1. Saddle point evaluation of the total partition function (4.2.5). The red line
is the result of the separate computation of Wy and VY. The black line is the correct
procedure obtained minimizing the amplitudes with respect to ¢t.

Considering the classical gravity approximation, one would be led to compute ¥z and

W,y on their saddle point and evaluating them on the solutions of the bulk e.o.m. with

boundary conditions specified by the limits of the functional integrals in (4.2.4]) and (4.2.3]).

Therefore ¥z would be determined by a solution satisfying a regularity condition at z = 400
and the boundary condition ¢(e) = ¢!, whereas Wy, would be the solution that satisfies
the same condition as Wi, at z = € and the boundary condition ¢'(eg) ~ e§ “¢b on the
AdS boundary. However, this way of proceeding is not correct because, for arbitrary values of
¢, the union of the two solutions is in general not smooth at z = € (red line in Figure .
Instead of evaluating separate saddle points for ¥,z and Wy, the smooth solution (black
line in Figure is obtained taking the saddle point directly in , i.e. varying ¢
to have a stationarized functional. In this case the solution is smooth and depends only
on the boundary conditions specified by ¢ and the regularity conditions at z = +oc. This
means that the Wilsonian action of the large N dual QFT is determined by the saddle
point of the integral transform of . As we will see explicitly in the next subsection,
also the large N Wilsonian action contains multi-trace terms at the leading order in the
1/N expansion. Thus the planar RG flow of the dual QFT is described also by non-planar
multi-trace amplitudes.
The evolution equation of the Wilsonian action I, can be obtained using the fact that
the total bulk partition function is independent of the floating cut-off scale e. Therefore,

taking the derivative of Z with respect to € and setting it to zero, we have:

_ _ —IA[O
0= 0.2, =0 (el 1>A(6), (4.2.10)



4.2. Wilsonian approach to holographic RG 79

where the brackets (-) A(e) Tepresent the path integral of the undeformed theory with cut-
off A(e). Working with this equation is unwieldy since the derivative 0, acts both on the
exponential and on the cut-off of the partition function. However there is an alternative and
more useful method to derive it, based on a hamiltonian formalism. Considering the radial

coordinate z as a “time” coordinate, we can define a radial hamiltonian for the bulk theory:

H(o, ) = / dx (~xi0.¢° + aL(&',06")), (4.2.11)
where £ is the lagrangian density and 7’ is the conjugate momentum associated to ¢

i OVgL
o= 90,51

(4.2.12)

Now, in a quantum mechanical formalism the path integral of the theory represents the

transition amplitude between two boundary states:

zZ= Dge™ "%l = (IR| U(o0, eo) |$0) » (4.2.13)

' (o) ey ™ B}

where |¢g) is the boundary state at z = €, specified by the boundary conditions, and |[IR)
is the initial state, specified by the regularity conditions at z = +o00. The operator U (oo, €)

is the radial evolution operator:

€2
Uleg,€1) = Texp(—n_z/ dz H), (4.2.14)

€1

which is the T-ordered exponential of the radial hamiltonian, as in canonical quantization.
In this formalism the separation of the path integral at z = e corresponds to insert the

completeness of an intermediate state |¢,) in the amplitude:

(IR[U(o0, €0) |¢0) = /D¢e (IR[ U (00, €) [pe) (de| U(e; €0) [do) (4.2.15)

so that Wz and Uy represent the intermediate transition amplitudes:
Uir = (IR[U(00, €) |¢e) Yoy = (9| Ule, €0) [d0) - (4.2.16)

In such a way their evolution along the scale € is determined by radial Schrédinger equations:

8€\IIIR(¢6) = ’iiQH((ﬁev Fs)\I’IR(¢e) (4.2.17)
ae\IIUV(¢6> = _K72H(¢67W6)\PUV(¢6)7 (4.2.18)
where 7l = —ik? 5(‘; is the conjugate momentum associated to ¢:.

These equations determine the evolution along the scale € of the amplitudes of the bulk
theory. Therefore taking the derivative 0. in (4.2.8) and using (4.2.18)), we can obtain the
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RG flow equation of the Wilsonian action. By doing so, we have:

DE(B?IA[O] — /D¢€ 86\IIUV 6N2 f57A7¢i(97;

e a (4.2.19)
— [ Do H (e m W] N 00
where: A 5
D, =0, + ?‘ /dd:c O; 50 (4.2.20)

Now, thanks to the properties of the functional derivatives, we can perform some substitution

in the integrand of the r.h.s. of (4.2.19):

4 )
o —> K2eA- 50,
% - 2 4 - —A_
T = —iK 55 — i€ Oi,
In such a way the equation becomes:
De a0l = —I€_2H<Ii2€A5iD, e A (9> e~ 1alo], (4.2.21)

This is RG flow equation for the Wilsonian action I, of the dual QFT. It represents the
main result derived in [30] because it describes the evolution of I, along the RG flow, so
that it can be compared to the ordinary equations obtained in the QFT-side.

The classical gravity limit of the bulk theory is reached by 2 — 0. In this regime the
on-shell bulk theory is dual to the large N limit of the boundary QFT. This means that,
applying this limit to , we obtain the RG equation in the planar limit:

- o1,
Dy = H(—eA— T(g ieA—O>, (4.2.22)
where I,[0] == k 2I4[0]. This is a Hamilton-Jacobi-like equation which represents the

RG equation of I, in the planar limit. We would like to have a matching between this
equation and the planar WPE obtained in chapter [2| for a general scalar matrix theory in d
dimensions. As we will see in the next chapter, the identification is not clear and requires a
careful analysis.

In this section we have seen that the procedure of separating the functional integral of
the bulk theory at a certain cut-off and integrating out the near-to-boundary part produces
an holographic description of the Wilsonian treatment for the dual QFT. In particular
it provides the Wilsonian action and its RG equation, so that we can determine the RG
flow of the boundary theory. For this reason we call this method holographic Wilsonian
renormalization group (h(WRG).

Briefly summarizing the meaning of this procedure we can see the connection with the
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holographic renormalization. Indeed the starting point is that the standard AdS/CFT pre-
scription is affected by divergences and so it has to be renormalized. Holographic renormal-
ization represents the standard renormalization for the dual QFT, so it provides a recipe
(4.1.9) which connects the renormalized theories and yields consistent results.

