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Abstract

Recently there has been significant interest in new types of metals called non-Fermi
liquids, which cannot be described by Landau Fermi liquid theory. Landau Fermi
liquid theory is a theoretical model used to describe low energy interacting fermions or
quasiparticles. There is a growing interest in constructing an effective field theory for
these types of metals. One of the paradigms to understand these metals is by the use
of Wilsonian renormalization group (RG) to study a theoretical toy model consisting
of fermions coupled to a gapless order parameter field. Here we will study fermions
coupled to gapless bosons (order parameter) below the upper critical dimension (d =
3). We will treat both fermions and bosons on equal footing and construct an effective
field theory which only integrates out high momentum modes. Then we compute
the one-loop RG flows for the Yukawa coupling and four-Fermi interaction. We will
discuss log? and log® subleties associated with the one loop RG flows for the four-Fermi
interaction and how they can be circumvented.
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Chapter 1

Introduction

Our modern day understanding of how metals behave electronically is based on Landau Fermi
liquid theory, which is a standard and well accepted theoretical model to describe the physics of
low energy interacting fermions especially in metals. However recently there has been an emer-
gence of new metals, called non-Fermi liquids, which cannot be explained by Landau Fermi liquid
theory. A key challenge remains to understand and construct effective field theories for these
non-Fermi liquids. A fruitful and promising approach to understand non-Fermi liquids is to use
the renormalization group (RG) whereby we study the fixed points of the non-Fermi liquids in
limits in which the physics is under analytic control and then we try to extend the analysis beyond
the range of our understanding. The problem with many modern condensed matter problems is
they are a mixture of strong interaction and finite density, which makes their study challenging.
The finite density complication in particular, is not usually considered in relativistic QFT. As has
been appreciated for some time, non-relativistic theories contain less symmetry than relativistic
theories, which makes the study of non-Fermi liquids more challenging. Example of physical
systems which fail to be described by Landau Fermi liquid theory are:

e Metals close to a quantum critical point, when a phase transition takes place at absolute
zero temperature. The quasiparticles scatter strongly in a way that they no longer conform to
the Landau Fermi liquid description [1]

e Luttinger liquids (Metals in one dimension). In one dimensional metals, electrons are unstable
and they decay into two particles, a spinon which carries a spin and holon which carries a charge
[1].

e T'wo-channel Kondo models. When two independent electrons scatter from a magnetic impurity
they leave behind half an electron [1].

e Disordered Kondo models. In this case the scattering of two electrons from the magnetic im-
purities is too strong to allow the Fermi quasi-particles to form [1].

One simple reason why these physical systems cannot be described by Landau Fermi liquid
theory is because they don’t possess well defined quasiparticles. Before we go any further we
need to have a brief description of what the Landau theory entails.

Landau-Fermi liquid

One could ask why the Landau theory is such a good description for metals? Well, the application
of quantum mechanics to this problem resulted in two key problems. The first problem was that
each electron should contribute %kB to the specific heat capacity of a metal, which is far more
than what is measured experimentally. The second problem was that the electron has a magnetic
moment, but the magnetic susceptibilty does not show the Currie temperature dependence for
free moments (xy = %) [1]. These failures led to the development of Landau Fermi liquid theory,



which is able to address these two problems, by adopting the Fermi statistics for the electron
and enforcing the Pauli-exclusion principle which states that no two electrons can occupy the
same state. We will begin by elaborating some properties of Fermi-liquid theory and we will
indicate where it breaks down. We will start by describing a single non-interacting system called
a Fermi-gas, which could be a gas of electrons inside a container or box. We obtain the many
particle states by filling the single particle energy eigenstates always respecting the Pauli-exclusion
principle rule. The ground states of the system is obtained by filling all states inside a sphere in
momentum space with the radius krp. The system will contain a surface with a locus of points
|E| = kr called a Fermi-surface. Low energy excitations are formed by filling a state close to the
Fermi-surface. The state can be occupied by a hole (positive charge) or an electron (negative
charge), and these excitations are gapless [2]. These excitations, at a quantum theoretical level,
manifest themselves as poles of the Green’s function in the complex frequency plane [2]. An
electron’s Green’s function in momentum space has the form
- 1

G(w, k) =

R S— 1.1
iw — p+ e(k) (1)

-

where ¢(k) is the energy of the electron and p is the Fermi-surface energy. Once we switch
on interactions the notion of a single particle state doesn’t make sense, but the general idea of
the non-interacting gas should still apply for weakly interacting systems. It is not clear what
happens at strong interaction. Landau Fermi liquid theory postulates that the above qualitative
picture of a Fermi-gas should persist for a generic fermionic system by appealing to adiabatic
continuity [3]. Landau theory assumes that the ground states of an interacting fermionic system
is characterized by a surface in momentum space at k = kr and regardless of strong interaction,
the low energy excitations near the Fermi-surface behave as weakly interacting particles [2]. In
elementary quantum mechanics we know that the eigenstate of a particle inside a box consists
of standing sine waves with nodes at the well walls. The eigenstate of the particle in the box
system can be labelled by the number of additional nodes in the wave-function, with the energy
increasing with the node number as indicated in the figure below.

Figure 1.1: Nodes of a particle inside a box.



If we switch on a weak quadratic potential, the new eigenstates are no longer simple sine waves as
in the figure above. They now involve a mixing of all the eigenstates of the original unperturbed
problem, but the number of nodes still remain as good labels of the eigenstates for the interacting
system [1]. This is where the importance of adiabatic continuity comes into play. The idea
behind Landau Fermi liquid theory is that we imagine taking a Fermi gas and turning on the
interactions between electrons slowly and observing, how the eigenstates of the Fermi gas evolve
[4, 5, 6]. Landau Fermi liquid theory postulates that there will be a one-to-one mapping of the low
energy eigenstates of interacting electrons with those of non-interacting Fermi gas as indicated in
the figure below.

Figure 1.2: One-to-one mapping of states from non-interacting to interacting system.

We therefore retain the picture of the Fermi gas system with the Fermi surface and particle-hole
excitations carrying the same quantum numbers as the non-interacting system. An important
difference is that now these quantum labels are not associated with the electrons, but with quasi-
particles. It is the concept of quasiparticles that is the central point of Landau Fermi liquid
theory. With this we are able to address the two key problems we encountered when we applied
quantum mechanics to metals, since only a small fraction of the total number of quasiparticles
can take part in the process of contributing to the specific heat and magnetic susceptibility of the
metal. The majority of the quasiparticles lie so far away from the Fermi surface that they are
energetically unable to find an unoccupied quantum state required to magnetize them or carry
excess heat. Only quasiparticles within kT of the Fermi surface can contribute to the specific
heat, so the specific heat grows linearly with temperature [7]. Only quasiparticles within pupB of
the Fermi surface can magnetize with a moment ~ up leading to a temperature dependent Pauli
susceptibity instead of a Currie temperature [1]. Both thermodynamic quantities are dependent
on the density of states at the Fermi surface.



Retaining the quantum labels of the non-interacting system means that the configurational en-
tropy of the system hasn’t changed for the interacting system, since the distribution function of
the system remains unchanged. This means that each particle contributes additively to the total
entropy of the system but the same cannot be said about the total energy of a system. The total
energy is not additive. To figure out the total energy of a system, we need to first consider that
when a quasiparticle moves, there will be a backflow in the filled Fermi sea as the quasiparticle
pushes the ground state out. This changes the inertial mass of the quasiparticle from m — m*,
where m* is the effective mass which incorporates the effect of the electron interacting with the
crystal lattice. The second thing to consider is that the quasiparticle energy also depends on the
distribution of other quasiparticles, with the distribution described via the f function. The total
energy of the interacting system is [1]

k 1
E= Z mii(hk - kF)(sno + 5 Z fkgk/g/5nka(5nk/a/, (12)

k,o k,k! 0,0

for an isotropic system. From here we can compute thermodynamic equilibrium properties such
as the specific heat and Pauli susceptibilty. We can estimate the lifetime of these approximate
eigenstates by considering the decay rate of quasiparticles with energy e just above the Fermi
surface, at absolute zero temperature using Fermi’s golden rule[8],

1 27
== > ViglPo(e —ep) (1.3)
‘ f

where 7, is the life-time, |V;f| are the interaction matrix elements and the sum is over the final
states. At absolute zero the scattering allowed by the Pauli principle only lowers the quasiparticle
energy by w, making a particle-hole pair in the Fermi sea. Only occupied states within w of the
Fermi surface can absorb this energy by making a particle state above the Fermi surface. Therefore
our sum over final states become [1]

1 2 € w o
Z o~ W|V\2/ gpdw/ de’/ Sle —w—¢€ + " gpde”, (1.4)
Te h 0 0 —oo

where gp is the density of states at the Fermi surface. Close to the Fermi surface where the en-
ergy of a quasiparticle € is small, the quasiparticle is always defined and its decay rate €2 is much
smaller than it’s excitation energy e. Far from the Fermi surface at large € the adiabatic con-
tinuity breaks, since the quasiparticle will decay before the interaction is completely turned on [1].

In a nutshell, it is the concept of a fermion quasiparticle that is at the heart of Fermi liquid
theory. The theory is able to account for the temperature dependent heat capacities and Pauli
susceptibility of many metals, since these thermodynamic properties only require a well defined
Fermi surface and they are not sensitive to whether we are dealing with electrons or quasipar-
ticles. The problem with non-Fermi liquids is that they don’t possess quasiparticles since they
decay at a very much faster rate before the system can display its particle like properties. So
we need to have a different approach when studying these physical systems. A good way to
start is by studying a non-Fermi liquid system with gapless quantum critical boson coupled to
a Fermi surface. The coupling of a Fermi-surface to a gapless boson leads to novel phenomena
such as superconducting and charge density wave formation. The core reason of why non-Fermi
liquid systems behave differently from the ordinary metals is because non-Fermi liquid systems
do not contain quasiparticles. In fact the quasi-particle life span is very short, so quasi-particles
decay before they can display their particle like properties. This may affect the transport and



thermodynamic properties of a material.

A key goal in this study is to review how to achieve non-Fermi liquid fixed points, in the low
energy theory of interacting fermions coupled to a gapless order parameter. These fixed points
can be studied using perturbation theory.

Understanding the behaviour of finite density quantum field theory is a central problems in the-
oretical physics, and is particularly important for condensed matter physics. Some of the most
challenging open issues in condensed matter physics involve understanding quantum continuous
phase transitions in metals. To obtain an understanding of what a quantum phase transition is,
it is useful to contrast it with a classical phase transition. A classical phase transition (also called
a thermal phase transition), is basically a reorganization of the particles, due to heat gained or
lost in a system. A simple example is the melting of ice, describing a phase transition from
solid to liquid. This phase transition is discontinuous if the order parameter (which could be the
density here) exhibits a discontunuity in the phase diagram. Contrary to classical phase transi-
tions, quantum phase transitions can only be accessed by varying a physical parameter, such as
the magnetic field or pressure at absolute zero temperature. The transition happens abruptly,
showing a sudden change in the ground state of a many body system and it is driven by quantum
fluctuations. This kind of quantum phase transition can be a second-order phase transition for
which there is no discontinuity in the order parameter. The defining difference between a classical
phase transition and a quantum phase transitions is that classical phase transitions are driven by
thermal fluctuations while quantum phase transitions are driven by quantum fluctuations. Phase
transitions often involve a symmetry breaking process, for example, cooling of a liquid/fluid into
a crystalline solid breaks continuous translation symmetry.

There are two main categories of phase transitions, which are a first-order transition and a
second-order transition. In the first-order phase transition, the state of a system changes discon-
tinuously, as in melting of a solid, whereas in the second-order phase transition, the state changes
continuously. First order phase transitions are basically classical phase transitions. Second-order
phase transitions are marked by the growth of fluctuations on ever-longer length-scales. The
second-order phase transition happens at the critical point where the critical fluctuations are
scale invariant and extend over the entire physical system. At the quantum critical point, the
fluctuations are quantum mechanical in nature and the characteristic energy of the quantum fluc-
tuations are bigger than the characteristic Boltzmann thermal energy k7. The fluctuations at
a critical point exhibit scale invariance in both space and in time, unlike classical critical points,
where the critical fluctuations are limited to a narrow region around the phase transition. Quan-
tum critical points arise when the susceptibility of a material diverges at zero temperature.

Quantum field theories of metals are less understood as compared to relativistic field theories.
This is due the reduced amount of symmetry and extensive gapless modes that need to be kept in
low energy theories. A standard paradigmatic example of finite density field theory in a metal is
given by a Fermi surface interacting with a gapless boson. This system underlines a wide range of
systems in high energy and condensed matter physics. Non-Fermi liquid behaviour can arise when
the fermion Fermi surface is coupled to a gapless boson field or order parameter field. In condensed
matter an order parameter is a measure of the degree of order across the boundaries of a phase
transition. A simple example of an order parameter is the magnetization in a ferromagnetic sys-
tem undergoing a phase transition. A boson can be made gapless by fine tuning the microscopic
parameters of the non-Fermi liquid phases within an extended region in the parameter space. In
Fermi liquid metals [5], quasi particles provides a single-particle basis in which the low energy



field theories can be diagonalized [9][10]. In contrast to this, in non-Fermi liquid states, there
exists no such single-particle basis in which low energy field theories can be diagonalized, because
quasi-particles have a short life span as indicated above. Since there is no such single-particle
basis, the low energy physics for non-Fermi liquids has to be described by genuine interacting
quantum field theories, which could be fermions coupled to gapless bosons. The interaction of
the Fermi surface coupled to a gapless boson could also lead to a parametric enhancement of
superconductivity and formation of other new phases. While there has been promising progress
over the last decade, in our understanding of non-Fermi liquids and finite density QFT in general,
there is still no general definite understanding of long distance (low energy) finite density QFT. In
particular the possible phases that can occur and the physics at low energy is not well understood.

The focus of this work will be on an important class of quantum phase transitions in metals
known as Pomeranchuk instabilities, where the order parameter preserves the lattice translation
symmetry. Examples of this phase transition include ferromagnetism and nematic order. In
the case of Pomeranchuk continuous phase transitions, the order parameter field condenses to
zero momentum and its fluctuations couple to the fermions everywhere on the Fermi surface.
There is now substantial growing experimental evidence suggesting that such these transitions
occur in highly correlated metals. Pomeranchuk instabilities can be developed by deforming the
Fermi surface and studying the resulting energy gained, particularly the energy of quasi particles.
The energy of an excited state quasi particle as a functional of the change in the equilibrium
distribution function can be written as [11]

E = /d2k(e(k:) — p))on(k) +;/ko/dzk’f(k,k’)én(k:)én(k’),

where on(k) is the change in the distribution function n(k), and we have assumed that only
two-particle interactions are present. The interaction function f(k’, k) can be related to the low
energy limit of the two particle vertex. Low energy excited states with negative energy E are
allowed. When the energy F is negative, this signals an instability and a breakdown of Landau
Fermi liquid.

The standard paradigm for studying zero-temperature phase transitions in metals was intro-
duced by Hertz [12] and Mills [13]. Their approach involved integrating out the fermionic modes,
including those that lie on the Fermi surface. This left only the bosonic order parameter in the
action, and the dynamics of the order parameter was analysed using the renormalization group.
This kind of approach is dangerous when applied in metals, since integrating out gapless fermionic
modes on the Fermi surface leads to non-local and singular interaction among the bosons. A much
more systematic and tractable approach is to treat both the fermionic and bosonic modes on equal
footing. In this approach high energy excitation modes are integrated out, for both fermions and
bosons, and the low effective action comprises of just low energy modes. However, due to the
difference in kinematical structure between the fermions and bosons (the low energy modes for
the fermions are close to the Fermi surface and for the boson are close to the origin), constructing
an effective field theory is challenging.

There has been a general consensus among field theorists that the anomalous power laws present
in non-Fermi liquids cannot be fully understood without a controlled theory of the deep infrared
behaviour of the fermion-boson interaction [14][15]. However, at finite temperature or frequency
scales, a metal in the vicinity of a quantum critical point exhibits crossovers, not transitions from
Fermi liquid to non-Fermi liquid. There is a chance, that starting from a weakly coupled metal,
one can understand the intermediate asymptotic behaviour by either treating the coupling be-
tween the boson’s and fermions perturbatively or by using large N limits. But theories of this sort
can breakdown below a certain energy scale, reflecting the non-analyticities associated either with



the quantum critical point itself, or the instabilities (superconductivity or Landau damping) that
are hidden in quantum effects. However this kind of instability occurs at arbitrary low energy.
At high energy the theory is devoid of these non-analyticities (instabilities).

In this work, we will study the coupled field theory of a massless scalar field and a finite density
of fermions. The interaction between the fermions and the bosons will be mediated by a Yukawa
interaction L C g¢tpp. We perform a perturbation study in a cotrolled weak coupling expansion
around the critical space-time dimension d = 4 —e. The objective is to perform a systematic anal-
ysis of the quantum effects in the theory, and determine the renormalization group equations for
the theory. With the renormalization group equations, we will determine the possible low energy
phases. There are several phenomenological and theoretical motivations behind this strategic
approach. One of the motivations is that there is growing experimental evidence that high-T,
superconductivity (SC) and non-Fermi liquid (NFL) behaviour happen at the vicinity of quantum
phase transitions, where the interaction between bosonic excitations and finite density fermions
becomes important. The second motivation is to understand the strong dynamics present in
many condensed matter systems of interest. Other non-perturbative techniques have been used
to study the theory, including large N expansions, field theory dualities and some promising
work exploiting Holography. Regardless of these promising non-perturbative techniques, renor-
malization group flow remains as the most straight forward and profound way to study finite
density QFT. We will work near the critical point in (3 4+ 1) dimensions, where the theory is
under perturbative control. This kind of approach has been successful in other areas of critical
phenomena [16] and, we expect this approach to be useful in helping to understand low energy
strongly coupled system. The work produced in this Thesis is a thorough review of the work of
A.L. Fitzpatrick and S. Kachru, reported in [17, 18, 19, 20].

The dissertation is organised as follows: In the second chapter we will describe the basics nec-
essary for one to study relativistic or non-relativistic QFT. The basics include computing the
fermion and boson propagators, understanding Grassmann algebra which is the algebra used to
describe fermions and the Feynman rules for theory. The third chapter will describe the idea of
Renormalization Group flows, which is one of the central ideas in studying finite density non-
relativistic fermions. From there we will study some flows using Feynman diagrams. In the fourth
chapter we implement a proper renormalization strategy to renormalize the theory and then we
compute the beta functions. In the last chapter we address the subtleties including the log? and
log® divergent Feynman diagrams and we complete the renormalization of our theory. This allows
us to achieve our primary goal of exhibiting fixed points that correspond to non-Fermi liquids.



Chapter 2

Basic Formalism for Fermion and
Scalar Fields

In this chapter we are going to derive the equation of motion for both the fermions and scalar
fields. Then we will derive the Green functions for both fields. The objective here is to derive
the generating function of the fields, in order to use them in the following chapters. We will also
study a simple quantum harmonic oscillator problem in 1 + 1 dimension and d 4+ 1 dimensions
to demonstrate the fact that a quantum field is an assembly of harmonic oscillators. When we
discuss the theory for fermions we first discuss Grassmann number algebra, since fermions are
described by this algebra. We will begin by describing the theory of scalar fields.

2.0.1 Deriving the equation of motion for a scalar field in the presence of a
source.

Consider the scalar Lagrangian
Lo= L6 + (0.6 + Fo - Vo), (2.1)
with the action
Sp= / dr / B (m?e? + (0,0)2 + Ve - Vo). (2.2)

We add a source term j¢ to the Lagrangian. To get the equation of motion with a source term
jo, we have to evaulate

0 <—S¢+ / dr / daj(r, )o(r, g:«')) 0. (2.3)

op(r!, ")
(2.4)
This equation can be simplified as
_ 0 d. (1, 2.9 2 290 T4\ s
0= R |:/d7’/d x (2(m "+ (0:0)° +c*Vo - Vo) j¢>:| (2.5)
=— /dT / Az (m?¢d(t — 7/, % — ) + 0,0(r — 7', % — &)0-¢ (2.6)

+626(5(T—T',f—:ﬁ")-6(1)—]'5(7‘—7",:?—3?’)).



Use integration by parts on the second and third term of the integrand to get,

/dT/dd < 2(]55 T—T 517 /)+87(5(T_T/7f_fl)87'¢)
S(r—7,2— )P+ AV - (8(r— 7', — F)V)

—Ao(r— 1,8 -7V Vo —jé(r— 7,7~ f’)) .
The 2" and 4" terms are surface terms and equal to zero, since
/dT / dix (aTa(T — 72— 10+ V(T — 1 T —T)- %)

—/ ClA((s(T—T/,f—f/)87¢+c25(T—T/,f—f/)ﬁ-ﬁ(ﬁ)
ov
if 7,7 ¢0V then §(r—7,7-7)=0,

if 7,7 €0V then 0,¢= ﬁqﬁ =0 since the field vanishes at the surface.

Then we are left with

_ / dr / dla(m2pd(r — ' 7 — )

—0(r =7, 7= 7)02p— Po(r — 7, T —F)V Vo — jo(r — 7,7 - T)),

which simplifies to
(=02 — AV -V +m?)p =j.

2.0.2 Construction of the Green’s function

The equation
(=02 =V -V +m*) =
can be solved using the Green’s function
(=02 =V -V +m?)G(r, %) = 6(1)6 D (z),
where ¢ has a solution of the form
— [ar [awce -5 -2 )

Recall the identities :

and

= ddk dw ik-%_iwr s
Gr) = [ g™ Gl B

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)



where w is the time component of k. If we plug equations (2.14), (2.15) and (2.16) back into

equation (2.12) we get

- = dk dw N AT (7t - dek dw N

92 . 2 W iw(r—1")+ik- (BT _ e iw(r—7")+ik-(Z—2")
(-2 -V v+m)/ / G(w, k) /(%)d/%e

(2.17)

(2m)® ) (2m)

A , , A1k ,
ik-(z—x') 2 2 2 _ ik-(z—z')

/ (27T)d+1€ ((w)* + k*+m*)G(w, k) /(27r)d+le )

and k- (z — ') = w(r — ') + k- (£ — &). For the LHS to be equal

d+1 d w
Note that (‘;W)idfl = %%r
to RHS , G(w, k) must be equal to
- 1 1
k) = — = 2.1
Gl (W2 +k-k+m2 K +m? (2.18)
where k% = w? + k - k. Hence
ditk 1 : )
eth-(@=a’) (2.19)

GT—T',f—f':/ —
( ) (2m)HL 2 4 kL E 4 m?2

This function has poles at w = £iV'k - k + m2 = Liwy,
< 1 1 >eiw(r—r’)+il§~(f—f’)‘ (2.20)
w

dwd®% 1
— + ;
—wE W+ twg

Gir—7,7-2) = —
( ' ) (27)d+1 2
We can evaluate the dw integral using contour integration and the residue theorem. First we will

write the time component w in the exponential in terms of real and imaginary parts
) ei(wRHw,)(T_T')+¢E.(f_f/) (2.21)

dwd®% 1 1 1
G _ /’ = 7 — / .
(r=7.7 ) (2m)d+1 2w \ w — dwy, * w + iwy,

where wgr and wy are the real and imaginary components of the frequency. How the contour is
/

closed is determined by the sign of 7 — 7

Imw
Imw
'
T>T

1wy

Zw

Rew

Rew

"> 7

—iwy

Figure 2.1: The sign of 7 — 7/ determines how contours are closed.

When 7 > 7/, to get a decaying exponential when ‘wk‘ — oo we close the contour anti-
clockwise in the upper plane as shown in the first diagram of the figure above. In this case the
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portion of the contour at infinity does not contribute to the integral. Closing the contour in the
upper plane we pick up the pole iw; and the Green’s function becomes

ay .
Gr—7,2—-7) =2mi Ak e~ Wk(T=T )tk (F=F7)
’ 2m) T 12wy,

When 7 < 7/, to get a decaying exponential we close the contour clockwise in the lower plane, to
capture the pole —iwy as shown in the second diagram of the figure above, so that

= : ddE —wy (7! —7)+ik-(Z—T
Gir—7,2-7) = —2m/ (27ri)d+12(—iwk)e R(7/=T)Hik (T3

Hence the choice of contour yields a time ordered Green’s function

ddE Nk (77
- S A o —wy (1—7")+ik-(Z—Z")
Gir—71,2—-2)=0(tr—1) / 7(271_)@1%6 (2.22)

o(+ AR )i
+6(r"—1) (27r)d2wke .

2.0.3 Computing the generating function for bosons
The generating function for a spin zero field is [21],
Z1j) =N / Do~ et a o
:./\/'/Dqﬁe_; fdd+1x((67¢)2+6¢§¢+m2¢2)+f ditlzje
:N/queé fdd+1xfdd+1:r’ (r', @) (r—7")6%(Z—") (7837V2+m2)¢(7',f)+f d 1z p(T,%)
where N is a normalising constant. We will fix this constant by requiring Z[j = 0] = 1. To

evaluate the integral, we discretise the field ¢ by transforming Fuclidean space into a lattice with
spacing distance a.

(;5(7—7 f) - ¢13’

where the indices i,f indicates the field at “time” ¢ and position ; We incorporate both indices
1,7 into just one index I, so that <Z>Z.]—: = ¢;. By discretising the space, the generating function
becomes

. N -3 % drMrydg
Z[j1l=0 =N/ 11 doae "7 , (2.23)
M=1

where My; = 6r5(— A? — AJ% +m?). The symbol A]% is the Laplacian operator for the discrete
system. It acts on ¢i3’ in d-dimension space as

N2 - = Qi ldanenia = 2Pisjr gasesia T Pisi—Viareia g Pisjridatleia = 2Pisjiiaria T Pisdroo—loesia
VREN ] a2 a?
(2.24)
vy Piniegatt = 20iiganga T Pigria,
p :

11



The symbol A? is the second order "time” derivative in the discrete system. Its action on ¢ij is
defined as

p2g = i T 205t P
RN a2 :

We are using the same lattice spacing for “time” and space. Assume My is a symmetric matrix.
We can diagonalize matrix M7y with Ur;, an orthogonal matrix

Ul MppUpy = My,

where M p = 0rpAp is a diagonal matrix. We make the transformation

Upjbs = ¢p.
The Jacobian of the transformation is
dop d(Upjo)
J = = = |Ups| = 1.
‘ dér ‘ do; U]

Therefore, the integration measure is invariant

N N
/Hd¢M—>/Hd¢K.
M=1 K=1
The integral (2.23) now becomes

orUL, MrpUpsds
P

1
2

~
[l
=

N ~
210 =N [ T] dine
K=1

N . ~
-1 3 ¢LMppop
L.P

N
:N/ Hddee : ,
K=1

where (— A2 — A; +m?)¢x = Axdx. We can redefine the integration measure

N _ N d(;K
J ML= | T i

so that we can eliminate the term (27)" /2| for convenience. When we redefine the integral and
take N — oo we recover the continuum description

1= T, j’—m? and qﬁi;.—wﬁ(T,:E).

12



After redefining the integral and taking N — oo, the generating function becomes

N
Vdet M’

Z[jllj=0 = (2.25)

where M = (1 —7/)6%(# — &) (—02 — V2 4+m?). Recall that we normalise the generating function
by requiring Z[j]|j—0 = 1
N

ZWlli=0 = =7

= (0]0) =1 (2.26)
= N =Vdet M.

Therefore

Z[j] = ef ¢ ta [ 4 (R Glr—r! F-)j (&)

The term det M is related to the vacuum energy of the field. To see this, recall that
Z[j] =N / Dge et/ daié (2.27)

= Zlll0 =N [ Doe=S

(e 7))
=N{0|T|e 2 0
=Ne FoT

where H is the Hamiltonian of the theory. In making the above identification, we have used
the well known translation between moments of the path integral and time ordered correlation
functions in the operator approach to quantum field theory, correctly continued to Euclidean
space [22]

T
— [ % Hdt

/nge_s¢¢(x1)---qb(xn):N<O'T(e —z ¢($1)---¢(xn))‘0>. (2.28)

From (2.25) we have

which implies
1
—EoT _
e = 2.29
vdet M ( )
EyT =log (\/ det M)

Ey :% log(m).

We can further try to understand how det(M) relates to the vacuum energy of the system, by
studying a simple quantum system, the Euclidean harmonic oscillator defined by the Lagrangian

2
L= % (dflit)) + %mexQ(t). (2.30)

13



The corresponding action is

1 dx(t)\”
S :/dt<m< il )> —I—mexz(t)) (2.31)
2 dt
1 vd*r 9 9
_1 N 2.32
2/dt< m=— +wmx> (2.32)
m d? 9
_m _a 2.
5 /dtfc< dt2+w>$ (2.33)
:% / dtz Mz (2.34)
where M = —Z—i +w?. In line (2.32) we used integration by parts. For simplicity, we will now set

m = 2. This system has ground state energy Fg = w. The boundary conditions of the system
are

P(0) =¢(T) =0
Consider now the eigenproblem of M
My =X (2.35)
2
( - % + w2>¢ =\ (2.36)
d*y
= (A= w?). (2.37)

The solution for 1 is
P(x(t)) = Acos(x/ A2 — wQ:U(t)) + Bsin(\/ A2 — me(t)>. (2.38)

Applying the boundary conditions
P(0)=0=A=0 and
W(T)=0= V2 —w?T =k for k=0,1,2,...,n

Er\ 2
)\2 a2 (>
- =(7)
Er\ 2
From the definition of the determinant
[T A = det 2,
k=1

we find

(2.39)
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Thus,

det(M) =sinh(wT) (2.40)
1
:§(€UJT _ e—wT).
In the limit 7" — oo
det(M) ==evT
1
=7 log<vdet M)
:’u}7

which is the correct result.

2.0.4 Quantum harmonic oscillator and the scalar field

The scalar field in (d + 1)-dimensional field theory is a system of quantum harmonic oscillators.
To show the relationships between the two systems, consider the harmonic oscillator Lagrangian

1 1
L= —i%(t) — ~w?2?(t) (2.41)
2 2
where w is the angular frequency of the system, and consider free field scalar Lagrangian [21]
1 1
L= 58“¢8“¢ — §m2¢2. (2.42)
The corresponding action is
1 1
S = /dtdd:r<26#¢6“¢ — 2m2¢2>, (2.43)
in (d 4 1)-dimensional Minkowski space-time. We can Fourier transform ¢(z,t) as [21]
Ak - e
T,t) = | ok, t)e™ . 2.44
0@ = [ Gaelkne (244
Plug the Fourier transform of ¢(z,t) into (2.43) to obtain
d?k 4K - - 1- - = -
§= / dtdl / / Ak <290(l<:,t)cp(k:’,t) bR Rl (R, 1 (2.45)
- Lok (R, >) ey 2
Using the identity
- ddx L
N — i(k+k") 2.4
Ik+E) /(27r)de , (2.46)

we obtain
d — — — — — —
5= /dt/ d’k <1' (B, D)(—F, ) — %k-kgo(k:,t)gp(—k:,t) - gp(k,t)ap(—k,t))) (2.47)

d . . .
-/ dt(;Zchl<1¢(k,t)¢(k,t) - el 0p(-FoD)

where wQ(E) = k-k+m2. Comparing to the Lagrangian we gave above for the harmonic oscillator,
we see that free scalar field is an assembly of harmonic oscillators, one for each value of the wave
number k.
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Comparison between the quantum harmonic oscillator and the scalar propagator in
Minkowski space

To evaluate the propagator for a quantum harmonic oscillator, we first evaluate the Green’s

function
d2
< i w2> Gr(t—t) =it —1t) (2.48)
where
T dE o
Gu(t—t) = / %GH(E)eZE(t_t ), (2.49)

Plugging (2.49) back into (2.48) we find that

1
Gy(E) = ————— 2.50
1(E) E? — w? +ie (2:50)
where we have taken E? — E? 4+ ie, which is the correct implementation of the boundary condi-
tions, which determine how to treat the poles when evaluating the contour integral. Evaluating

the contour integral

[ dE i .
_ N = 1E(t—t")
Gu(t=t) / 2m) B2 —w? +ic"
_ / b i (1 1\ ipg-r)
Cm)2w\E+w FE-w
:0(t B t/) 6Z'E(tft’) + Q(t/ . t) iB(t'—t)

(2m)2FE (2m)2E

The scalar particle propagator in Minkowski space is easily deduced from the scalar propagator
evaluated in (d + 1)-dimension Euclidean space earlier. In Euclidean space we found the scalar
propagator is

ddE ’ -
- S A o v —wg(r—1")+ik- (-7 251
G(r—1,2-2)=0(t T>/(27r)d2wke (2.51)

0(+' dk; —w (7! =) Fik-(F—T)
+ (7— _7-) me .