Like the ordinary Wilsonian treatment in QFT, the hWRG method outlined here develops
a different point of view. The bulk action Sy, regularized at the IR cut-off €y, is treated
as bare action. Thus, moving from ¢y to a floating scale € along the z-axis, we integrate
out the field-modes in the interval [eg, €], so that the partition function is split into a factor
containing the bare action Sy with cut-off lowered from €y to € (determined by W) and
a factor containing the integrated part of the theory (Wyy). The latter term corresponds
holographically to the contribution of the integrated modes of the dual QFT with momentum
above A(e) and provides, through , the Wilsonian action of the dual theory defined
at the scale A(e). One of the crucial aspects of this procedure is that the scale €, where the
separation of the path integral is taken, corresponds to the cut-off scale A(e) at which the
dual QFT is considered.

Following this point of view, the prescription , provided by holographic renormal-
ization, can be seen as determining the duality where the separation is taken at ¢y — 0,
thus where the boundary QFT has a fixed point. Therefore the boundary term S, added
to Sy to remove its divergences represents in hWRG formalism the UV amplitude evaluated
at €qg:

Uy (o) = e “Sexld], (4.2.23)

This is the connecting point between hWRG and holographic renormalization. In particular
it is clear that Wilsonian treatment extends the duality at every scale of the bulk metric,

including the other procedure in a more general method.

4.2.1. Free massive scalar field in the bulk

In this subsection we perform hWRG in the explicit example of a free real scalar field ¢
in the bulk with negligible backreaction and metric (4.1.5)), taking for simplicity u = 27!,
[30L BI]. The action is defined as:

1
So = 3 /dzddx\/g(gmn 1 GO + m2¢2), (4.2.24)
so that the radial hamiltonian at z = € reads:
1
H = 5 /dd,];‘ 6_1 [U_dTF? =+ 'Ud(’U_Q(a#d)e)Q + de)g)} ' (4225)

The aAdS/dCFT correspondence states that ¢ is dual to a single-trace operator O of the
boundary QFT with dimension Ay = d/24v. The boundary conditions (4.1.4]) specify that
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the boundary value ¢g is the coupling of the single-trace deformation induced in the dual
field theory.
Now, applying the holographic Wilsonian procedure at the scale €, we can assume that

the UV amplitude can be written as:
Wiy (pe) = e Suvled, (4.2.26)

where Syy is a functional of ¢. which contains the integrated modes of Sy in the region
€0 < z < e. Since the bulk action is quadratic in the field ¢, we can reasonably consider the
expansion of Syy to contain terms at most quadratic in ¢., thus we can write:
= A% VhI(—k L d VhE(k
Suv = C(0) ~ [ VIR Ooat 5 [ GoaVRFk Qoader,  (1227)

where the parameters C, J and F determine the evolution of Sy along the scale e.

Now, taking the classical gravity limit of the duality x? +— 0, we obtain the large N limit
of the dual QFT and the evolution equation (4.2.18)) for the UV amplitude becomes:

1 dk R _408uy 0Suv df, —21.2 2
) _* g 1O 1| 4.2.2
OeSuv 2/(27T)de[ v 5¢Ek5¢6_k+v(v E* 4+ m*)berPe_p ( 8)

From this we can obtain the evolution equations of the parameters of Syy. Focusing on J

and F, we have:

1

ﬁag(\/ﬁj(k, €)) = —J(k,e)F(k,e) (4.2.29)
L €)) = —F%(k, e v 2k +m?

\/gae(\/ﬁF(k, )) = —F2%(k,e) + (v k% + m?). (4.2.30)

These equations describe the evolution of J and F' with the scale € (see appendix |C| for the
solutions).

Now, once specified the form of the UV amplitude Wy of the free bulk scalar theory
and the evolution for its parameters, we consider the Wilsonian action of the dual QFT. In

this analysis let us restrict to pure AdSgy; for simplicity. Inserting the explicit expression

of Wyy in (4.2.8]) we can obtain Iy:

eIl = [Dg e Sirlod N [0 (4.2:31)

Due to the form (4.2.27)) of Syy, we can reorganize the integral over ¢. into a Gaussian
integral and then explicitly perform it. In such a way, neglecting the field-independent

terms arising from the integration, the Wilsonian action is:

d
[,[0] = N2 / (;iﬂ’;d (2 A=k, 90, + %e” £k, )0LO_). (4.2.32)
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where A\ and f are the effective couplings of the dual QFT, defined by:

Ak, €) = ;((: Z)) (4.2.33)
flhe) = (; 5 (4.2.34)

Therefore A is a single-trace dimensionless coupling which represents the evolution of the
initial deformation. Instead f is a double-trace dimensionless coupling generated along the
flow. The RG equations of A and f can be obtained from the evolution equations of J and
F'. Indeed, using (4.2.29) and (4.2.30)), we have that:

€Ok, €) = (k> + m*)\(k, €) f (k, €) (4.2.35)
€O f(k,€) = (2k* + m*) f2(k,e) — df (k,e) — 1. (4.2.36)

These equations determine the evolution along the energy scale (A = ¢! in pure AdSg;1)
of the effective couplings in the large N limit. Solving them we can determine the planar
RG flow of the dual QFT.

First of all, if we focus on the small momentum regime (ek < 1), we can note that f has
two fixed points (e f = 0):
fe = % = _AljF’ (4.2.37)
where the QFT gains conformal invariance. On these points the single-trace coupling A
behaves as:

A~ Bt (4.2.38)

This means that on f_ the operator O has dimension A . Thus this fixed point corresponds
to the UV fixed point of the boundary field theory determined by the AdS/CFT prescription
specified by the boundary value ¢ (standard quantization). On the other hand, on fi the
operator O has dimension A_. This corresponds to a UV fixed point of the boundary
QFT in a different definition of the correspondence, called alternative quantization [29] 31].
The latter is defined choosing as boundary value of ¢ the mode A going as z2+ instead
¢o as in the standard case. In such a way the dual field theory is different from that of
the standard quantization because the dual operators O have different dimension. This
definition is consistent only for v € (0, 1), because for v > 1 the unitarity of the dual theory
is not guaranteed everywhere in the AdS space. After mentioning this alternative definition,
henceforth we will keep developing only the standard quantization.

Imposing the latter quantization, the initial value of f must represent the UV fixed point

f—, thus we set f(ey) = f—. In such a way we can define:

f=f+f, (4.2.39)



84 4. Asymptotic AdS/deformed CFT correspondence

where f is the actual double-trace deformation generated along the RG flow. Indeed, since
f_ is the fixed point which determines the boundary CFT, its contribution is included in
the definition of Iopr. This means that the RG flow of the CFT described by Iopr with the
single-trace deformation specified by ¢ contains also a double-trace deformation f generated
along the flow. The RG equation of f can be obtained inserting in the equation

(4.2.36)) for ek < 1, so that:
€def =m2f? —2wf. (4.2.40)

This result is important because, as we will see in the next chapter, it is exactly the double-
trace S-function obtained with field theory computations for a large N CFT deformed by a
single-trace term [36, [37].