In momentum space, this position space Green’s function is

, 1
G(w, k) = — . (2.52)
w2+ k-k+m?

To get the propagators in Minkowski space-time, we multiply them with ¢ and replace the 4ve
signs in front of k - k and m? with —ve signs. In Minkowski space the scalar propagator is

G(t . t/ f— f/) :H(t _ t/)/ ddl;; e—wk(t—tl)-‘r’i%.(f—f,) 4 e(t/ _ t)/ ddl; e—wk(t,—t)+ig~(f—f/)
’ (27r)d2wk (27r)d2wk '
(2.53)

16



In momentum space we have

G(w, k) = (2.54)

Comparing to

I Y N ST ) r L iBw—1)
Gr(t = 1) =0t =) 5o e +HO ~ ) o (2.55)
and
)
CulE)= a0 (2.56)

which are the propagators for the quantum harmonic oscillator, we again see that the scalar field
is an assembly of harmaonic ascillators.
2.0.5 Generating function for Fermions

Unlike scalar fields which are described by ordinary variables, fermions are described by Grass-
mann variables. The algebra of Grassmann variables is quite different from the algebra of ordinary
variables. It is a good idea to state the algebra and properties of Grassmann variables before we
proceed to compute the generating function for fermions.

Grassmann Variables

Grassmann variables satisfy the anti-commutation relation [21]

[Vis ¥il+ = Yidj + Yjabi =0 (2.57)
= iy = — P
for i=j=1? =0 nilpotent, (2.58)

where );,7); are Grassmann numbers and 4,5 = 1,2..n. From the anti-commutation relation
above we find the most general function of a single Grassman variable is

f() =a+by, (2.59)

where a and b could be ordinary or Grassmann numbers. This expansion is completely deter-
mined by the fact that higher order terms of 1/ are nilpotent ()2 = 0). Integration of Grassmann
variables also differs from that of ordinary variables. We can derive the integration theory of
Grassmann variables by requiring that the integrals respect translation invariance and linearity:

Grassmann integrals must be translational invariant under the translation ¥ — ¥ + ¢

[avsw) = [avsw e
:/dw(a+bc+bw) = /dw<a+bw) +/d¢bc
~ [ avs) (260)
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where ¢ is a Grassmann variable. For (2.60) to be satisfied
/d¢(a +by) = / dib(a+ b+ ¢))

:/dzp(a—i—bzp)—i—bc/dw

:>/d1/) = 0. (2.61)
Grassmann integrals should satisfy linearity [22]

[ avtsw)+ gt = [ avsw)+ [dvg) (2.62)
Suppose f(v) = a + by and g(v») = ¢ + ki, then
/dw(a+b¢ +c+ky) = /dw(cw by) + /d¢(c+ ki),

From (2.61) we know that [ di) = 0, therefore

/d¢(b1/) + k) = /dwbw + /di/)k¢, (2.63)
linearity is satisfied if [ dy) = constant. We take
/ dyp =1 (2.64)
as a simple choice. Differentiation of Grassmann variables obey Leibnitz anti-commutation
w = (iyy) = 8;@ Pj — wigzi (2.65)
=ik — Yidjk. (2.66)
Note that integration and differentiation of Grassmann variables are equal
5ot = [avsw)=b tor £ =abu (2.67)
since [diy =0 and [ dip = 1. The results [dip =0 and [ dipyp = 1 also imply the property
/ ) J;b) —0. (2.68)

Gaussian Grassmann Integrals

We required that Grassmann integrals obey linearity and translation invariance. By requiring
linearity and translation invariance we established the properties

/dw =0 and /dw =1. (2.69)

We can use these properties to compute a simple Gaussian Grassmann integral of the form

/ didipe™, (2.70)
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where a is an ordinary variable, 1 is a complex Grassmann variable and 1) is the complex conjugate
of ¢. The integral can be evaluated by first expanding the exponential and applying the properties
from (2.69). We find

[ dvaier = [ avai+ avo)

=a.

Computation of a generating function for Fermions

Consider the action for spinless fermions

S, = / dr / L (0 + o — (i), (2.71)
where e(zﬁ) is the quasiparticle kinetic energy. For a free particle of mass m we have
. 1 - -
k)=—k- k 2.72
«(F) =5k, (272)

where k is the momentum of the fermionic particle. The generating function for fermions with
Grassmann sources j and j, is

203,31 = A [ D [ Dpe Sl el Stnssitr onie), (273

where A is a normalisation constant. To compute this integral, we will determine the shift in
1 and 1 needed to complete the square. We do this by setting the functional derivative with
respect to ¢ and 1 of the exponential argument equal to zero. Concretely we have

0 :<W(75’,:E’) (—Sw + / drdiaei(r, 7)j(r, 7) + (7, E(r, :E’)) (2.74)
T / dr [ i < — POt — dpad + eV + Bj + w) (2.75)

/ dr / da < S (r — 77— 2)0pp — 8 (7 — 77— Tt (2.76)

+ 6 (- — 77— F)e(iV)p + 614D (7 T’,f—a?’)j)

= — 0(7, ©) — (7, @) + (iV)(7, T) + j (T, ) (2.77)
=j = 01 + putp — e(iV ). (2.78)
and
_ o A7 R .
0= 5¢ i /dT/d (YO + Yurh — Ye(iV)y) 4 1j) (2.79)

d . T - T N\ T =
=597 3 / dr / d'a < GO — B, () + ) wewww;) (2.80)

/dT / dlx < SN (r — 77— #)0p + 6 (- — 72— T ih (2.81)
— 3 (7 =7 F = F)e(iV)P + 6D (7 — 7 F - &) j)

- - T&""/“)Z_e(
=j = 0rth — b + € (i

l
41 ~—
SN—
@\ +
—
[\
co
w
SN—
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On line (2.80) we have used integration by parts on the first term and the anti-commutation
relation on the second, third and fourth terms of the integrand. The second term on line (2.80)
is a surface term which vanishes, since the field falls off to zero.

Equ.(2.78) and equ.(2.83) can be solved by using the Green function

(8- + p — €(iV))Gr(r, 7) = 6(1)8D (). (2.84)
The solution is
(1, %) = /dT'/ddx'GF(T 77 -7, 7). (2.85)
We make the ansatz that
= 1 N\ iwT+ik-Z
Gp(T,%) = W/dw/ddeF(w,k)e tikZ (2.86)
Recall the identities
dw
5(r) = %e”‘” (2.87)
and
5D (z) = / LIS (2.88)
(2m)4
When we plug (2.86) back into (2.84) we find
. 1
Gr(w, k)= ——— 2.89
r(w. k) iw+ p— e(k) (2.89)
Hence
d dd];; 1 ; Nl (3
GF(T i 7_/’ 7 f/) _ / w — _ elw(TfT )ik (Z—Z )
m) Y jw + p — e(k)

This function has a pole at w = i(u — e(E)) = jw,. We will again evaluate the w integral using
the residue theorem. Write

a7 B}
Gplr— 17— &) = / dUJddfl 1 _ iwrtivn)(r—r' ) +iF- ()
(2m) w4+ — e(k)

where wgr and w; are real and imaginary components of the frequency. The sign of 7 — 7/
determines in which plane we close the contour. When 7 > 7’ we close the contour anticlockwise
in the upper plane to get a decaying exponential. We thus pick up a contribution from the pole
at iw.. The Green function becomes

i R
Gp(r—7,7-7) = Z/ o e~ we(T=T) ik (F—7")
7 (2m)d

When 7 < 7/ we close the contour clockwise in the lower plane, and we don’t pick up any pole.
Therefore the Green function is zero. Hence, our time ordered Green function for Fermions is

ddl; Ntik(F—7
Gr(r =@ =) = 0(r = )i [ e lr=r e, (2.90)
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The second thing to do is to manipulate the term

—Sy + /dedm ((1,2)j(1,Z) + j (1, Z)¢(T, E)) (2.91)
by shifting the functions 1) — 1 + 19 and 1) — 9 + 9. Therefore
S5y + / dr / i (wj + w) _ / dr / (D4 Do) Dy + 1 — (i) (6 + o) (2.92)
+ /dT/dda:((w +40)j + (¥ + %))
The RHS terms can be simplified as follows
rits = [ dr [ ata((~50,0 Gy + Ge(i¥)0) + (00, ~ Busd + Ge(i)on + )
(2.93)
+ (=900t — Yoptp + hoe(iV) + jib) — Podribo — Yoptbo
+oe(iV) o + jibo + ¢0j>~

The terms in the first parenthesis are equal to the original —Sy. The second and third terms in
the parenthesis are equal to zero. The terms now left on the RHS are

RHS = =Sy + /dT/ddx( — 0d-t0 — Pourho + Poe(iV ) + 1o + Pog)- (2.94)
We can integrate the term 10,19 by parts to get
RHS = =Sy + [ dr [ (b0, ~ 0r (o) — dorn + Goci9)b — vij + o).

The term 9, (1gtbg) a surface term and its integral is zero, as the field vanishes at the boundary.
Therefore

=Sy + [ar [dla(@i+56) == Sp+ [ dr [ ate( = Gudrbo — Gubo -+ Guei¥)o + oo + o)
:—S¢+/d7/ddﬂf/dT//ddx/3(T, B)Gr(r— 7,7 -7, 7).
We now obtain
20,71 :A/D,(Z/Dwe—sdri—fdedx(W(T,f)j(T,f)-i-j(T,C?)d)(T,f)) (2.95)
:A/Dw/DweS¢+fd7'fddxfd7"fdd;t’j(f,i’)Gp(TT/,ff’)j(f’,f’) (2.96)
_4 / D / Dipe 7 J e [ dta [ dta! (/8(r =)@ )Or e+ () G (7' F=) ()
(2.97)

:A/Di/_J / Dwe—dede’fddxfddx’l/;’Mlp+f dr [diz [dr' [ d%'j(r,2)Gr(r—7" 7—7)j(r' &)

)

(2.98)
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where o' = (7', @) and M = (1 — 7/)6%(& — )(8; + p — €(iV)). The integral can be evaluated
using the same method used to evaluate the spin zero generating function. We descritize the field
by transforming the Euclidean space into a lattice with spacing distance a. Therefore

i N - - ]ZV: Mgy
2l o [ Tl attone 570
k=1

where My = 677(0i 4 o+ €(iV)) and A, is a first order “time” derivative. Its action on ¥, 7 s
defined as

wz’+1j - wz‘j’

iz -

We can diagonalize the symmetric matrix M with an Unitary matrix, U
U}[KMKLULJ = Mjy,
where M kI = 01 AL is a diagonal matrix. Make the transformation

Uy = ¢r.

The integration measure transforms as follows

N B N B
J 11 dondvic— [ ] dipav.
K=1 K=1

Since the Jacobian matrix is

di] dUr)
J = L _ —|Urp|l =1
e = [ = e =1

the measure is invariant, and we find
N &St 1
- _ — > YU e MgrUpgiby
203,350 =A | T1 diipdupe 7%
P=1
N o

— > Y My,

N
A [ T] dépavipe =
P=1
N g: (5 by ,[Z}/ wl
_ - KLAL
iy / [ dipdipe w2
P=1
N N _
__ ,4/ T ddpdusy TT (1 + Ao
P=1 L=1

N
=AT] rr
P=1
=Adet M,

where Ap is an eigenvalue of matrix M. We can normalise the generating function by requiring
Z[j’ﬂ‘jzjzo = 1. Therefore

Z[j, 3]\j:;:0 =(0[0) =1 (2.99)
= det M =A"L. (2.100)

The generating function simplifies to
Z[],ﬂ _ ef dedT/fddwfddl‘/_;(T,f)GF(T*T/,fff/)j(ﬂ'l,f/)‘ (2101)
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2.0.6 Computing a two point function for fermions
The two point function for fermions in terms of the generating function can be written as

_ - . o o =
(Pl B0 22)) = 50 50 G ) 20 0

which is evaluated to be

_ ) ) _
T T = = Z17, 9. = 2.102
<¢(7'1,331)¢(7'2,$2)> 5j(7’1,fl) 5j(7'2,f2) [‘7"7]‘32]:0 ( 0 )
5 5 - ! d d g A~4 2N\ 4 Ya~4
_ _ D D —sy+[dr [7 [d% [d% j(7,.8)G(r—7",2—-Z)j (7', &)
0j(71,21) 65(72, T2) / 1/1/ ve
(2.103)
_ J _ Y ef deTlfddxfddxlj(T,f)G(TfT/,f*f’)j(‘l’l,f/) (2104>
0j(m1,71) 07(72,%2)
=G (2 — 11,72 — 71), (2.105)
- ddE —we(To—71)—ik-(Fo—F
=i0(7o —7'1)/ (27r)d€ we (T2 =) =ik (F2=T1)

2.1 Chapter Summary

In this chapter we were able to derive the Green’s functions and generating functions for both
the scalar free field and fermion free field theory. We studied the harmonic oscillator in 1 + 1
dimension and d + 1 dimension and we demonstrated that a quantum field is just an assembly
of harmonic oscillators in 1 + 1 dimensions. By translating between moments of the path inte-
gral and time ordered correlation functions in the operator approach to quantum field theory we
learned that, the determinant det M of a scalar field theory obtained from a path integral when
Z[jlj=o0, is related to the vacuum energy of the field.

So far we have focused only on the free theory. There is not much interesting physics we can
learn from the free theory. Most physical systems in nature are not free of interactions, so in the
next chapter we will study a toy model physical system of non-Fermi liquids in the low energy
limit. We will study the properties of the low energy limit using Wilson’s renormalization group
flows.
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Chapter 3

Renormalization at one loop

We are going to study renormalization, at one loop, for non-relativistic finite density fermions,
using Wilson’s theory of renormalization. Renormalization for non-relativistic quantum field
theory is rather different from the renormalization of relativistic quantum field theory essentially
because low energy fermionic states in non-relativistic QFT are states in the vicinity of the
Fermi-surface. We will start by giving a basic description of how Wilson’s renormalization can be
implemented. We will then apply it to our non-relativistic finite density toy model. After that we
will compare the renormalization strategy used in [17] with Wilson’s renormalization. Then we
will draw the Feynman diagrams at one loop for our field theory and evaluate the loop diagrams
using the renormalization adopted in [17].

3.1 Renormalization group flow

The strategy employed in renormalization group flow analysis is to integrate over high energy-
momenta modes, shell by shell, to obtain the Lagrangian describing the low energy physics. The
shells are in momentum space so that for very thin shells, every mode in a given shell has the
same energy. We will start with a rather conventional description of how the renormalization
group flow is constructed in relativistic quantum field theories that are close to the free field fixed
point. In later sections of this chapter we will describe how the renormalization group flow is
constructed at finite density, again close to the free field fixed point.