Until now we have considered the RG flow of f only in the small momentum regime
(ek < 1). However, since the general solution (see appendix guarantees that f is analytic

also at k = 0 (localized function), we can make the expansion:

+o0
flke) =" fale)k®, (4.2.41)
n=0

where f, is the effective coupling of the derivative operator @9?"O in I,. In such a way

the RG equation of f can be expanded in:

n—1 n
Defrn =€ ffnom1+m* > finfnm — dfn — Snp. (4.2.42)

m=0 m=0
This equation describes the RG flow of the coupling f,,, which is influenced the other cou-
plings f,, with m # n. In particular the r.h.s. shows that only parameters f,, with m <n
enters the equation for f,, so an iterative solution is possible. In such a way the first term
in the series , which is the effective coupling of ©?, does not depends on the other
parameters. Moreover, since its equation is exactly that of f for ek < 1, it describes the
total deformation in such regime. Therefore we can actually define f as the actual coupling
of O? with RG equation .

In conclusion, this example shows that the dual QFT of a free single scalar theory in
aAdSg41 for the standard quantization is a deformed CFT where the Wilsonian action
contains a single- and a double-trace deformation. The latter is generated along the flow
even though we started only from a single-trace deformation and it produces an infinite
series of double-trace interactions proportional to the derivatives of @?. The RG flow is
then closed on these deformations and no other multi-trace term is generated.

The main results of this part are the RG equations for the actual double-trace coupling
f and for the n-th term f, of the expansion , which represents the coupling of the
n-th derivative term, proportional to ©O9%"O.

In the next chapter we will analyze the results obtained from field theory methods in
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order to compare them with the hWRG ones. In particular we will see that, considering
a deformed CFT defined through composite single-trace operators, like O, the RG flow
equations agree with the holographic result, whereas, using the formalism of [16] described
in chapter [2| for matrix theories defined through elementary fields, the RG equations seem

not to be consistent with the holographic ones.
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CHAPTER D

The holographic Wilsonian treatment and
field theory methods

In the previous chapter we have describe a Wilsonian approach to holographic RG (hWRG),
proposed by [30, BI]. This method enables us to compute the Wilsonian action of the dual
QFT and its RG equation holographically. In particular, considering the classical
limit of the bulk theory, one can obtain the planar RG equation , which describes
the RG flow of the dual QFT in the large N limit.

In chapter [2| we have studied the RG flow of d-dimensional matrix theories in Wilsonian
approach. In particular we have described the Wilson-Polchinski RG equation (WPE) in the
planar limit for the case of scalar matrices, first obtained in [16]. Like the finite N ordinary
WPE, the planar equation in independent on the coupling regime of the theory, i.e. it holds
true at both weak and strong coupling. Therefore it is expected to be valid for a general
planar Wilsonian RG flow.

For this reason we are led to think that the planar hWRG equation obtained in chapter [4]
has in general the same structure of the planar WPE. However the matching between the

two equations seems not to be clear and our aim is to investigate this issue.

5.1. Comparing hWRG and WPE

Considering first the ordinary Wilsonian treatment in a matrix theory, we can sketch the

structure of the planar WPE dropping for simplicity space-time labels and integrals:

ddk (57’[1& (YHt 5,Ht
ath 2/(2 )d t(ZmnYan 2(5Y (5Y %: ; mYl 1Ym i— 15Y ) (511)
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where H; is the Wilsonian action of the theory at the cut-off scale t = A=2, with A the actual
energy scale of the QFT. Moreover, P, is the derivative with respect to ¢ of the propagator
with cut-off, whereas Y}, are single-trace operators defined as the trace of the product of m
elementary fields ® normalized with the factor 1/N. Therefore is a Hamilton-Jacobi

type equation where Y;, are treated as sources and the hamiltonian has the form:

SH\? o[ 0H,

On the other hand, within hWRG, the dynamics of the bulk theory determines the evolution
of the Wilsonian action I of the dual QFT. In such a way the planar RG equation is a

Hamilton-Jacobi type equation:

DI, = H(—eA géAi , ie_A(’),->, (5.1.3)
where H is the hamiltonian of the bulk theory. The planar limit of the dual QFT corre-
sponds, through the duality, to the classical gravity limit in the bulk. Therefore, in such
regime, the bulk theory can be taken in supergravity approximation. This means that H is
a supergravity hamiltonian.

The operators O; are the single-trace operators associated to the bulk fields. Since they
are defined as the trace of products of elementary fields and normalized with a factor 1/N,
we can think to identify them with the operators Y;, of the matrix theory so as to establish
a connection between the two formulations. Due to this fact, comparing the structures of
and , we can see that the hamiltonian of WPE;, since it is a cubic
functional, does not have the form of a supergravity hamiltonian, which instead is at least
quadratic, as already pointed out in [30]. For this reason the two equations actually seem
to have a different structure.

This fact is quite puzzling and a clear understanding of this mismatch is yet to be
obtained. However, one could speculate, like in [30], that the hamiltonian of WPE
should be interpreted as a string field theory hamiltonian, where Y is a string creation
operator and ¢/dY is a string annihilation operator. This would suggests that the ordinary
WRG could correspond through the AdS/CFT duality to the full string theory in the bulk.
In this case a supergravity description could be obtained from by integrating out
super-massive excited string modes, which are associated to extra-high dimension operators
in the dual QFT. Therefore hWRG could be interpreted as a “supergravity” truncation of
the ordinary WRG, where such operators do not appear because their flow is extremely
convergent.

At a more basic level, one would like to have a better understanding of the nature of
the mismatch between the field-theoretic and holographic RG. We think this is due to a

fundamental difference in the introduction of the cut-off in the two approaches. Indeed in
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WPE formulation, even though the planar RG equation is specified in terms of the composite
operators Y;,, the matrix theory is explicitly defined through the elementary field ®. This
implies that the floating cut-off ¢ is introduced in the theory inside the propagator P; of &,
defined in . In such a way the RG equation explicitly depends on the derivative P,
of the cut-off propagator. Moreover, the description in terms of elementary fields enables
us to develop a diagrammatic interpretation of the planar WPE, where it is clear that
the derivative with respect to the cut-off acts through P, cutting the internal lines of the
diagrams composing H; and so produces new single and multi-trace contributions.