We begin by introducing a physical cut-off A for the system we are interested in. It is a
scale that tells us the domain of validity of effective field theory. Consider a system described by
a field ¢(k), and separate the field into two pieces [2]

(k) = ¢u (k) + ¢ (k) (3.1)

where ¢; contains low energy modes with 0 < |l;:| < e7'A and ¢y contains high energy modes
with e *A < |k| < A. The fields are defined as follows, in momentum space

)A

ou(k) = o(k) for 0<|k|<e'A orequivalently 0<|k|<(1—t
Y0 for etA < k| <A or equivalently (1—¢)A< |k <A

and
o) = {qﬁ(k;) for e 'A< |k <A orequivalently (1—t)A<|k| <A

0 for 0<|k|<e A orequivalently 0<|k| < (1—t)A,
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and we always assume that t < 1. In terms of these momentum space fields we can define

D D
¢L(x):/(;lﬁ)]§)¢L(k)eik'm and ¢H(x):/(gw)l;¢1{(k)eik'x. (3.2)

in D-dimensional Euclidean space. We work in Euclidean space so that the complete set of modes
is easily organized into collections of equal energy modes, by spherical momentum shells. This
simple organization does not work in Minkowski spacetime. The action of the field becomes

5(¢) = S(¢r + on), (3-3)

and the path integral of the system is

Z = / [Dg]re=5@ (3.4)
~ [1D6u)(DogleSerton (35)
= [ Dove S o), 5:6)
where
Dol =  JI  ok), [Dérl= [ ¢k) [Dola= ][] dok) and  (3.7)
(1—t)A<|k|<A K|<(1—t)A kk<A2

e Seff — /[D¢H]65(¢L+¢H)_

To obtain the low energy effective action Scyr, we integrate out the field ¢y leaving a path
integral for the field ¢r. The cut-off constraint |k| < A selects a ball of radius |k| < A in the
Euclidean momentum space, and for ¢ < 1 we are able to break the ball into shells of energy-
momenta modes as shown in the Figure below. Each time we integrate over a shell we rescale
the parameters of the action. As we integrate over the high energy-momenta modes to obtain
dynamics of low energy-momenta modes, the parameters of the action flow. Some parameters
flow to zero or decay, and we call these parameters irrelevant. Those that grow or flow to infinity
are relevant and those that do not grow or decay, are marginal.
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ky L

Figure 3.1: Two dimensional slice through the energy-momentum shells of modes.

Seff contains infinitely many interaction terms. We can write it as [2]

Seff = /deZgiAi (3.8)

where g; is an interaction strength, A; is a local operator and the sum runs over all operators
that can be constructed respecting the symmetries of the system. A renormalization group flow
from high to low energy is accomplished by iterating three basic steps:

a) We separate the outer shell of modes as explained above.
b) We integrate over the modes in the outer shell.
c) We rescale the momentum and fields.

Close to the free field fixed point, since all couplings are weak, the effect of (c) is so much
larger than (b) that we can neglect step (b). In this case the rescaling is responsible for the flow
and the marginal, relevant and irrelevant terms of the action can be determined using dimen-
sional and scaling analysis. First we set ¢ = A = 1. With this choice of units we know that the
dimensions of momentum and mass are [p] = [m] = [E]~! = L where p, m, E, L are momentum,
mass, energy and length respectively. Each time we integrate over an energy mode k of ¢, we
have to rescale the momentum & in order for the original Scfr and the new integrated action to be
defined on the same integration domain. It is only after this rescaling that we can meaningfully
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compare them. We rescale k and x as

.k
(1=t

where t < 1. Let us consider the scalar field kinetic term. We determine the scaling of the scalar
field ¢ by requiring the kinetic term is invariant under scaling

and 2’ =z(1-1) (3.9)

D
:;/d%(am)? (3.12)
=¢' = (1- 1) ¢. (3.13)

This will ensure that the free field action is a fixed point of the renormalization group flow. We
call it the free field fixed point. Therefore, for any operator with M derivatives and N fields, we
find

/ dPxdM N (1 — ) DM / Pz’ ™M '™ (3.14)
=(1 —t)A/dDa:’B’Mgb/N. (3.15)

The above transformation has a natural explanation following from simple dimensional analysis.
Indeed, note that this term has dimension

[ / dPzoM ¢N] B (3.16)
where A =—-D + M + w. The scaling of the coefficient coupling of this operator
A / dPzoM N — X / dPzoM ", (3.17)

is thus X' = A(1 — t)? and is called the effective coupling. If A > 0 the effective coupling grows
as we integrate over high energy modes and the term is called relevant. If A = 0 the term is
called marginal as it remains invariant under the renormalization group flow and if A < 0 the
term flows to zero or decays and we call it irrelevant.

3.2 Scaling of parameters for finte density systems

The scaling that we adopt for the bosons and fermions is dictated by their dispersion relations.
The bosons and fermions dispersion relationships are k% = 02/22—1—m§) and kg = e(/g)— 1 respectively.
From the dispersion relationship we see that the bosons have low energy modes close to the origin
as indicated in the figure below.
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High energy modes

Low energy modes

Fermi-surface

High energy modes Low energy modes

Low energy modes

N
N

Empty states

Figure (a)

Figure (b)

Figure 3.2: Scaling of bosons and fermions.

The fermions low energy modes are located near the Fermi-surface as shown in Figure 3.2 (b).
For a rotationally invariant Fermi-surface we parametrize the fermion momentum as

k=Qkp+1) =kp+1,

where /;F = kpQ is a point on the Fermi-surface, Q is an angular direction and [ is a normal
displacement from the Fermi-surface to the excited particle with momentum k as indicated in the
figure below.

Figure 3.3: How energy is measured for Fermions
The Fermi-surface is defined as e(k) = p. The Fermi-sea occupies all states with e(k) < p
which constitutes the ground state. From the figure above we can conclude that the [ for the
low energy modes is much smaller than that of high energy modes since low energy modes are
found near the Fermi-surface and high energy modes are found further away from the Fermi-
surface. Low energy excitations can be formed by removing an electron inside but close to the
Fermi-surface (creating a particle hole), or placing an electron just above the Fermi-surface [2].
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As we integrate over the high energy modes we have to scale the fermion momenta towards the
Fermi-surface and boson momenta towards the origin. To accomplish this we adopt the scaling

w =e'w, kp=Fkp and I'=¢'l, (3.18)

for fermions. We don’t scale kr because we want the Fermi-surface to be invariant. We want the
Fermi-surface to remain invariant because the fermions energy and momentum is measured with
respect to the Fermi-surface. The bosons scaling is

/ 71 7
w =ew and kK =€k,

Scaling of the Scalar couplings

From the scalar action
1 - A
Sy = /drdd:c<2((8T¢))2 +(Vo)? +m?¢?) + 4?¢>4>,
the differentials and partial derivatives scale as

dr — eldr, dx— e ldz, 0, — €9, and V —€'V. (3.19)

To find out how the scalar field should be scaled, we use the free field fixed point scaling which
requires the kinetic term of the action is invariant. Fourier transforming the action to momentum
space we obtain

1 d ddk It T 1 d /ddk/ 12 007 TN ) / !
z/ki%wuuaﬂwimﬂ—wf*>:2/f§6w4w2¢00%ﬁ¢<—w7—k> (3:20)

:;6(1+d)t+2t/ (C;:i:;i k W W BV~ —F) (3.21)

= ¢ (W, K) = e 2w, ), (3.22)

for the kinetic term of the action to be invariant. We will now determine the scaling of the quartic
scalar interaction, using the free field fixed point scaling. Consider

dd 1]€ )\/
/H (271.)5[4:1 5d+1(k;/ + ]C2 + k3 + k4) ¢ (k/ )QZ)/(ké)(Zsl(ké)Qf)/(kﬁl) (323)

The delta function scales as
STV (K, + Ky + Ky + K)) = e DI (k) 4 ko + kg + ky). (3.24)
Therefore

dd lk. )\,
A+ )= (14d)t—2(d+3)t /H d+15d+1 (k1 + ko + ks + ka) 7 ¢(k1)¢(kz)¢(k3)¢(k4) (3.25)

4

+1 A/
/H ﬁwﬂm+@+@+m>¢%w%W%mw>

/ H(d )ﬁﬁd“(ku+kz+ks+k4>A d(k1)p(ka)d(k3)p(ks)  (3.26)

which implies
Xy = ey, (3.27)
For d = 3 the interaction is marginal, d < 3 the interaction is relevant and d > 3 the interaction

is irrelevant.
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Scaling of the Fermion coupling

The action for fermions in momentum space is

d+1 .
so= (j)dflwg( ) (iw + o — ()i (k) (3.28)
+/H U 501y 4 ey + g+ )Mo () () (s e ()
i(2)d+1 1 R2 7R3 T ) A Yo\ )Wl \R2) Yo’ \R3) o\ fe
wdld®=1k -
_ / W%(—k)(iw+u—e(k))%(k) (3.29)

/H dwz;lréilﬂ H5d+1(k‘1 + ko + ks + k‘4))\¢¢a(k1)1j}g (k2) Vo (k3)o (k)

dwdld®1Q(k l -
= [ e k) s+ 1= ) ) (330
d—1
/ H duwidld %Qdﬁf DT 501 (kg + iy + o) Mg () o (k)b () (),

in the UV region kp > [, therefore

wdld=10k4—1 .
= [ e )+ )4 (3.31)

dw;dl;d% 1Ok
/H = (2m) &+ = 5d+1(k1 + ko + k3 + ka) Ao (k1) o (k2) Vo (k3) 1o (ka),

where ¢ = spin up or spin down. Requiring that the kinetic term is invariant, we find that the
fermion field operators at the free field fixed point scale as

dwdld? Q4 - . dw'dl'd* 1 Qk4
[ By (. = [ S

oy [ dwdldQRET
=€ ( )d+1 J(_w7_

dwdld Ok
:/ w oyt ol “Rywio(w, k) (3.33)

=l (W' F') = e 2y (w, k). (3.34)

The fermion field operator for spinless fermions scales in the same as the fermion field operator
with spin, so that

Y = e 3ty (3.35)

Notice that the scaling of the fermion field does not depend on the space dimensionality d. This
is a direct consequence of the fact that we deal with a system with finite density, so we scale
towards the Fermi surface. Consequently, for any d it is only w and [ that are scaled. We will
use the same method as for the bosons above, to evaluate the scaling of the fermion coupling.
Consider

dw}dl}d* 1 Qkg ! -
/ H S0 k] K+ KN T (3.36)
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where k], kb are the incoming energy-momenta of two quasi-particles and k%, kj are the out-going
energy-momenta of the quasi-particles. The momentum conserving delta function for fermions
can be expanded as

SHL (KL + K + kS + k) =0%(Kpy — 1) + Koy — T + Klpg — U + Ky — [0 () + wh + wh + w)).
(3.37)

For interactions which are perpendicular to the Fermi-surface such that, |Kf, +Kry + k) 3+k: 4 <
I, + 1, 4+ I, + 1] as indicated in figure 3.4 below, the delta function scales as

ST (Y + Ky + kb + k) =04 (Kly — 1 + Koy — 1y + Kog — 15 + Ky — 1) 5(w] + wh + wh + wh).
(3.38)

Now, as a consequence of the kinematical configuration we are studying, one component of the
delta function only constrains the {’s. This component, as well as the delta function constraining
the energy scale, so that

ST LK) + kb + Ky 4+ k) = e 26 Y (ky + ko + ks + ka). (3.39)

In this case the fermion coupling scales as

dw;dl;d* 1 QK4
C 6t/H (27)d+H = 5d+1(k/ + Ky + K + KX boortberibe (3.40)

dw;dl;d QL -
/H 27T d+1 £ 5d+1( ,1 + ké + ké + k’&) ;p¢0¢a’wa’wa

dw;dl;d? 1Ok
/H 27-‘- d+1 E 5d+1(k/ + k2 + kS + k4))‘ww0w0 wo wa
= )\w

The quartic fermion interaction scales in the same way for spinless fermions. The above kinemat-
ical set up corresponds to forward scattering. The fermion quartic coupling for forward scattering
is thus marginal, since the coupling will remain the same as we integrate over high energy modes
to obtain the coupling for low energy modes.

ky

Marginal
ko interaction

Figure 3.4: Interaction with momentum transfer perpendicular to the Fermi-surface
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Given the above discussion, we find the complete scaling of the four fermion interaction as
follows. In figure 3.4 the kinematics relevant to forward scattering is shown. It is clear that the
momentum transfer (= k1 — k‘;) is perpendicular to the Fermi-surface and is thus scaled. The
generic scattering process is shown in figure 3.5. There is no component of the delta function
constraining a momentum perpendicular to the Fermi-surface [2]. The delta function scales as

ST LK) + kb + Ky 4+ k) = e 109 (kg + ko + ks + ky). (3.41)
and the fermion quartic coupling scales as
Ay =e Ay (3.42)

This is an irrelevant interaction, since the fermion quartic coupling will decay as we integrate out
the high energy modes to obtain the interactions of the low energy modes.

Irrelevant
k1 interaction

Figure 3.5: Interaction with generic momentum transfer.

Figure 3.5 shows interaction of two quasi-particles which have momentum transfer that is
not normal to the Fermi-surface. These type of interactions are irrelevant at low energy since
they flow to zero. The difference between the boson and fermion scaling originates from their
dispersion relations and the fact that for bosons we scale to zero but for fermions we scale to the
Fermi-surface.

Scaling of the Yukawa coupling

The Yukawa coupling which would be relevant in this scaling at low energy, is the one which
connects particle-hole states separated by small momenta near the Fermi-surface as depicted in
the picture below.

32



Empty states

Filled states

Fermi-surface

Figure 3.6: Particle-hole interaction close to the Fermi-surface

The scaling of the Yukawa coupling for particle hole-states separated by small momenta g,
with momentaum transfer due to boson exchange near the Fermi-surface, is derived as follows

dd+1k dd+1k dd+1 ~ . B ) )
/ (;W)S(d—fl) qg(/ﬁ, Q)w(kl)w(kzw(qmd(/ﬁm —kpa+ 11 — o — Q)0(w1 — way — qo)

dCH-l k! dd+1 k! dd+1q/ B . .
= [ () )0 )6 ()6 Ry — Ry + T, Ty = 23w} = =

. 3, 3 A ey dOF 1 oo g9+1 _
_ At (L+d)t—3 (d+3)t— 5t 2t/ (17r)3(d+12) qg,( L)k (k) d(q) x (3.43)

84 (kpy — kpo + 1 — T — §)d(w) — wh — gf).

When \fﬁ\, |l_§| < \E};l - E};2| the delta function 6%(kpy — kpo —i—l71 - l_;z — 7)) ~ 6% kpy — kpa — @)
does not scale. Only d(w] — wh — ¢f)) scales as

S(w) —wy — gy) = 'd(wi — wy — qo). (3.44)
This means the Yukawa coupling scales as
g (F.q) = ex"V(R,q), (3.45)
which is irrelevant for all d > 1. When fc},l ~ E};Q both delta functions scale as
04Ky — Ko + 1) = I — §)3(w) — wh — qp) ~ 8% (I — Iy — §')(w) — wh — gp). (3.46)

= e 25U kpy — kp2 + 1 — o — §)8(w1 — w2 — qo),
Now the Yukawa coupling scales as
— l _ —
gk ,7) =exCDtg(k, q). (3.47)

In this case the Yukawa coupling is marginal at d = 3, relevant when d < 3 and irrelevant
when d > 3. From the scaling of the above parameters we see that the fermion interaction term
describing forward scattering is marginal at tree level, for all d > 0. The scalar interaction term
is marginal at d = 3, irrelevant for d > 3 and relevant for d < 3. Therefore the upper critical
dimension for the scalar fields is d = 3. The upper critical dimension is where the Yukawa
coupling is marginal. Below the critical dimension the Yukawa coupling is relevant and above it
the coupling is irrelevant.
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Renormalization group strategy for the Boson and Fermion employed here

The renormalization group structure used in [17] and which we have here differs from standard
treatments in relativistic quantum field theory. We will introduce a cut-off scale A only for the
frequency modes, and we integrate over the frequency modes w between the intervals

e A <w < A (3.48)

We don’t put a momenta cut-off scale. Instead we let the modes in the shell take all possible
momenta values, and we integrate over all these momenta modes

0<|k|<oo and —oo<I< oo (3.49)

The renormalization strategy employed here is to partition the momentum space into thin layers
of frequency modes (1 —t)A < w < A with any & for ¢ < 1, as in the figure below.

A

w

kol
g

—A

Figure 3.7: Slices of frequency-momentum modes in two dimensions.