Instead, in holographic Wilsonian treatment the QFT is defined through the AdS/CFT
correspondence as dual to a bulk theory in aAdSgy1. For this reason the structure of the
field theory is determined only by the composite operators O; dual to the bulk fields. In
particular the explicit form of the boundary action Icpr, which represents the UV fixed point
of the flow, is unknown and its description in terms of elementary fields is not given. This
means that we have no understanding of the implementation of the cut-off scale A inside
the QFT at the level of elementary fields. Indeed, as seen above, in the evolution
of the Wilsonian action is determined by the radial evolution in the bulk, so the scale A
enters the equation through the radial cut-off €, which represents the separation point of
the path integral . This implies that the derivative with respect to the scale does not
acts explicitly on the propagator of the elementary fields, which in this framework is not
defined, and so we cannot give a diagrammatic interpretation of the RG equation because
we cannot build Feynman diagrams.

The difference in the definition of the theory appears then to be the striking problem.
To get some insight into this analysis, we can think to apply the ordinary WRG approach of
WPE to the simple example of the field theory dual to a free scalar field in the bulk, already
studied in the previous chapter. By doing so we can explicitly compare the RG equations
obtained from the two formulations.

In Wilsonian holographic treatment we have obtained a large N Wilsonian action com-

posed by a single- and a double-trace term in the operator O, dual to the scalar bulk field:
T —/ddk(A(—k )04+ 5 £k, )0LO_) (5.1.4)

The RG equations of A and f are:

€Ok, €) = (k> + mAA(k, e) f(k, €)

(5.1.5)
€0 f(k,€) = (2k* + m?) f2(k,e) — df (k,e) — 1,

so that the planar RG flow of the theory is closed on A and f, and no other multi-trace term
appear in I A-

In order to apply WPE to the same case we can identify the operator O with a single-
trace operator Y;, = tr ®”/N. The dimension Ay of O is then related to the power n of Y,
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d—2
A*‘"( 2 )

because (d — 2)/2 is the dimension of the elementary field ® in d dimensions. Therefore,

since AL = d/2 + v and v depends on the mass of the bulk field ¢, we have that the value

by:

of n is specified adjusting the mass of the dual bulk field.
Now we can impose H; to have the form of I, A, SO we can restrict its expansion ([2.3.26))

to:

d
Hy = /(;r];d ()\(—k:,t)Yn(k) + ;f(k,t)Yn(/ﬁ)Yn(—k)) (5.1.6)

Inserting this equation in (5.1.1]) we obtain:

n2

1 .
8t)‘(_k)Yn(k) + iatf(k)yn(k)yn(_k) = _EPAk)/\(k)/\(_k)Y%z—Q(k)
2
. n< .
= 12 B (R)A=) f (k) Yan—a (k)Y (k) = = Pi(k) 2 (k) Yan—2(k) Yo (k) Yo (k)
n—1
n .
= SR T (AHY (¥ () + JR Vs (Yo (DY) (:L7)
i=1
It is immediately clear that this equation is not consistent as it stands. This is due to the
presence of terms proportional to Yo, o, which is different from Y,, and so determines a
new deformation term, and of extra multi-trace terms proportional to Y3, which are not
present in H;. This means that the planar RG flow obtained from WPE is not closed on
the couplings A and f of Y,, and Y;2, but new single- and double-trace terms are produced
along the flow. Therefore, unlike the hWRG result (5.1.5)), the truncation to the single- and
double-trace sector of the operator O is not well-defined in the WPE formulation.
Consider for instance the specific case of n = 2, which represents the first non-trivial

case that can be considered for H;. The equation ([5.1.7)) reduces to:

ON(—R)Ya(k) + 500f (R)Ya(R)Ya(—) = —ALMA(=R) — Eu(b) (2ABINR) = (1)) Ya(h

— AP (k)A(=k) f (k)Ya(k)Ya(—k) — 2P (k) f2 (k)Y (k) Y2(—k). (5.1.8)

Equating the terms proportional to Y and Yz of the two sides of the equation above, one

obtains the RG equations for the effective couplings:

Mk, t) = —Py(k) (2A(k, DA (=K, 8) = f (k. 1))
. (5.1.9)
8tf(k7 t) = _8Pt(k))‘(_k7 t)f(k) t)a

which do not match at all with the corresponding RG equations (/5.1.5) on the holographic
side. Moreover, the r.h.s. of ([5.1.8)) contains a multi-trace contribution proportional to
Y3}, which leads to the generation of new terms in the H;. Considering the diagrammatic

interpretation of the planar WPE, we can see that such contributions are naturally produced
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by the action of the derivative of the cut-off scale 9; on the terms of the Wilsonian action
H:. Indeed, the double-trace term fY22 in ‘H; encodes the contributions of the diagrams
characterized by two traces, i.e. two internal lines with external legs attached to them.

Therefore, since Ya ~ tr 2, such term can be represented by the vertex:

>><< ~ (tr ®%)°, (5.1.10)

where every branch line represents a trace of two fields, in contrast with the vertex (12.2.15))
of tr @4, where all the lines are attached to the same trace. In such a way, at order f2, H;

has a contribution given by the diagram:

O )0( o

When 8, acts on such a diagram, it cuts one internal line replacing it with P;. Therefore,
when the central circle line is cut, a new diagram containing three traces is produced, which
then gives a contribution proportional to Y3

From this analysis some facts appear clear:

o The production of new multi-trace terms in the RG equation ({5.1.7)) obtained in ordi-
nary WRG treatment is due to the action of the cut-off in the contributions present
in the initial form of the Wilsonian action H;. Therefore we generally expect that in

such formulation the RG flow cannot be consistently truncated.

e The RG flow obtained in with the holographic Wilsonian treatment reflects
the dynamics of the bulk theory, which determines the dual QFT only in terms of the
composite operators associated to the bulk fields. Therefore, since the cut-off is not
explicitly defined inside the boundary theory, we cannot keep track of its action on

the structure of the Wilsonian action as in WPE.

This lead us to think of the different definition of the field theory in the two approaches
as the main cause of the inconsistency between the RG equations. In particular we believe
that the role of the elementary and composite operators, and the subsequent definition of

the cut-off scale, represent the key points on which to investigate.

5.2. RG flow for a deformed CFT

As an attempt to clarify the difference between the role of elementary and composite op-

erators in Wilsonian RG, we can consider the case of a deformed CFT defined through
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composite operators and compute its RG flow with field theory methods [35H37].
Let us take the action of the theory equal to:

I=TIcer+ NA /d% O(z) + g/d% O%(x), (5.2.1)

where Icpr is the undeformed action which is conformal invariant up to terms of order
O(1/N). We assume that the operator O is a single-trace operator with normalization such
that O = tr(---), where the dots represent some product of elementary fields and their
derivatives, so that A and f are proper 't Hooft couplings. Being A the dimension of O in
absence of deformation, the 2-point function in such regime reads:

<O($)O(y)>CFT = zgrdd//i) ’.’B _Uy’2A ’

v > 0. (5.2.2)

Now we can compute the RG equations of the deformation couplings A and f employing a
Wilsonian approach. Indeed, considering (5.2.1)) as the bare action defined at the UV cut-off
Ap, we can obtain the effective theory at the scale A < Ay integrating out the UV modes of

the bare action in the range between A and Ag. By doing so we encounter the expansion:

1—NA /ddﬁc O(x) — g /dd:c O*(x) + ]\;2)\2 /dd:cddy O(z)O(y)
+ g)\f /dda:ddy O(2)O0*(y) + f;/ddaﬁddy O*(2)O0%*(y) + -+ . (5.2.3)

To evaluate the higher order corrections to A and f we should know the correct operator
product expansion of O(z)O(y) for x ~ y. In the large N limit the structure simplifies very
much and the products of operators can be expanded in terms of the correlation functions,

so that we have:

| NA / 2 O(x) + NAS / d%xdy O(z) (O(x)OY)) oer

2
L e 02wy + L [ttty 0@)00) (0@OW) e+, (5:2.0)

where the term proportional to A? has been neglected because it only produces a field-
independent correction. Now, we can compute the corrections in (5.2.4) setting w =y — =z,

so that we have:
NAf / dzdiw O(2) (O(0)O(w)) oy = NAS / d'z O(x) / dw (O(0)O(w)) o
2 2
[t 000w + ) ©00w)cxr ~ & [0 [0 (©0)00w))crr

where we have used the property of invariance under translations of the 2-point function and

expanded O(w + x) around x stopping at order zero. Since we are computing the Wilsonian
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effective action at the scale A, the integral over w is evaluated in the range 1/A¢ < |w| < 1/A,

thus it reads:

/ A (O(0)0(w) cpp = 55— (A2~ — AZA79), (5.2.5)
The contribution of this integral introduces the dependence on the energy scale in the
deformation couplings, so this represents the way of introducing the cut-off in the theory
emerging in this approach. Therefore, let us remark that, being the elementary structure of
Iepr unknown, such scale is not explicitly defined inside the propagator of the elementary
fields, but enters the theory through the integral of the 2-point function of the composite
operator O.

In such a way the large N renormalized couplings at the scale A at the second order in

the expansion ([5.2.4]) are:

v
2A —d
v
2A —d

)\(A) = )\(Ao) +

f(A) = f(Ao) +

AAo) f(Ag) (A2A74 — A3A~) (5.2.6)

(M) (A4 = AZA). (5.2.7)

Higher order terms of the expansion (5.2.4) do not give further contributions to the running
of A and f thanks to the factorization property of the correlation functions in the large N
limit. Indeed, considering for example the third order contribution proportional to f3, we

have that the only term which gives contribution is:

f3 /ddxddyddz Oz(x)(’)(y)(’)(z) (OW)O(2)) epr ~ fS /ddw (0(0)O(w)) opr

x / dlzdly O%(2)0(y), (5.2.8)

whereas all the other terms are suppressed in the large N expansion. This term does not
represent a new correction to the running of f, but it is a contribution to the second order
term in the exponential series of the double-trace deformation. Therefore we have that
and are the exact running couplings of the theory in the large IV limit and
the higher order terms reconstruct their exponential series in the path integral.

Now, defining the dimensionless couplings A := AA2~% and f := fA?2~? we can compute

their S-functions by differentiating with respect to A:

AOA = m(f+ A d) (5.2.9)

v

AONf =vf?+ (2A —d)f. (5.2.10)

These are the RG equations of the single-trace coupling A and the double-trace coupling f.
Setting the dimension of the operator O to A the equation of f recovers the RG equation
of the actual double-trace coupling obtained through holographic Wilsonian treat-
ment in subsection Moreover, since the term f + (A — d)/v in the equation of \ can
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be seen as reconstructing the double-trace deformation in , the equation re-
covers the RG equation of the single-trace coupling obtained in hWRG formulation.
This is an important result because it has been obtained studying the RG flow of a theory
defined as a deformed CFT in terms of composite operators only. Indeed this framework
reflects that of hWRG, where the dual QFT is defined in the same way. Therefore this
result shows that, considering a CF'T deformed by some composite operator, the RG flow of
the deformation terms has the same structure if obtained holographically through hWRG
or directly with field theory computations.

5.3. Conclusions

Summarizing what we have described in this chapter, we can see that, for a theory defined
only through composite operators and where it is not clear how the cut-off scale is introduced
in the action, the planar RG flow computed with field theory methods has the same structure
of the holographic Wilsonian RG in the large N limit, described in chapter [d On the other
hand the planar RG flow of a matrix theory obtained through ordinary Wilsonian treatment
has a very different structure. This is due to the fact that in this case the theory has an
explicit structure in terms of elementary fields and, in particular, that the cut-off is explicitly
defined inside the propagator, so that we can keep track of how its derivative acts on the
Wilsonian action and generates new interaction terms.

Therefore our proposal is that the underlying reason why the holographic Wilsonian
treatment seems not to be consistent with ordinary Wilsonian approach to large N QFT
stands in the fact that the structure of the theory in the two approaches is determined
respectively through composite operators and elementary fields. This leads to different
descriptions of the RG flow, due, in particular, to the fact that the cut-off scale enters the

theory in very different ways.



APPENDIX A

Calculus of loop integrals

In this appendix we perform the explicit calculations of loop integrals encountered in sub-
section considering the UV corrections to the ¢* theory in Wilsonian approach.

The first integral we have considered is:

0_ /e a6 (A1)

4k2+m2’

where ©(k) is the function which selects momenta in the range [A, Ag]. We can evaluate it

writing the measure in polar coordinates, thus:
d*k = dQudkk>,
where k = (kQ)% = (k“k“)%. So we have:

/dQ L (A.2)
1y YErme '

Now the integral over the solid angle is:

27?2
dQy = —— = 27°
where T is the Euler’s gamma function, so, since I'(n) = (n — 1)! for n € N, we have that

I'(2) =1.