The problem with integrating over all possible momenta is that we will get divergences. This
kind of renormalization strategy is in contrast with the Wilson’s renormalization introduced
earlier. In Wilson’s renormalization we introduced a scale cut-off A for both the frequency and
momenta modes, and we decimated shells with frequency and momenta modes between

eA<w<A |, e'A<|k|<A and e'A <] <A. (3.50)

Wilson’s procedure does not integrate over all possible momenta. In this case we don’t get
divergent loop integrals.

3.3 Renormalization at one loop

Boson self-energy diagram
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p P
_——— —— — - —_ — — -~ — —

k—p

In our notation a solid line represents a fermion propagator and a dash line represents a boson
propagator. We compute II(p), the self-energy of a boson. To do this we need to evaluate the
loop integral

A d+1
A1k 1 1
Hp :g2/ = pry . 35].

®) e—ta M) 4y — e(K) i(w — po) + p — e(k — ) (3:51)

We integrate modes in frequency shells and over all spatial momenta as reviewed above

e'A<w<A and 0< k| < oo, (3.52)

where A is the ultra violet (UV) cut-off scale and the external propagators have frequency modes
w < e tA. For small t = § we expand the exponential as e % =1 — §. Then

H( ) ) /A dd+1k. 1 1 (3 53)
p)=g = = . .
(1—s)r )T i 4+ p— e(k) i(w — po) + 1 — e(k — p)

Since G(E) EE and k = Q(kp + 1), the first denominator of the integral can be simplified as
follows

Qkr +1) - Qkp +1)
2m
k% + 2kpl + 12
2m '

w4 p— (k) =iw 4 p — (3.54)

=iw + [ — (3.55)

2
The chemical potential energy p = k L and for an excitation close to a Fermi-surface, since kp > I,

we neglect the [2 term in (3.55). Hence
iw+ p— e(k) = iw — vpl, (3.56)
where vp = %F The second denominator can be simplified as follows

(E_@%(E_ﬁ) (3.57)

i(w — po)+p — e(k + p) = i(w — po) +
k-k— 212 +pp
2m

, Qkp + 1) - Qkp + 1) — 2Q(kp + 1 5D
—i(w — o)+ — er + 1) ep D) ~ Ak +1) PP P (3.59)

2m

=i(w —po) +p — (3.58)

We are working in a region where the boson energy and momenta (pg, p) are very small compared
to the Fermi-surface momentum kr. We can drop the terms p?, [ - 7 and [? since they are very
small compared to the remaining terms. Then

k2 kel kpQ-p
—_— — — +

2m m m
:i(w—po) —vpl +vpQ) - p. (361)

i(w = po)+p — e(k — §) = i(w — po) + pu — (3.60)
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Note that [d¥t'k = [dw [d*'Q [ d(kp +1)(kr +1)*'. Therefore

d4=10) (k )41 1
I(p) = ¢° / dw/ dl/ — (b + 1) — (3.62)
1-6)A 2m) iw—vrl j(w—pg) —vpl +vpSd-p

since kr > [ we can make an approximation

) =10 ke 1
II(p) ~ dw/ dl/ —. 3.63
») 9/15 (2m)d+l jw — vpl i(w—po) —vpl +vpQ-p ( )

Assuming the dw interval of integration is small compared to the scale over which f(z) varies,
we use

A
/( f(z)dz = 0Af(A), (3.64)

1-8)A
to evaluate the dw integral. We find that

b) = 26A /dldd OEE 1 1
g 27Td+1 i —vpli(A —pg) — vpl +vpQd-

(3.65)

The integral has poles at | = z and [ = (Av;po) +0Q -p. For A > ‘pg} both poles are on the same
side of the real axis. Closing the contour anti-clockwise in the upper [ complex plane we obtain

ddflﬂkd—l
II(p) :922m'5A/ e ( . ! — + - 1 - ﬁ) (3.66)
(2m) iA—i(A—po) +vrQd-p (A —po) —iA—vEpQ-p
dd IQk.d 1
0. (3.67)

The di integral evaluates to zero since when both poles are on the same side of the real axis, we
sum all the residues which gives zero.

Fermion loop dressing of Bosonic interaction

] /
~ s D3
> . k
p—k p3—k
AN
p2 , / \ Py
/ N
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To calculate the one loop renormalization of the quartic coupling Ay due to the fermion loop
we first amputate the external legs as before and then compute

ot [ £ ! .
:g —. P
1 2T —iw + p— e(—k) i(w1 — w) + 1 — e(F1L — k)
1 1
q . (3.68)

i(ws —w) + p—€(P3 — k) i(wr +we —w) + p— €(Pr + P2 — k)
The UV divergences are insensitive to the external momenta, so we set them to zero. Then

Shg, = 4/ a0k ! (3.69)
?7] @OT (w + p— (R '

(3.70)
Note that [d¥t'k = [dw [d*Q [ d(kp +1)(kr 4+ 1) so that we find
4 A o0 d—1
g d—1¢ (kr+1)
0N, =——— d d*=Q dl——— 3.71
o fyga [ 7R A 7
g' A d1d-10 [ 1
~N—r d k% de Q) dl—. 3.72
@ﬂﬁlllw\w/‘F l/m (iw — vpl)t (3.72)
We will again assume §A is small enough that
A
/ f(x)dx = SAf(A). (3.73)
(1-86)A
After we evaluate the dw integral we find
g' d—1 jd—1¢ 1
0Ny, = ———0A [ k5 d7Q | dl-—. 3.74
o = et [ M0 [ 70
For d = 3 we have
Ay, = 946A/k2 d2Q/dll (3.75)
1T (2m)d F (i — vpl)* '
Adding the negative thin shells energy —A < w < —A(1 — §) to the 0\, we find that
g 2 2Q 1
0Ny, =——0A [ kpd°Qdl——— + (A — —A .
o =g [ BB (A ) (3.76)
4
9 2 126
=2 oA | k%d*Qdl———. 3.77
(2m)4 / F (iA — vpl) (3:77)
The integral has a pole of order 4 at { = &, The dl integral evaluates to zero since the integral

(o
has all the poles on one side of the real axis.

Boson loop dressing of Bosonic interaction

.
N _ 13/ s
7 N
\ / \ /
N v 7
A K
7 ~
/ \ / ~
P2 N / P4
e ~ 4
e — - N N
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)\2 dd+1 1 1
Aoy = dfl 7 oo 2 21 (7 2 3 (3.78)
2 ) @m)™pg+ - p+m2 (po—por — po2)® + (F—p1 — p2)*> +m
The UV divergences are insensitive to the external momenta, so we again neglect or set them to
zero, along with mg the mass of the bosons. For d = 3 the integral becomes

XA d 1
Shy, =2 d / P 3.79
%= Joon ™) @i B 5P (3.79)
Moo 1
N P
- /(%)4 s ot (3.80)

Since the integral is rotationally invariant, we find

)\i o] dp p2
O, = 22/0 (278 (A2 +p2)5A. (3.81)
The factor of 2 in front of the integral comes from integrating both the positive and negative energy
shells. The integral has a double pole at p = +iA. This loop integral has two contributions, one
contribution comes from the positive energy shell and the other contribution from the negative
energy shell. We will evaluate the integral over p by extending the integral from p = —oo to
p = oo and then closing in the upper half plane. The residues of the integral can be evaluated

using the general formula.

1 dk!
Reslf, z) = (k—1)! ZILIEO dzF—1 [(z - Zo)kf(z)] (3.82)

where zg is the pole of the function f and k is the order of the pole. The positive energy shell
pole at p = ¢A contributes when we close the contour anticlockwise to obtain

2miRes[0 g, , i\l (3.83)
where
Res[og,,iA] = lim L | (p— iA)? v (3.84)
TS [T (= id)2p +iA)? |
2 iA)? — 2p? A
p—il (p+iA)?
i
=—-—. 3.86
m (3.86)
For the negative energy shell, we also close the pole at p = ¢A anticlockwise, to obtain
2miRes[0 g, , iA], (3.87)
where
Res[0Ag,, —iA] = ;J (3.88)
Adding the positive and negative energy shell contributions, we find that
A2 i A2
gy = —2mi—2 | — omi—2(— ] )oA :
¢2 ( 9(2m)3 (4A) ERTeTsE <4A> ) (3:89)
from negative energy shell  from positive energy shell
X, oA
¢
=2—"——. .
2(1672) A (3:90)
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Adding the two other similar diagrams which come from the s- and t-channels we get

302 5A
Oy, = —2 2 91
%27 (167%) A (3.91)

Fermion Wavefunction renormalization at one loop

(—w, 7~ p)
- _
7~ - = ~
7 N
/ \
/ \
/ \
(pmﬁ) { \
> > —
(pﬂ + w, ]7)

Consider a fermion with frequency pg and momentum p = Q(k}p + ZN) We let the internal fermion
momenta have frequency pg + w and momentum p’ = Q' (kr + 1). Amputating the external legs,
the loop integral is

d—10/7.d—1
S0, T) = —g? / dwdld® Q' k¢ 1 . 1 |
@O w? A —p)? +mdi(w+ po) — vl

(3.92)

We will neglect the boson mass. The boson momentum squared is

=0 (—p) =07~ Ipl|p|cos @ + - ' (3.93)
=(kp + D% = 2(kp + 1)(kp + 1) cos 0 + (kp + 1)?
=kF + 2kpl + 12 — 2(k} + kpl + kpl + 1) cos 0 + k% + 2kpl + 12
=2k%(1 — cos ) + (I — 1)* + (2kp (L + 1) + 210)(1 — cos 0).

For a small angle between the boson and fermion the first term above is very large and will
suppress contributions which dress the fermions. The only contributions come from small angles

so that the last term above is very small 1 — cosf ~ 1%2 Therefore the contribution of the last
F
the term in (3.94) is é suppressed and we can safely neglect it [17]. We shift the integration

variable | — [ +1 to get

- dwdld? 1Ok 1 1
2(po,1) = —92/ E : . (3.94
(po, 1) (2m)dtl w? 4 212 4 2¢2k(1 — cos 0) i(w + po) — vp(l + 1) (3.94)
Define m = ipg — vFl~ to obtain
dwdlk®1d4—10) 1 1
Y(m) = —g? £ . 3.95
(m) g / (27)d+1 w? 4 212 + 2¢2k% (1 — cos ) iw — vpl +m (3:95)

Integrate with respect to w over the interval (1 —J)A < w < A at d = 3 to obtain
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dik2.d?Q) 1 1
2(m) =—g*A | —F 3.96
(m) g / (2m)% AZ + 212 4 22k (1 — cos 0) iA — vpl +m (3.96)

B 25A/ dlk%dgf) sin 6d6 1 1
-9 (2m)4 A% + 212 + 2¢2k2.(1 — cosB) iA —vpl +m’

Performing the d¢ integral from 0 to 27 we get

dlk2 sin 0df 1 1
S(m) = — g*sA £ . .
(m) g / (2m)3 A2+ 212 + 2¢2k%(1 — cosb) iA —vpl +m (3.97)

Using the identities

™ ™ 9
/ sin fdf = — 2/ d sin® 3 (3.98)
and
50
(1 — cosf) =2sin 2 (3.99)
we find
ik d 24 1 1
2625 A / sin : S (3.100)
+ 212 + 4%k, sin? g iN—vpl+m
_ag%A / dlk%dsm g 1 1 1

27)? A —vpl+m’
(2m) c2(l+i ﬁ§+4k%sin2g><1—z' [c\;+4k%sinzg)l vrtm

The integral has poles at | = :I:i\/ 10\—22 + 4]4:% SiHZ% and [ = ZA@% The loop integral has two

contributions, one coming from the positive energy shell and the other coming from the negative
energy shell. Closing the contour anti-clockwise in the upper half complex plane, we obtain

2miRes(X(m)) (3.101)
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k}dsin® § 1
Res(X(m)) :29251\/ F(;l; 2 -
T 2ic? A + 4kj2 sin? 3 UF( \/ + 4]{?2 sin2 2 ;7;)
(3.102)
B 29251\/ k%dsin® § 1
27)3 ; :
(2m) F (A2 - 02(7“\1;"“)2 + 4c?k2, sin? g)
PN / k%dsian 1 1
(2m \/A2 + 4c2k2 sin? \/A2 + 42k sin? § + icA + cm)

B 292(5/ k%dsinzg vR o

3
277 en +cm + z’vF\/A2 + 4c?k2, sin? g
1

icA +cm — ivp\/A2 + 4c2k2, sin? %

Z925/\/1~1:Fd51n g 1 “
\/A2 + 4c2k2, sin? (ch—l—cm—i—wF\/AQ + 4c2k2 sin? §)

icA +cm+ wF\/A2 + 4c2k?, sin? 2 QWF\/A2 + 4c2k?, sin? 2

(icA +cem — iUF\/A2 + 4c2k2 sin? §)

L, desinQ% 1
= —1ig°0A
\/A2 + 4c2k? sin? & (icA + em + wF\/A2 + 4c2k2, sin? 2)

This is the contribution from the positive energy shell A(1—4) < w < A. For the negative energy
shell —A(1 — ) < w < —A, the poles are at | = :I:z\/[c%2 + 4k2, sin? g and [ = mv;pm We close the
contour line in the same way as in positive energy shell. We obtain

k%d 1 1
Res(X(m)) = 25A/ Fdsin® - .
2i02\/ﬁ7 + 4¢2k2 sin? % vp< - z\/jc\—; + 4c2k?, sin? g — % + 5’;)
(3.103)
Therefore the sum from both the positive and negative contribution are therefore
k2dsin® & 1
Res(X(m)) = — ig25A/ il
\/A2 + 4c2k? sin? & (icA + em + ivp \/A2 + 4c?k}.sin? )
(3.104)
20
7;9251\/ k‘2 dsm2 5 1

\/A2+462k:2 sin? & (—icA + cm — wF\/AZ + 4c2k% sin? §)

The first integral above is evaluated as follows

0
let u= \/A2 + 4c2k2, sin? 3 (3.105)
du 2c2k2,
= T2 ? = — (3.106)
2 \/A2 + 4c?k3, sin” §
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substituting this to the integral we get

2 1
.1
202 /o (2m)3 icA + cm + ivpu (3.107)
g*6A 1

9

=—~—— In <ivFu +icA + cm)
0

2(2m)3c2vp

substituting back we get

25A icvpy /A% 4 4c2k2 + icA 4+ cm
g In < r > (3.108)

2(2m)3c2vp ivpA + icA + cm
The second integral of (3.104) is evaluated as

25 —icvpy /A2 4+ 4c2k2 —icA 4+ cm
9 In ( r ) (3.109)

2(2m)3c2up —ivpA —icA + cm

Therefore

S(m) =i g20A | (ich\/A2+402k:%+icA+cm>
m) =i n

2(2m)2ctvp iwpA +icA + em

g20A <—ich\/A2+462k:%—icA+cm>
In .

2(2m)2cvp —ivpA —icA + em

(3.110)

+1

The wave function renormalization will depend on the term linear in m. For convenience we
will evaluate 3'(0), since this expression will be useful in calculations that appear later. Starting
from (3.95) we find

dI2k2.d sin? ¢
dZ(m)‘ —925A/ 7dsin® 5 1 1 _ 2T (3.111)
m=0

dm (2m)? A2 + 212 + 4¢?k2 sin? (ZA — vpl)?
where
7 —sA / di2k%.dsin”® § 1 1 (3.112)
(2m)3 A2 4 22 + 4c2k2 sin? § (iA — vpl)?
5A/dldesm g 1 1 1

5
02<l—|—i\/1222—|—4kpsin2 g) <l—z’ 16\—22—{—4]4:1:81112 g) (iA—vFl)

The integral Z has poles at [ = :I:Z\/’z—; + 4k:12,, SiDQg and a double pole at | = % Closing the
contour of integration clockwise in the lower half plane, we obtain

2miRes(¥(0)) (3.113)

where

2k2d 29 1 1
Res(= 5A/ sin” 3 : 5. (3.114)
. A 26
2102\/724-4]?%51“ 5 <iA—vFi\//C\22+4k%Sin2 g)
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This is a contribution from the positive energy shell. For the negative energy shell we close the
contour line the same way and we obtain the same answer. Combining both contributions we get

22 d 20 1
7 5A/ pdsin —— (3.115)
2c \/72 + 4kp sin” 3 <z’A — vl —|—4k2 sin %

+(5A/ 2k%dsin2% 1

27)2 A2 .20
(27) 202\/0—2+4k%sm 5 <iA—UFi +4k2 sin g

_5A/2k:Fdsm g 1 1

.
A2 2 20
/85 + 4k} sin? § (iA —opiy/ %2 + 412 sin g)

cy/A244c2k2, sin?