The integral over k£ can be computed using a change of variables:

y? =k +m?. (A.3)
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96 A. Calculus of loop integrals

In such a way we have:
Y

/yZ — m?2
whereas the integration range becomes {\/ A2 +m2 VA + mz}. Therefore the integral in
(A.1]) can be written as:

dk = dy,

1 /VA(2)+m2 p ( m2> 1 (1 5 21 Ag+m2
—5 —— == |zy"—m’lo .
82 Jyrrme VT Ty g2 \2" e

Hence the result is:

d*k (k) 1 s o ) A% +m?
/(2#)4 k2 +m? 1672 {(AO — A7) = mlog (A2 T m2>} (A.4)

The next loop integral that we are going to perform comes from the UV correction to the

¢t vertex:

3 d*k Ok
(=73 X /(2@4 (k2 +(n12)2' (A-5)

Such integral can be computed in the same way as the previous one. Indeed we can write it

/d4k O (k) —1/A0dl<: K
@m)t (k2 +m2)2 872 Jy (K2 +m?)%

Now, considering the change of variables (A.3)), we have:

as:

Ao k3 vA%+m2 1 m2 m2 v A(2)+m2
/ dk——=—5 22:/ dy(—3>: <logy—i-2 .
A (k +m ) VA24+m? Yy Yy 2y VAZFm2

Hence the result is:

'k O(k) 1 A3 +m? ) 1 1
112 VI 5 log | 5 5 ) Tm 2 2 7 A2 AR (A.6)
(2m)* (k%2 4+ m?) 167 A2 +m Ag+m?  A24m

The last loop integral we explicitly perform comes from the UV correction which produces

a ¢% vertex:
Ak O(k)
= —15\° / :
5 (27‘(‘)4 (kg + m2)3

Following the usual method, the integral reads:

(A7)

d*k O(k) 1 [Ao k3
/ 4 37 ].2 / dk 3
(2m)* (k2 4 m?2) 8= JA (k%2 4+ m?)
so, performing the change of variables (A.3)), we have:

Ao k3 VAZ+m? 1 m2 1 m2 VA+m?
/ dkirsz/ dy<3—5)=<—2+4
A (k%2 +m?2) VAZEm? vy 2y° 4y

VAT 2
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Hence the result is:

/d4k ok 1 1 _m2( 1 B 1 )]
(271)4 (k:2 + m2)3 T 1672 A% +m2 A2 +m?2 2 (A% + m2)2 (A2 + m2)2 .

(A.8)
A particular mention is required for derivative terms in , arising from further orders
in the Taylor expansion of ¢?(y) around y = z. In subsection we have noted, through
symmetry properties, that A* is vanishing. Here, for completeness, we explicitly derive this
fact.

The parameter A* is the coupling of a ¢38M¢> vertex, thus it reads:

Ak = -3 / dw " (G (0) ()

d*k  d* O(k it
- _BAQ/ (2m)" (27:))4 (k2+(7312) (p? +(ng2) / dwwt e B (A9

Now we have:

) 0 .
p —iw-(ktp) _ ;Y —iw-(k+p) Al
w" e Zakue ) ( O)
thus: P
/ drw wh e~ (kp) 187(2@454@: +p). (A.11)
o

In such a way, using the properties of the delta function, A* becomes:

. 'k d'p O(k )
AP = 372 /(27r)4(27£4 3% ((k2 JE%%) o pryzﬂ) (2m)45%(k + p), (A.12)

where:

0 ok K+

31 O) = -2 (0(h — ) = (A = 1) = T-(3(A — ) = 6(Ao — b)) (A.13)
R T (a0

so that the whole derivative reads:
82 ( (kfﬂﬂ) - i“mQ H((S(A — k)~ 6(Ag— k) - 2% . (A.15)

Since we can split the measure in:
d*k = dQudk k3, (A.16)

and redefine the four-momentum k as:

O Kk, =1, (A.17)
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we have:

ir? - 30 AA
AH:(327i\)4/d94ku/dk<m(6(/\_k)_6(A0_k))_2@];:—?5:;):3) (A.18)

Now let us focus on the first integral:
/ A2y kM. (A.19)

This integral is equal to zero because the measure is invariant under the redefinition such

that k* — —k*. Therefore the derivative coupling A* is vanishing.



APPENDIX B

Holographic computation of the

correlation functions

The renormalized on-shell action Sie, is a finite functional of the boundary value ¢g which
yields the correlation functions of the dual operator O in the boundary field theory through

its derivatives with respect to ¢g:

. 5nSren[¢0]
dpo(1) -+ 0¢o(zn) | g0

(O(z1) - O(xn)) ooy = (B.1)
In such a way we are capable to compute them evaluating Se, on the complete solution ¢
of the e.o.m. written in terms of ¢9. However, since the n-point function depends
on the n-th derivative of Sen with respect to ¢g calculated in ¢g = 0, every term in Spen
proportional to some power of ¢y greater than n does not give contribution and can be
neglected.

Therefore, the 1-point function would need just single-field terms which are not present
in Sien, thus we can say that it is vanishing. Instead, for the 2-point function we need the
action up to quadratic terms in ¢g, i.e. just the free part. For this reason we can consider
the solution of the free e.o.m., which is the Klein-Gordon equation (3.3.5). Such solution

can be expressed in terms of a function K (z;x — ') which satisfies:

(-O0+m*)K(z;x—2')=0

(B.2)
K(z;x —2) ~ 2864z — '),
so that:
o(z,x) = /ddm’K(z; x— 2 )po(2). (B.3)

Since K (z;z—x') connects the solution ¢ evaluated in the bulk to its boundary value ¢y, it is
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100 B. Holographic computation of the correlation functions

called bulk-to-boundary propagator. Moreover it can be computed considering the Green’s

function G of the free e.o.m. operator in AdSgy1:

(-0 +m?*)G(z,z;2,2") = \}55(2 — 2oz — 2, (B.4)

so that, through Green’s theorem, we have that:

o2 ") = /ddx 21 (a(z,a:)BZG(z,x; 2ol = Gz, 22 2)0.6(2, x)

z=0

, (B.5)

z2=-400

— /ddx 21 (a(z,x)ﬁzG(z, z;2 1) — Gz, 2; 2, 2)0.6(2, x)

because the boundary of AdSg1 is the union of (z = 0, z) with (z = 400, ). The imposition
of regularity conditions at z = 400 ensures that the second term in the previous equation
does not give contribution. Unlike K, the Green’s function G connects two different bulk
points (z,z) and (2, 2’), thus it is can be called bulk-to-bulk propagator to be distinguished
from K. Moreover G satisfies , thus it is a solution of the free e.o.m., and so its behavior
for z — 0 is:

G(z,2;:2,0") ~ 25-G_(2;2,2') + 228Gy (2, 7)), (B.6)

z—0

where GG_ is a non-normalizable amplitude. Thus, in order to have a normalizable Green’s

function, we set G_ = 0 and so, using the boundary conditions for ¢ in (B.5)), we have:

o(2, ') = (A — A-) /ddw Gy (232, 2")¢o(2), (B.7)
which allows us to connect G to the bulk-to-boundary propagator:
K22’ —x) = (Ap = AL)Gy (32, 2), (B.8)

and then: .y
K(Zzo' —
G(z,x;2,2) ~ zAJri(z’x 2)

B.9
z—0 AJF — Ai ( )
Therefore, computing the Green’s function we can obtain the explicit form of the bulk-to-
boundary propagator. To do so we can note that G is invariant under the isometry group

O(1,d + 1) of AdS441, hence it must be a function of the AdS invariant distance:

2 AV
— — 1

W = (X X)X - X, =2 o xxy = AV A A L gy
U

2z

where I = —1,0,1,--- ,d and o'/ = diag(—1,41,--- , +1).
Solving the equation (B.4) of G in terms of u we can obtain its form for z — 0, i.e. u — 0:

Ay

/
RTINS R — (B.11)
20 20 2+ ‘.Tf _ x/‘
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From this we obtain that:
2B+

(22 + |z — x’|2)A+ ’

K(z;x—2') =cy (B.12)

where ¢y = ¢(A+ — A_) is a normalization, which is fixed by boundary conditions, thus it

has to satisfy:
Ap—A_
z
lim ¢y = 6%z — a'), (B.13)
20 (52 4 g — m/‘Q)A+

or equivalently:
—A_
hm cy /dd =1 (B.14)
(22 + |x —

)%

Performing a change of variables y := |z — 2/|/z we can solve the integral. This enables us
to determine the explicit form of the normalization, which is:

cr = &, (B.15)

4 d
m2[(Ay —5)
where I' is the Euler’s gamma function. Therefore, since Ay > d/2 and I'(x) > 0 for z > 0,
the normalization c4 is always non—negativeﬂ
Now, knowing the correct form of the bulk-to-boundary propagator, we can give a general

solution of the free e.o.m. with boundary value ¢y:

A
Iy _ d, ./ 27T /
A= /d ' (22 + |z - :U’|2)A+ Pl (10

Considering the expanded solution (3.3.10), we can obtain the form of A(x) in terms of ¢g

looking at the contribution proportional to z2+ for z +— 0:

Alz) = es / ddx'uf()(”/). (B.17)

:L,/|2A+

Recalling from (3.3.42)) that the derivative of S, with respect to ¢g has the form:

0 Sren
(5¢0($)

we have that the 1-point function of O in the boundary CFT is obtained setting ¢¢ = O.

So, using (B.17)), we have:

(O())y, = - — 224 — d)A(x), (B.18)

(O(2)) g = 0, (B.19)

which reflects our initial prediction and satisfies the conformal invariance.

n fact, ¢ > 0 except for Ay = d/2, where the Gamma function T'(A; — d/2) = co and so ¢4 + 0.
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To compute the 2-point function we need the second derivative of S;en, thus we can apply

another derivative to (B.18]):

5 (O(21)), 5A(r)
O(x1)O(x =—0 = (2A, —d . B.20
(OO, = —55 s = (84— d) gl (5.20)
Using (B.17]), we have:
0A(z1) cy
= . B.21
ddo(xz2)  |zy — 1‘2\2A+ ( )
Therefore the 2-point function of the operator O in the boundary CFT is:
c
(O(1)O(@2)) ey = (284 — d) — . (B.22)

’xl . $2‘2A+

This agrees with the expected result for the correlation function in a conformal field theory.
The computation of the 3-point function requires the introduction of terms proportional
to qﬁ% in Sren, S0 we have to include in the computation the part of the potential V()

proportional to A¢>. In such a way the e.o.m. is modified to:

(~O0+4+m?) ¢+ A¢? = 0. (B.23)

The solution can be calculated perturbatively in A. Thus we can expand a = EO) —1—5(1) 4+

where 5(0) is the free solution (B.16)), whereas gl) is the contribution of order A\, which solves

the perturbative equation:

(—O+m2)e" +1(3")* =0. (B.24)

Being the latter an inhomogeneous Klein-Gordon equation, its solution can be written using
the Green’s function G which satisfies (B.4):

_ _ 2
d)(l)(z,a:) = -\ /dz'ddx/\/gG(zjx; 22 (qb(o)(z/,x/)) . (B.25)
Recalling the boundary behavior of the bulk-to-bulk propagator , we have:

—1) AzB+

¢ (z,x) pi /dZ,ddeldd$2dde3\/§K(Z/; r—x1)K (2521 — 29)

z:O _2A+ —
x K(2'521 — 22)do(z2)do(23). (B.26)

This is a term going as 2™+, so it represents a correction of order \ to A(zx):

AW (z) = _2A:\—d /dzddxlddxgddxg\/ﬁK(z; x—x1)K(z;21 — x2)

X K(Z; Tl — $3)¢0($2)¢0($3), (B.27)
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so that the term A in the expansion of ¢ can be written as A = A© 4+ A where A© is
the free contribution (B.17), whereas A is the latter correction.

Now, like for the 2-point function, we can write the 3-point function as:

52A(ZL'1)
do(22)dp0(x3)

0 (O(@1))g, _ (2A4 —d)

<O(;pl)0(x2)o($3)>¢o = 0o (z2)ddo(x3)

(B.28)

Since the free part A® is proportional to ¢, its second derivative vanishes, thus only A®

gives a finite contribution:

52A(1)($1)
d¢o(x2)0po(3)

2
= QA:\— y /dzddx\/gK(z; r—x1)K(z;x — 22)K(z;2 — x3), (B.29)
which means that the 3-point function of O in the boundary CFT is:
(O(21)0(22)O(23)) cpp = —2A /dzdd:n\/gK(z; x—11)K(z;2 — 29)K(z;2 — x3).  (B.30)

Exploiting the transformation properties of the bulk-to-boundary propagator one can per-

form the integral and show that:

1

|21 — 20| A |2y — 23] | g — 23]

(O(21)0(22)O(23)) cpr ~ (B.31)
which is the expected result for the 3-point function in a conformal field theory.

Looking at the form of (B.30]) we can give a diagrammatic interpretation of the contribu-
tions to the correlation functions. Indeed we have defined K as the bulk-to-boundary propa-
gator because it connects a point in the bulk to a point on the boundary, thus we can imagine

to represent it as a line which starts in the bulk and ends on the boundary:

K(z;z—2a') =

boundary

On the contrary, the bulk-to-bulk propagator connects two different points in the bulk.
Therefore we can represent G(z,x; 2',2’) as a line in the interior of the bulk connecting the

points (z,x) and (2/,2/):

G(z,x;2,2") =

boundary
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Through this method we can represent the contributions of the correlation functions as
diagrams with as many bulk-to-boundary lines as functions K there are in the integral and
as many bulk-to-bulk lines as Green’s functions G. For example, the 3-point function is

represented by:

2
1

z3

where the integral A [ K(z;z — x1)K(z;x — x2) K (z; x — x3) is represented by an interaction
of three bulk-to-boundary propagators happening in the bulk at (z, x).
Using this representation we can argue the contributions of every correlation function.

For example, the 4-point function is determined by two different terms:

The first diagram is of order A because it comes from the term A¢3 in V(¢) and involves two
vertices connected by a bulk-to-bulk propagator G. The second diagram is the contribution
coming from the term p¢* in V() so it is of order y and involves the vertex of four bulk-
to-boundary propagators.

This is the standard technology for the computation of the correlation functions of the
operator O in the boundary CFT. We have shown that this method provides the expected
results for the 1-; 2- and 3-point functions. This provides a consistency verification of the
AdS/CFT correspondence statement (3.2.9).

Let us remark that this method yields finite and well-defined results only after the holo-

graphic renormalization has removed the divergences on the bulk action.



appeNDIX C

Solution of the RG equations

In this appendix we explicitly solve the evolution equations (4.2.29) and (4.2.30)) of the
parameters J and F' of the UV amplitude (4.2.27)) for the free scalar field in the bulk

considered in subsection [4.2.1}
1
—0.(VhJ(k,€)) = —J(k,e)F(k, e C.1
7 (VRhJ(k,¢€)) (k,e)F(k,¢) (C.1)

i ) = —F2(k. ¢ v 2k2 4 m2
\/gae(\/ﬁp(k, )) = —F2%(k, ) + (v k% + m?). (C.2)

The general solutions can be specified in terms of initial conditions Jy = J(ey) and Fy =

F(ep) defined on the regulated boundary. Looking at the first order form of the bulk e.o.m.:

-2

0,r = i/ﬁ”’% Ok = /g(v2k? + m?) oy, (C.3)

where 7 is the conjugate momentum of ¢, we can see that J and F' can be parametrized in

terms of the general solution (¢,7) of such equation:

_ 1 o = (e
J(k,e) = VAL F(k,e) NENES (C.4)

This means that the initial conditions (Jy, Fy) can be translated into the boundary conditions

of (quS, 7). Since the metric is asymptotic to AdSgy;1 near the boundary, for ¢y — 0 we have:

o~

or(eo) ~ ak€0A7 + Bk50A+- (C.5)

In such a way the functions a and S specify the solution (q3, 7). Thus if we pick two
independent particular solutions (¢1,71) and (¢a, %) of (C.3), such that:

ggl ~ 28, 52 ~ 28 for 2z — 0,
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the general solution can be expressed as:
Ok = ardi(e, k) + Brda(e, k) e = a7 (6, k) + Bria(e, k). (C.6)

For this reason, using ((C.4)) evaluated at ey, we can determine the relation between (Jy, Fp)

and (a, B):
_ Ay —Foa, B:FO_A—ﬁA_
2VJO 0 21/J() 0

Instead of using 3, it is more convenient to define x := /a, so that the initial conditions

(C.7)

of J and F can be expressed in terms of («, x). Thus we have that:

F() - A_ -9
= —¢€, . C.8
X AL~ Fy 0 (C.8)

At this point we can write the solutions of (4.2.29)) and (4.2.30) as:

1 1

VhJ(k,€) = —= - (C.9)
Ok P1(€ k) + xrd2 (€ k)

ViF(e, k) = TER) + xiTa(e F) (C.10)

- $1 (67 k) + Xk$2(67 k) '

In the case of pure AdS;1 metric (3.1.8) we can obtain an explicit solution in the regime

of small momenta (ek < 1). Indeed, in such case we can consider:

(bl == ZA_a ¢2 - 2A+7 (Cll)

so that from (C.9) and (C.10)) we obtain:

Jo= L < C.12

@2 (©12)
o A_+ A+X€2V

Flo="71 % (C.13)

Let us remark that the solution ((E, 7) of does not correspond to the classical solution
¢ where the on-shell bulk action is evaluated. This is due to the fact that the boundary
conditions specified by («, x) of qAﬁ depends on the initial conditions (Jy, Fy) of the flow of
the parameters J and F of Syy, whereas ¢ is defined through plus some regularity
condition at z = 400 in order to determine a single deformation of the boundary CFT.
Using hWRG we have seen that the Wilsonian action of the dual QFT contains
a single- and a double-trace deformation in the operator O, respectively determined by the

couplings A and f. Since they are related to J and F' through:

Ak, e) = —

f(kaﬁ):_

S (C.14)



C. Solution of the RG equations 107

the solutions of their RG equations (4.2.35]) and (4.2.36]) can be found from the solutions of
the evolution equations of J and F. Therefore in pure AdSy.1 and for ek < 1 we have:

1 €At 1+ xpe?”

Mho) = A T A 00 = "3 A e

(C.15)

If we want the solutions for the more general metric (4.1.5) we can use (C.9), (C.10)) and

write it in terms of (¢1,71) and (g2, T2):

o~

1 1 (e k) + thgg(e, k)
ax 71(e F) - (e, k) f o) = Ve e h)

Ak, €) = — (C.16)

The imposition of the standard quantization requires that the initial value f(e9) = f—. This
implies that Fy = A4 and so, from ((C.8), we have that y = co. Hence:

bo (e, k
f@@:_wﬁﬁ’X (C.17)
7r2(6, k)
Indeed at € = ey we have ¢g ~ €0A+ and Ty ~ A+€6A_, thus f(eo) = —=1/A4 = f_. This is

the general solution for the double-trace coupling of the Wilsonian action.
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