1

4
. . . l
Multiply the right hand side by - \/A2+402k% e we get
2k2.dsin? § c\/A? + 4c2k2 sin? §
- —5A/ F(’2 S;l 2 v U . (3.116)
T
<4c2k:12,, sin® gvp +opA2 + cA\/402k% sin? g + A2>
This integral can be evaluated with a change of variables. Let
2.2 20 2
u = {/4c?ks sin 5 + A=, (3.117)
Then
d 20% k%
= ¢k . (3.118)
dsin® \/ 42k sin? § 4 A2
Consequently
1 2 2
du u U
—0A —0A 3.119
/0 (2m)2 c((u? — A%)vp +vpA? + cAu)? / c(u?vp + cAu)? ( )
1
_ 5A/ du 1
o (2m)2 c(uvp + cA)?
_OA 1 !
(27)2cvp (uvp + ch) |,
Thus, we obtain
A 1 !
I= (3.120)

2
(27m)%cvp (vr \/4021{7% sin? g + A2+ cA)lo

_0A [ 1 1 ]
(27)2cvp (vry/4c2k2 + A2 + cA) vpA +cA

When ckpr > A, the first function is very small compared to the second one. Therefore we neglect

it. Then
1 1 oA
I=- — 3.121
dmlevp <UF + c) A’ ( )
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and

¥'(0) =¢*T (3.122)
__ 9 1\ oA
o An?2cvp \vp+c) A

1
An2cvp(c+vp)

We will define
(3.123)

(Ig:

Note that if we take (3.110) and compute the derivative with respect to m in the limit ckr > A
we obtain the same results as in (3.122),

1 2
g 1 oA
= —_—. 124
<’UF+C) A (3 )

d¥(m)
dm

0 Am2cvp

One loop Yukawa vertex correction

D02, P- D-
(Po2; Do) (po3, P3)

(P2 + w, I?) \ / (po3 — w, Py — /?)

1

Consider an incoming boson with momenta splitting into a fermion and anti-fermion with energy
momenta (po2 + w, k) and (po3 — w, p1 — k) respectively. The fermion and anti-fermion exchange
a boson with (w, ps — k) where g = Q' (kp +1) and k = Q(kp + 1), the boson momentum squared
is

(72 — K)? =p5 — 25 - kK + k° (3.125)

—(kp + D(kp +1) — 2(kp + D (kp + 1) cosf + (kp + ) (kp + 1)
=2k%.(1 — cos0) 4+ (I — 1)® + (2kp (L + 1) + 211)(1 — cos B).

We make the same argument as before, that 1 — cosf ~ I%Q if the diagram is not suppressed, so
F

the last term is 1%2 suppressed and we neglect it. We shift the variable — [ + [, so that the one

F
loop corretion to the Yukawa coupling is

d—1 7d—1Q
50— / dwdlkE ' dd=10) 1 1 % (3.126)
(2)d+1 w2 + 212 4 2¢2k%(1 — cos 0) i(w + po2) + p — e(k)
1

(i(—w + po3) + p — e(pi — k)
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The divergent part this integral is independent of the external momenta, so we set the external
momenta zero, to obtain

5 [ dwdlkE1d10 1 1
0g =g , . (3.127)
(2m)dtl w2 4+ 212 + 2¢2(1 — cos 0) (iw — vpl)?

This integral has already been considered in (3.116). From that analysis we find

59 =¢°T (3.128)
g° SA

T An2cvp(c4vp) A

The four Fermion one loop vertex correction to the BCS coupling

mt+p—k

The one loop integral is

dldwk® 1?10 1
Ny = N2 L ) 3.129
v / @m)HT (iw — vpl)(—iw — vpl) (3.129)

We are again only interested in the divergent part of this diagram since this is all that is required
to determine the renormalization group flow. Consequently we again set the external momenta
to zero. Evaluating the dw integral with range (1 — §)A < w < A at d = 3, we find

diEZd*Q 1 1
Sy = A20A F 1
v / 2m)% (A — vpl) (—iA — vpl)’ (3.130)
the integral has poles at [ = i%. Closing the contour in the upper half plane we get
A
—9miRes <5A¢, 1) , (3.131)
VR
thus
k2d*Q [ 6A
—omiN} | =E . 3.132
& ”/ (27 (—inpA> (3:.132)

The negative energy shell gives an identifical contribution. Consequently
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k2d%Q [ OA k2420 [ 6A
_\2 vptose YA 2 F
OXv =y / (2n)? (%FA) A / (27)? <2vFA> (8.133)
Y / k2d?Q [ 6A '
v ] o(2r)3 \wrA

We will now evaluate the angular integral

2 dfsin@ oA
2
Oy =A kF/ dgb/ 72# ey (3.134)
A2 kF SA
27r VE A

Note that spinless fermions have an additional symmetry factor of %

Four Fermion vertex correction diagram

This diagram gives no divergence because of the kinematic constraints of the Fermi-surface. The
reason is that the four-fermion interaction is marginal if the external momenta are such that the
momenta of two lines in a four-fermion vertex sum to zero. The diagram above will only lead to a
marginal interaction if the internal fermions have momenta ﬁ and p’ such that p—p'=p' —p' =0 at
the vertex. Since the external fermion momenta are p and p', the transferred boson is constrained
to have momentum k = 0. Since the boson momentum transferred is k = 0, this constrains
the angular integration measure to zero. Another way to view it is: the four-fermion momenta
connects antipodal points of the Fermi-surface in the BCS interaction and the internal fermions
must be p and p’ as indicated in the figure above. The interaction being renormalized also
connects the antipodal points, so the external fermions at the top of the diagram will also have
momenta p and p’. This constrains the transferred boson momentum to zero. Having said this,
note that the previous vertex correction diagram is irrelevant since there are no two vertex lines
with momenta summing to zero. The other four fermion vertex correction diagrams at one loop
are
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The loop integrals of these diagrams produce log? and log® divergences respectively. The
study of these diagrams is beyond the scope of the study of this chapter. One thing to note
though is that the first diagram is irrelevant by the argument stated above. The log? and log®
divergences will be addressed properly in chapter 5.

3.4 Chapter Summary

Basically the methodology of renormalization group flow involves dividing up the complete set of
energy modes of a field into distinct shells of modes of similar energy. After that we integrate over
the shells which correspond to the high energy modes to obtain an effective theory for the low
energy modes. In doing so, some parameters in the action begin to flow. Marginal parameters
remain constant, irrelevant parameters flow to zero and relevant parameters flow to infinity as
we flow to low energy. It is important to fine tune relevent terms (so that they disapear from
the low energy theory) in the action to avoid infinities creepping into the theory. The renor-
malization group flow for non-relativistic finite density systems is different from the relativistic
zero density theory because in the non-relativistic theory states which define the behaviour of a
system are close to the Fermi surface. This makes both the mathematical and geometrical setup
of a system different from the ordinary relativistic theory. Also, Lorentz invariance is broken in
non-relativistic finite density systems. As we have seen in Euclidean space, low energy modes
for fermions are located close to the Fermi surface and high energy modes are located further
from the Fermi surface. For the bosons, high energy modes are located away from the origin and
low energy modes close to the origin. Any interaction involving momenta that are tangential to
the Fermi surface are marginal for the four Fermi coupling in d = 3 dimensions. Further, only
interactions between fermions close to the Fermi-surface, with small boson momentum transfer,
are relevant below d = 3 dimensions and are marginal in d = 3. The same applies for scalar
self-coupling: the interaction is marginal in d = 3 and relevant below d = 3. We adopted the
renormalization strategy used in [17], where we rescale the fermions towards the Fermi surface
and the bosons towards the origin. We decimated the shell modes in a following manner

0<|k|<oo and —oo<I<oo

for both the fermions and bosons. We computed the Feynman diagrams in the d = 3 dimensions,
since the scalar self-coupling, Yukawa coupling and four Fermi coupling are marginal in this di-
mension. Below the critical dimension the Yukawa and scalar self-coupling are relevant, which
implies that even weak interactions will produce large effects when one includes contributions
from the loop diagrams. We computed the one loop quantum corrections of these couplings fol-
lowing the approach adopted in [17]. We have found a number of defficiencies with the approach
of [17]. Since we continue to integrate over an infinite number of modes this decimation will not
remove all infinities from the theory. Further, in Wilson’s renormalization theory all physical
theories come equiped with a cut off, above which the theory ceases to be valid. Thus, in contrast
to the approach of [17], we expect any sensible approach to have a large momentum cut off. In
the next section we will come up with a better approach to renormalize our theory.
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Evaluating the loop integrals, we see that the boson self energy loop integral (3.135)

M(p) =¢* / e 1 1 (3.135)
PP Jeeh @O w1 p— eR) i(w —po) + o —e(h— ) '

is zero, which implies that there is no wave-function renormalization for the bosons at one loop.
The fermions do not renormalize the bosons, but the bosons do play a role in the wave-function
renormalization of the fermions. Actually the fermions do not contribute to the renormalization
of the scalars since their loop integrals vanishes. In the next chapter we will see that fermion
loop integrals do not necessarily vanish when momentum integrals are restricted to a finite range.
This too, shows that the renormalization strategy employed [17] is misleading at times.
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Chapter 4

Renormalization group Flows For
Finite density QFT

4.1 Finite density without four fermi coupling

The objective in this chapter is to study QFT of fermions coupled to a gapless order parameter
(given by a bosonic field). Our procedure will be different from the previous chapter. In this
chapter we will use the renormalized perturbation theory formalism. To do this we write down our
toy model action in terms of physical paramaters and introduce the counter terms in the action
to renormalize the theory. We write down the Feynman rules for the renormalized perturbation
theory. We will use these rules to study the effective low energy dynamics of the theory. We
will use the marriage between Wilson’s idea of renormalization and Feynman, Tomanaga and
Swinger idea of renormalization, which is captured by the Callan-Symanzik equation. The Callan-
Symanzik equation will be used to evaluate the renormalization group flow properties of the theory
such as the anomalous dimension of the fields, fixed points and beta-function. Lets consider a
field theory model with the action

S = /dmd < 0r0)” + *(Vo)” + A‘i’(’cbo]ﬂbo( +M—E(N))¢’0+90¢0¢0w0> (4.1)

with the fermion quartic coupling Ay, = 0 and the boson mass mg = 0. The theory has a physical
UV cut-off scale A <« kp. Close to the Fermi-surface, the dispersion relation is

, . . = Oe(k) >
w=u—e(tV)=nu— ekl +1- — + - 4.2
= li) = = (Bl + 1 0 . (42)
where
Oe(k) e
V9 = ——~ =¢ (k). 4.4
0= "F (k) (4.4)

We will treat the quadratic plus higher order corrections to the dispersion relation as an interaction
arising from Fermi surface curvature effects. The action for the theory becomes

S = /ded ( (8-¢0)% + (V)2 + %qﬁé] + (07 + lvg)tbo + go¢01/}0¢0>, (4.5)

and we set ¢ = 1 for convenience. The action is written in terms of bare parameters ¢o, Yo, Ag,,
go and vg. The bare fields will be replaced by the physical fields ¢, v, ¥ by using the relations
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b0 =120 and Yo =/Zy¥, (4.6)

where Z; and Z, are the probability of creating a state with one particle. We now write the
Lagrangian in momentum space as

1,49 3 A pi a4
L=5(po+7)o(p)¢(-p) +>\¢/H Gmart0 PP P2 £ pa)e)o(p)ope)olps)  (4.7)

2 gd+l,. B
+p)im - 0)o) +9 [ T g;dﬁa 54 (o1 + p2 + PSP (1) (p2)

—_

+ §(p%5Z¢ + 976 2Z4)d(p)d(—p) + (—p) (ip06 Zy — 16v)(p)

- dd—l—lpi gl
#3000 [ T e+ b2 + b+ b0 (02)0 )00

+ 309 / 1:[ éj;iffl 5 (p1 + p2 + ) (0) (1) Y (p2)
with counter terms defined as
0Zy=Zy—1,  Aedhp = NpoZ5 — Np, 02y = Zy — 1,
0V =vgZy — v and gog = ggZEZd, —g.
In D = d + 1 dimensions, the length dimension of the scalar field is
6] = L72P"2  sothat  [p) = L 2P,

Therefore the dimension of Ay is

[Ag] =L~ P)
:L—€ — M€

where ¢ = 4 — D and M is the renormalization scale. We can write 5\¢ as 5\¢ = M*€\y, where Ay
is a dimensionless coupling. Also the dimensions of fermionic fields ¢ and v are

[¥] =[] = L3(PD),

which means the dimension of the Yukawa coupling is

[g]

I~ 34-D)
%

(1L

-

=M

We can thus write g as
g=Msig,

where ¢ is a dimensionless constant. Now, the Lagrangian becomes
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£ =5 (0 + 7)o(p)o(—p) + M, [ H 4 ffl 511 (p 4+ py + pa + p3)B(0) (1) (2)(p3)

_ di*1p, -
3P im0~ )ulp) + Mg [ H jilad“ (b1 + p2 + D)D) (01)6(p2)

%( 00Zs + 076 Z4) d(p)d(—p) + ¥ (—p) (ipod Zy — 16v)1h(p)
+M5A¢5A¢/H an d’fﬁd“ (p+p1 +p2 +p3)o(P)d(p1)P(P2) D(p3)

. 2 dd-i—ll, _
+ Mg / [T et 1 + b2+ D) 1) )

where the counter terms are defined as

(SZ¢=Z¢—1, (5Zw:Zw—1 (SU:’U()Z¢—U ( )

M7, 1 . M~3Z,

MXGOAy =Ago Z2 — Mg = Agy = =z Ao and M3gdg=goZyZ2 — Mig=gy= 7
Zy 2

¢

where Z\ = 6\y +1 and Z; = dg+ 1. The Feynman rules for the theory in momentum space are:

o1

Zg,



_ /" _ _. - =
P> pi4p?
! ! t 1
— = = = - at low energy
iko + po — e(k) tho — vl
\§ //(/
N /7
<~/ = M)\,
RN
-, ~
~N
//(/ \\
NN P
~ 7
~ s .
PN = XM 6Ny
A RS
, A
O = D075+ D767,
— o—» = tkodZy; — lv

\//
=My
v
= g]bf‘/zég

Figure 4.1: Feynman rules in momentum space.

Before we state the renormalization conditions for the bosons, define

where fI(pQ) is the sum of 1-particle irreducible (1PI) diagrams and the full boson two point

function is
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O OO

Full propagator 1Pl 1P 1PI

1 1
P2+ I(p?)  p2+ P2+ (p,, p)

The renormalization conditions for the bosons are

P1
\\\\ //( P
N\ /s
AN s
O =AMGAy  at p’=-M?
7 N
s N

Amputated

where (p1 + p2)? = (p1 + p3)® = (p1 + pa)? = p?>. We define the sum of 1-particle irreducible

diagrams for the fermions as

— = = i(km )

The full fermion propagator is

G S O S O O S
1PI

Full propagator 1 1Pl 1P

iko+ g — €(k) + 3 (koy 1)

The renormalization conditions for the fermions are

> (ko,1) =0 at ko=—M and (4.11)

I

and the renormalization condition for the Yukawa vertex is
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A ys
\/ _ g]\/j‘/z(;g at p;z _ 7]\/12 for the boson

|
I* and pg=—M for the fermion

Renormalization of the Bosons

The sum of the 1-particle irreducible (1PI) Feynman diagrams for the boson 2-point function at
one loop is

-
k—p
e / dldkokL a1 1 1
2m) ik + o — e(K) i(ko — po) + o — e(k — P)
+ 3024+ 267
- dldkokdd?=1Q) 1 1
II(po, 1) ZQQME/ Erares = S + P02 + P70 Zs.
(2m)®+ iko + p — (k) i(ko + po) + p — e(k + )

(4.13)

The first 1PI Feynman diagram on the left is the boson self-energy, sometimes referred to as
the vacuum polarization diagram. This diagram is responsible for Landau damping of the bosons.
This diagram was evaluated in (3.135) in the previous chapter and it was equal to zero. With a
more careful analysis we will see that is not necessarily zero. We evaluate the loop integral of the
boson self energy as follows

dkod?k 1 1
(po, P) 292M€/ = = (4.14)
2m) T kg + p — e(k) i(ko — po) — e(k — P) + p
e / dldkok&d=10 1 1
(2m)d+t iko — vl i(ko — po) — vl + v|p] cos O
P / dldkok&d?=1Q) 1 1 1
(2m)d+1 ipo — v|p] cos O \ ikg — vl (ko — po) — vl + v|p]cosh )

The integral has poles at ko = 2 and ko = Ul_vl’:ﬂ +po. If | is very large both poles will be on
the same side of the real line axes and the integral will vanish. The integral will not vanish if the
poles are on different side of the real axis. This happens when [ runs over a finite range which is
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0 <1< |p]cosf. Integrating over this finite dl over a finite range we get

I=|p] cos 6

dkok41d*—1Q 1 1 1
I — 27 € F —
(pﬂaﬁ) g M / (27T)d+1 ipo — U’ﬁ] cos @ (iko — ol i(k‘o + po) — vl + U|}7| cos 0)

B 2M€/ dkok&1d=10 |p] cos O 1 1
—9 (2m)d+1  ipg — v|plcos O \ ikg — v|plcos®  i(ko —po) )

Now evaluating the dkg integral using the residue theorem we obtain

9 E/ kjffldd_lfl |p] cos 6
M - .
(2m)e  ipy — v|p] cos O

H(p(]aﬁ) =19

For d = 3 we finally obtain

272l
ig°ky |p] cos 0
IT = d(cos ) ——————.
(po. ) 472 /1 (cos )ipo — v|p]cosd

Using long division to simplify the integrand we get

4.1

ngkF COSH !

- In(po + iv|p] cos 9)>

( P
(.

-1

92k 2_'_ < 0+iv’m>>

4 \iv v2|]5'\ po — iv|p

ngk% 2 re’

Amr (v + v2]ﬁ\ <re_i<>>
2%(2 )>_§/2/€%<1 p0C>
4 \iv 2|_'\ 212 Pl

5, ( e ()

where po + iv|p] = e and ¢ = tan_(%ﬂ). This integral is finite but there is a caveat. Later
when we calculate the renormalization group flows we will find that there is a fixed point where
v — 0 at low energy and when v — 0 this loop integral vanishes. This can be shown by using the

general Taylor expansion
a1 (z z 1/z\* 1/xz\°
tan~' (S ) ==—2(2) (=) 4+,
a a 3\a o\ a

o =5 (1= (=5 (50) ) 11

_g*kjolpl?
672p3

to H(po,ﬁ)

+ O(v?). (4.17)

From here we can see that as v — 0 the self energy vanishes. We will assume that our UV theory
starts in the basin of attraction of the fixed point v = 0 which sets the boson self energy integral
to zero [20], and therefore the counter terms 67, and év will be zero. The physics as v — 0 will
be explained in detail later, because higher order curvature terms will now be comparable to vl.
The 1PI 4-point function for the bosons is
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The constant 3 in front of the second and third diagrams on the left comes from adding the
s-t-u channels, assuming that momentum is conserved at the vertex and the external legs carry
the same momentum. Therefore

<G§§)> =Mt T 118 A Mo,
amputate

where Fg4) and Fgg are the loop integrals for the second and third Feynman diagrams. We have
to first evaluate FYQ and Fgg and then use the renormalization condition to evaluate the counter

term d\y. F§4) is evaluated as follows:

2 7 r2€ d
@ _ 3)\¢M / A4tk i 1
! 2 (2m)4+1 k2 (k + p)?
where p = p1 + p2. Introduce the Feynman parameters using the formula

1 _ /1 dpn - g 3O = 1) [T (3 (me))

The loop integral becomes

BANGZM? g+l [l 5 ~1
FYQ: : / d1/d$dy 2(:E+y ; 2
2 (2m)** Jo (k*z + (k +p)*y)

_3)@M2€/ d /1 dnd S(x+y—1)
2 (2m)a+l [, Y (k%y + k2x + 2k - px + px)?’

Performing the [ dy integral with the delta function we get

ply 3N / di L /1 o 1
! 2 2m)dtl Jo 7 (k%2 + 2k - px + p?x)?

We can complete the square in the denominator by shifting

k—k—p-x,
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so that

pjo DR A
1 9 (2m)d+1 J, (k2 — p222 + p2x)2’

Using dimensional regularization to evaluate the integral we get

ST Ty (P
2 4mF Jo T

_dti”

(1 —z)zp?)™ 2

Expand the integrand at ¢ = 3 — d when d — 3 to find

2 € €
p e M* /1 MERAC)
N2 )9 o T TE)((1 - 2)ap?)?

32 1 9
where
F(g) - % -7 and v is the Euler Macheroni constant

and we have used the expansion

2
lim a® =1+ zlog(a) + T log(a) + - --
z—0 21

The I’gl) integral is as follows

F54) :g4M2e/ d*k 1 1 %
M) ko + 1 — (k) i(ko + por) + 1 — e(k + p1)
! X
i(ko + po1 — pos) + i — e(k + p1 — Ps)
1

i(ko + por — po3 — poa) + pu — e(k + Py — Pz — Pa)

Evaluating this integral is not trivial, but luckily we know that for p5 = py = 0 and pp3 = pos =0

(4)

we can relate the I'; ™’ integral to the boson self-energy integral II(pg, p) in (4.15) as in [23]

. 2 d2
Fgl)(]’m,pﬁ = ?dpﬁ
01

:7£ d? QQk% 1—@|tan_1 U|P|
2 dpi, | 2m%v v|p Po1

(L (L (1) 1Y)
dmv \ dpor \ v|pol| Po1 v|pl pgl (1+(1“D|Tﬁj)2

II(po1, p1)

_g%%<11+11 2<”>>
4 vlpl v|pl 2 v|pl
w0\ por (14 (4)2) T por (14 (48)2) gl (14 (422
_ 9k} v

T 2m (@31 +v2|m2>2>’

o7

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)



I‘gl) (po1, P1) vanishes since

lim lim F() ,p1) = 0.

i iy (po1,p1)
Because the Yukawa coupling connects particle-hole states near the Fermi-surface with small
boson momenta we must consider the limit pg; — 0 and |p] — 0. Now, using the renormalization
condition for the boson, we find the counter term

Ao = — T8 (po1, 1)
32

_ o [ (2
- 2(47T)2/0 d5”<€ —log(—(1 — x)zM?) + log(4m) + log(M?) + O(e)).

Then the renormalized boson 4-point vertex function is

(4) 3\% —M? 2 2 2 2
Gp =X+ 53 log where p® = (p1 +p2)” = (p1 +p3)” = (p1 + pa)
amputated 2(4 ) p

and the boson 4-point function is

1111 322 M?
oy = L LI L (50 i (D)),
Bl 70 2(4m)? p?

We can find the anomalous dimension 74 for the boson propagator and 3y-function for the running
coupling Ay in two ways. Either by deriving v, and 3 using the counter-terms or using the Callan-
Symanzik equations. We will use both methods to calculate A\, and 8y. We will start with the
counter-term method and then use the Callan-Symanzik equation. The relationship between the
bare scalar field and the physical field is

(Z)(): \/Z(z)d) and Z¢:5Z¢+1.
Taking a derivative with respect the renormalization scale M we have

dog d
270 a2
dM dM (
The bare parameters are independent of the RG scale, so the LHS is zero, and we find

1

M quﬁ).

T2 Z4dM ¢ dM
49 _ ¢ Mdozy
dM — 2 Zy dM
do B < 1M d52¢>
d(—log(L))  "\2Z4 dM )’
Finally, recall that
doy _
o = e?

where t = — log(ﬂ) is the RG time and 4 = %Z%%. We flow from scale M to scale P, the
scale of the low energy effecive field theory. We find

Y =0,
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since we found 6Z4 = 0 from the renormalization condition. The §)-function for the running
coupling is computed as follows: we start from the counter term

MNsONg =Z3Ag — M Ny
MXg(0Agy + 1)

= )‘¢0

taking a derivative with respect to the scale M we find

dg, _EM5_1A¢(5)\¢ +1) n Me(6Ay +1) % B MXg(0Ag +1)dZy — M Ny doNg

= + .
2 2 3 2
dM zZ Z3 dM Zy dM Z35 dM
Note that djj\"j}) = 0 since the bare coupling Ay, is independent of the renormalization scale.
Therefore

Me(Ohg+1)dhg  eMTING(6Ag+ 1)  MNg(0Ag 4+ 1) dZy My ddNg

_ _ 4.23)
2 2 3 2 (
Z; aM zZ3 Zy aM Zy dM
dXy M dZ M do)g
—M—=(e— — A 4.24
dM <6 ZydM T (0hg £ 1) dM )7 (424)
_dAy M dég
where t = — log(%) is the renormalization group time and Z) = dA+1. Since 74 = 0, 8 reduces
to
YA\ T zanr )
Using the renormalization conditions for the boson 4-point function, we find
Ny = ()2 /0 dm(e —log(—(1 — z)zM?) + log(47r)>.
We can further simplify 3\ by assuming that 6\4 < 1 to obtain
M do
M déA
— 2 4.27
<6+1+5)\¢dM) ¢ (4.27)
dé A
= M(1— 4.2
(e—i— ( 5>\¢)dM>>\¢ (4.28)
doAg
= M—— ) 4.2
I (4.29

where on line (4.29) we have used the binomial theorem and in the last line we have neglected

the 5)\¢% since it will give us a term in (9()\35) which is only captured correctly by a higher
loop analysis. Plugging 6\, into 8y we get

d\g 3
=— =|e— ——5 | \¢.
=4 (6 2(47r)2> ¢
We will now reproduce these results using the the Callan-Symanzik equation [21]
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0 0 (n)
M—+ By— + Gy’ =0,
( oM Pe 0 n7¢> B
to evaluate By and 74. Recall that the renormalized two point function for the boson is

1

€] S
B g+ p?

Plugging the two point function into the Callan-Symanzik equation

0 0 2
<M6M+ﬁA+m0GQ:m (4.30)

for a two point function, we find that v, = 0. This means that at one loop there is no wave-
function renormalization for the boson propagator.The physical meaning of this is that at one
loop the physical field and the field we integrate over in the path integral are equal. The Callan-
Symanzik equation for the 4-point function is,

0 0 4
<AQM4+5A 4W>Gg%:& (4.31)

Since 4 = 0 we only have to compute

a (4) 8 3)\%,3 —M?

recall that Ay = M_ES\¢, therefore

0 - B 35\§)M26 365\2]\4_26 — M2

= — A M€ 1 4,
MapCs == XMt Hem g los (4.33)

3N2 3eN2M M2
=€ g -]
e+ 1672 872 og( p? )
2
— 2
=—€e\p + T6m 2 + O(eX3)

We neglect the last term in the previous line because terms of this order are only treated correctly
at higher loops. Plugging this result back into to the Callan-Symanzik equation, we find ) to be

Ao
=y — 33— 4.34
r=eds =315 (4.34)
g AZ
=€\p — 33— 4.35
dlog (L) ¢ Y1672 (4.35)
dAo AS
=€\p — 33— 4.36
dlog (%) ¢ 1672 (4.36)
A ¥
— =€\p — 3 4.37
it 7 “l6r2 (4.37)
where t = — log(%). This demonstrates that we get the same results from both methods. The
fixed points are determined by B8y = 0, which are at
. 1672 € *
)\¢ — 3 = a and >\¢ = 0,

The fixed point A% = é is called the Wilson-Fisher fixed point.

where a) = ﬁ.
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4.1.1 Renormalization of the Fermions

The 1-particle irreducible Feynman diagrams for the fermion 2-point function at one loop are

27 7r€

S 7 g d—1 1 1 ; 7
Y(po,l) = —/dk‘ dld "k, — +ipgdZy — lov  (4.38
(po, 1) (2m) T 0 K2+ 2+ k) i(ko +po) — v +1) 00 (438)

The Fermion self energy is evaluated as follows

S(po, ) = — QQME/dk dld* 'k ! ! (4.39)
po,l) == Goyar 0 K2+ (12 + K2) (ko + po) — v(l + 1) '

i

2Me 1 ' )

:7(;7 i /dkodldd oy iko £ po) + 0l +1)
m

kg + c2(12 + k)2 (ko + po)2 + v2(1 +1)2

we have decomposed the boson momentum as k=0 + k,, where k, is tangential to the Fermi-

surface. Note that we have replaced ¢? in the boson propagator for dimensional reasons. Using
the result[23]

1 2rd/2 s
d 1k, = Ald=3)/2 4.40
/ A4k T(4) 2sin(3(d—1)) ’ (4.40)

2nd/2

(%)

where is the surface area of the d — 1 unit sphere, we find

- 2 e 2qd/2 1 i(k [+1
Z(29()7l):_g T T (ko + po) +v(l+1)

(2m)d+1 F(%) 2¢2=¢sin(3(d — 1)) /dkOdl (k§ + 212)</2 (ko + po)? + v2(1 +1)2

where e = d — 3, and sin(37(d — 1)) in terms of e = d — 3 is

sin(m/2(d — 1)) = sin(me/2).

Introducing Feynman parameters to rewrite the loop integral

1 _ ! S @i — 1) [Tay" T (X (ma))
ATTAT AT —/0 dxy---dx, (> 2 4;) i T 0ms) )

the loop integral becomes
27 1€ d/2
~ g“Me® 27 a1+ § / /
) = dkodl | dxd
Z(po ) (2m) T(9) T(5)22 esm 0 Layx

Sz +y— )42%(%+p@+v(+
(kg + 22z + ((ko + po)? + v2(L +1)2)y

D))
)1+

+e/2°
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Before we proceed to evaluate this integral, let us simplify the factor

g?Me 272 al(1+ %)
(27)d+1 F(%) ['(§)2c?¢ sin(%e) '

First, consider the factor

ra+s)
I'(3)
Using I'(1 + z) = 2I'(x) we find
ra+s
(762) =< (4.41)
r'(s) 2
Next we will simplify the factor
1 csc(me/2)

(339 sin(5e)  (3- 5T —5)
Use the definition

1. 21722 /70(22)

r ="
(z+3) I(2)

to expand the denominator of the I' function and power series

117
csc(:v):;—i-ga:%—%x +--

to expand the csc(me/2) function as € — 0. Hence

1 _ ['(—$§) csc(me/2)
L(F39)sin(Ge) (5 —§)2' G /T (—e)
~ I(—5) csc(me/2)
NG
(14 €)T'(5)27 csc(me/2)

VAT (=) |

where we used the binomial theorem to bring the denominator term (1 —€) up to the numerator.
Expanding the numerator we get

I'(—5§) csc(me/2) :(1 + e)(% -+ )1 —elog(2)+--- )(% + {5€+---)
(3 — £)2123) /7T (—e) Vrl(=35)
_mat g+ O()
o VAl(=5)
Expanding the denominator we get
D(=f)esc(re/2) ZH+2+0() BV
G-pryare | ve ) -
— 6%%/77’ + O(eY).
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Using the results that we found in (4.41) and (4.42) the loop integral simplifies to

~ 2 € 3/2 6/2 - 6/2—1 . _ ~
S(po. 1) = ]‘Z 2”2 /dkodl/ dndy— 0@y = Va2 (ko + po) — v +1)
(2m)d—<c 677[ (k2 + 2k2)x + (ko + po)? + v2(1 + [)2)y)1+e/2

2 €9 e —6/2
_g M2 / dkodl / ddyx

5(fc+y— D/ (i(ko + po) — v(l +1))
(kg (x +y) + 212 + 2kopoy + piy + v22y + 2021y + v2i2y) /2

Applying the constraint 2% +y* = 1 from the delta function to the denominator term k2(z +y) =
k3, we now have

S(po, 1) = g*Me2(c(2m)) /2 /1 dzdy S(x +y — Da/? Li(ko + po) — v(l + l) |

Integrating over dy, we find

1
Y (po,1) :O'/ dx x
0

2> i(ko + po) — v(l +1)
(k2 4 212z + 2kopo(1 — ) 4+ p3(1 — @) + v212(1 — x) + 2021 — z) + v22(1 — z))1+e/2

where o = gQMEQ((gf)Z?;W%/Z. Shift
ko — ko — po(1 — )
and ~
I(1—2x)
l—1—
- (x+v2(1 —x))
to obtain

> (po, 1) :a/dkodl/da;x

xe/2-1 [(iko —ipo(1 — ) +ipo) + v(l — ) Z)]

c2z+v2(l1—x)

(k2 + p2(1 — 2)2 + (2z + v2(1 — 2))I2 — Lﬂfi) +022(1 — @) + p3(1 — x))1+6/2~

c2z+v2(1
Since the denominator only contains terms even in /2 and k% , we can drop the ky and [ terms in

the numerator. Finally shift + — z — 1 to obtain

~ 1)2

x(x — 1)6/2_1 ipo(l —x) +vl(1 — m)

S(po, 1) :a/dkgdl/dx _ _ i ,
(kg + p3a? + (2(1 — z) + v2z)l? — 7&(12%%% + 02 + pia)ite/?

We evaluate the dl and dkg integral using the using formula[23]

dadb Tyl 3
= ) 4.43
/ (a2 +cb? +y)* Pz —1) -
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Then the integral becomes

2

(.T — 1)6/2_1 <Zp0(1 - x) + 'UZN(]. — 02(1—Ux)x—‘r’u2x)>
om /da;
VAL —z)+v2z(1+§—1)
vz vi2a? 9 /2
_ 242
< (1 —x) + 02 02(1—1')—1—1)2—“} —i—poac)
/ ipo(1 — ) (zv? + (1 — z)) + vi(zv? + A(1 — z) — viv’z
(202 + (1 — 2)\/2(1 — x) + v2x
< V(20 + (1 — 2)) — v* %2 + (1 — 2)pd(av® + A(1 - $))>6/2

X

(xv2 + 21 —x))
D27z — 1) (ipo(xv? + (1 — z)) + vic?) y
(zv2 + c2(1 — x))</2
z —1)(Eav?l? + zp3(zv? 4+ (1 — ) —€/2
( 202 + (1 —x) ) ’

2077

performing an € — 0 expansion, including also the terms inside the o, we find

24,2 ) 2
- g-4m tPo vle 1 0
S g [ Lo,

We evaluate the first term in the integral

/1 d ipo
0 (v2 — 2)x + c2)1/2’

as follows: Let

a= -z + = da = (vV? — A)dx

so that

/ 1 dx ipo = P / 1 d:r—da
0 (12— )z + )2 (W2—2) ), al/2

23 2

T I (R I
v?—-c? ], v?-c
2ipo(|v| — ¢)
(Jv] =) (lv] + ¢)
Qip()
(Jv] +¢)

The second term in the integral

is evaluated as follows: Let

a==cHz+ = da = (vV? — *)dx
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then

1

/dx vlc? B —20lc? L
(v2 =)z +e2)32 v —u? /o,

_ 20lc? 1 1
2w \Ver V2

_ 20lc? 1 1
o2 w2\ |y ¢

. 20l c? (c—1v])
CECICECE
_ Isign(v)c?
(c+vl)
where
_ v
sign(v) = ol
Hence

2 . . 7
= g°ipo + sign(v)cl
E(p()’l) - ? 47[_2762(6—’_”2) .

Now using the renormalization conditions

X(po,1) =0 at ko=-M and

we find the counter terms

2
1
0y =——F5—=— 4.44
v 422 (e + |0]) € (444)
and
~ 2~ 1
oy =9 slen(vje 1 (4.45)

T4r2(c+ o)) €

Renormalization of the Yukawa vertex

The 1-particle irreducible Feynman diagrams relevant for the Yukawa vertex to one loop are

N P
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<G(3) ) = Mg+ T® 1 gM/2g5g (4.46)
ddd amputated
We decompose the internal fermion momenta into a tangential and perpendicular component
p = Q(k:F + l~) = kp + [ and note that the boson’s momentum implies it is not a low energy
mode. This is a clear example of UV-IR mixing. We will decompose the boson components as
= Q(kp +U) =k, + I’ . We do the same for the internal boson momentum k = Q(k} +1) =k, + I
where [ is the perpendicular component and k, are components parallel to the angular sphere Q.
The vertex loop integral I'® can be evaluated as follows: Let

3) _ 93M3E/2/ a1 1 1 1
(2m)d+l kg4 2+ kZi(ko + po) — vl + 1) i(ko 4+ po — ro) —v(l+1—1)

To simplify the integral we will assume that pg — ro < kp and [ — I’ < . The above integral

becomes
3173€/2
pe) = 9 M2 /dd“k S ! L (4.47)
(277) + kO +1 +ku Z(kO +p0) _U(l+l) iko — vl

Multiplying the integrand by

i(ko + po) + v(l + 1) iko + vl

- - =1
i(ko + po) +v(l + 1) tko + vl
we find
@) — a2 / dkodld 'k, 1 i(ko+po) +o(l+1) ko +ol
(27")d+1 k% +12+ /6‘2‘ (ko +p0)2 4 UQ(Z + l)2 k% 4 022

Introducing the Feynman Parameters to rewrite the loop integral we obtain

) :93M3€/2/ dkodld®—k, / dudyd dzx+y+z—1)3—1)i(ko+ po) +~U(l + i))(zko + vl) .
(2m)d+1 (k3 + 12+ k2)z + ((ko + po)? + v2(l + 1)2)y + (k3 + v212)z]?

Evaluating the integral over dz using the 6(x + y + z — 1) function we get

dkodld?—1k ”
3) _ 31s3€/2 0 Il
F()—gM// 2 /dx/

2(i(ko + po) + v(l + 1)) (iko + vl)
(k2 + 2kopoy + (1 — v2)z + v2)12 + 20210y + K2z + pdy + v212y)3

To complete the square in the denominator, we shift

ko*)ko*poy and {—1—
then

dk dldd 1k I—z
3) _ 37‘[36 2 0 I
v3ly

2(i(ko — poy +p0) + U(l - % + 1)) (i(ko — poy) + vl — (=Dl
[k§ + (1 — vz +v2)12 + k2 + pfy + Fz,y)? '
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where

U4l~2y2

F(z,y) = pgy + 0>y — pgy® — (ETDEETDR

We will drop odd terms in the numerator since the denominator contains even terms, therefore

ipov®ly® 2,2 | 2 ipov’l,
e :g3M3e/2/dk'0dldd 1/<:/ dx/l “’dy —kd + ey — oY PRY — ()
2m) e ( — vz +v2)2 + K2z + pdy + F(z,y)]?

2,9 inov3 067242 . w202y
VA2 4 P + v?)xy+v2>2 _Zpovly (= >x+“2))

[k + (1 — vz 4+ v?)2 + K2z + pdy + F(x,y)]?

_l’_

Using the general integrals below to evaluate the dl and d? 'k, loop integral

da+1 n—
/dkodzddlk kg _m T ! (4.48)
'(Ak2 + BI2 + Ck? + D)» 2T (n ) VABBCd-1p2n—d-3 '
and
d+1
1 T P(2n d— l) 1
dkodld® 1k, = 4.49
/ 0 (Ak} + BI? + Ck2 + D)™ 2T (n) VABCd-1p2n—d—1’ (4.49)
we obtain

I‘(3)— ( /dx/lx

2
< 1 —v?)z+v )3x2 ‘F(z,y)¢ - V(A =vD)x + UQ)xQ—fF(a:,y)€>

. 73T 79 / /1 * ipov3ly? T e ipovily
)(2) ST (@) (2n) e € (1 —v2)z 4+ 0v2) oY 0¥ (1 —v?)x+0v?)

ipov ly L 6l2y2 il — v2l~2y "
(A —vD)z+v?) " (A—vDz+o22 T (A= oz+o?)
1
V(= D)z + B)a?<F(x, y)>

=1 + I

where d =3 — € and

_ 7T4§EI‘(§) ! . 1=z 202
" 2rE)2m)t /0 ! /0 dy(\/((l —v?)z + v2)3x26F(aﬁ,y)€> (4.50)
B 7r45€F(§) 1 . I—z 2
20(3)(2m)4=< /0 a /0 <\/((1 —v2)x + v2)x2<F(z, y)_6>
7r45€F(b) 1= ipovily? ipovily
L2 :2F(3)(27T)24_6 /0 d”:/o dy((u — 0z +0?) POy + Py (1= 02)z + 02)
ly

,UGZQyQ ) l~ 2l2y y
POV T 0)a 1 02)

and

ipov3~
(A= oDz +02) (1= )z + 02)2
1
VIO P+ 2 g

_l’_
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Evaluate I first

2—¢/2]( € 1 1—z 2 2 2
I — 7r(2)/ dx/ dy 20% — 2((1 — v*)x + v?)
2F(3)( )4 (1 = vz + v2)3/252-)/2F¢/2

1—x :17(1 . UQ)
dx .
1 _ fU2>m + ,02)3/2.%.1—6/2F6/2

Expanding F'(x,y) and x as € — 0 when d — 3 and after that evaluating the dy integral we get

R4-ORD(S) 1 (1)1 —a)
h=Tmais |, T e O

Using the formula

P =2)T(z) = sin(7z)
we get
TR o L 1=v)-a)
= 72(271’)4_5 NGRS %) s1n(%) /0 dx((l _ '1)2),1; T 1)2)3/2 + 0(60)
s 1

7(4=9/2 1ese(5F)

T2@2mieT(1- %)

1—v?)(1—2z
/0 dx((i - UQ)BU(—F 02)3”/2 +O(<").

Expanding in € — 0 as d — 0 we obtain

/1 (1—v2)(1—z)
)2 Jo (1 —v2)x +0v2)3/2

We will evaluate the integral

/1dac (1—2v?)(1—2)
0 (1 — v2)x + v2)3/2
as follows: Consider the first piece
1 a2
/ dx (1-v7) .
o ((1—v2)x+v2)3/2

Let a = (1 — v?)z + v? then da = (1 — v?)dx. Thus

1
1 1
/0 daa3/2 - _2a1/2 o

Substituting back we obtain

—2 ! 1
(= oe vz, ~ 207 )
(Jo| - 1)

We now evaluate the second piece

L (1—vHz
_/0 (1 —v?)z +02)3/2
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(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)



Let a = (1 —v?)z 4+ v?)%? and
do :g((l —v®)z + 0221 — v?)dx
:gal/?’(l —v?)dz and
02/3 _ 2

r=——
1—2

Thus the integral becomes

2 / da o?/3 — 2
31—=v%) ) a3«

- _ # /daa_4/3(a2/3 N ,UZ)

3(1 —v?)
2 / Al
=— 3a'/3 +3a7! 3>
3(1—v?) ( 0
Substituting back we obtain
2
—m(l —2|v| +v?)
B Ol CHICS )
(1= o)1+ |v])
1— o]
14 ||’

Adding both pieces of the integral we get

B v? -1 1—|v]
2(\v|<1 on T 1 |v|>
20
ol (1 + [o])

7 — 1 1—|v|
YT 8r2e \ o1+ u)) )

Therefore

Now lets evaluate I

(L= 1-a 2
7T (% 1pov l 2 2 2
I2 = )(2m)4- 6/ d$/ dy( —v2)z +v?) — POy oy — ((

zpov 6l2 2

ipovly

— vz +v?)

il —

- 1)2)37 e B () prre) PR G

1

VA= D + O F(z, )<

Using the formula
v
~ T (2) =
T =2)r) sin(7z)
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v %y
(1= 2z + 02)> %

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)



we get

I — 7(4=9/2 1 ese(5F) /1 i /1”” dy( ipov3ly? R 4Ry ipovly
- € 0 0
2 0 0 ((

2(2m)4—¢  T(%) 1 —v?)x +v?) (1 —v2)z 4 v?)
(4.69)
ipgv3l~y2 116l~2y2 .5 7)2529
R R (D ) A A A et pay v2)> %
1

V0~ P+ ) Fla, )
7l

4-9/2 1 ese (%) / p /1 x zp0v3l~y2 22 o ipovly
x J— J—
2(27r )A—e —v2)z 4 v?) Poy+ Po¥ (1 —v2)z 4 0v?)

6[2 2

v

zpov — ipouly — Py X
PovLy (1 —v?)z +0v?)

(= v2)x ) T =)z + 022
1

S0 =)z + Da?—<F(z, g

By expanding the Gamma function in the denominator, the integral is suppressed by €. However
in the limit x — 0, the integral of the numerator is order €, so that the would be logarithmic
singularity is replaced by % which cancels the e suppression in front. Therefore

3csc -z : 2 003l
Ih=———272 (hm/ dm/ dy (poy + 1opoy ) +pgy — « Pov Y (4.70)
472

20 (1 —=v?)z +v? 1— 02)z + 02)?2
. 6722 2y ,
+ivlpoy + (1 =v?)z +v2)? + (1 —v2)x + v2)> N I AR 6).
(4.71)
We obtain
73 csc(ZE 1 1) ol)2

’ :2(27T(2§)/o . ’v|1}21(((foy;_ Pt o) (4.72)

_mese(F) [ 2y(y — 1) (ipo + i)’ .
- (@2 /0 W — )R + 20| O(e). (4.73)

The integral is independent of the y variable, so that

212 14 I
I=— ”4f§’°+”~. (4.74)
(2m) €p0—|—v2l2

Adding I and Iy we get
1 g% ipo+sgn(v)l
edm2(1+|v|)  ipg—ol

T (po, 1) = (4.75)

The coefficient of % has a momentum dependence which is strange. This makes renormalization
of the Yukawa vertex complicated, since we will need a momentum dependent counter term to
cancel the divergence. With a momentum dependent counter term we will need an infinite number
of conditions to be able to renormalize the theory, which calls the existence of the low energy
theory into question. For example, imagine having a divergent term of the form

(@57 + 5 (4.70
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in our theory, which means we have to add two terms of the form

(7 9o+ )b (p)¥(q) + (7 D)’ (p + O)¥(p)(q), (4.77)

in our action to renormalize the theory. In position space we will add

/ﬁﬂhwmxﬁfﬁfw¢+/ﬁ“%w@x@f6wa. (4.78)

This means we need two additional renormalization conditions to renormalize the theory. In our
case, our divergent term is

1 g3 o + sgn(v)i
edn?(L+v|)  ipg—ol

(4.79)

Expanding the denominator in power series we will have an infinite number of terms, which
means we will need an infinite number of renormalizing conditions to renormalize the theory. We
interpret T'®) as a sum of two contributions, a local term that renormalizes the Yukawa interaction
and a second piece whose significance will only be appreciated in the next chapter[24]. Therefore

N 9 N N
T (po, 1) = — gig-E(po,]) + e (po. 1) (4.80)

- o - -
3 _; 3
= Toper (po, ) =ig 5 -2 (po, 1) = T (po. )

_ g 1 N 9®>  lpo+sgn(v)1
Am2(1+Jv)) e 4m2(1+|v|)  ipg—ol €
vl 4 sgn(v)l 1

" 42 (1 + [v]) (ipo — i) €
_sgn(v) 1

z'po—vl~€.

(4.81)

9

We will ignore I'gper in our renormalization since it makes our theory non-renormalizable. We

will consider Fg’))er in the next section when we switch on the four-fermi interaction. Using the
renormalization condition for the Yukawa vertex, we find the counter term dg is

g° 1

sg=L
9= a2 (e + o]

(4.82)
The reason why the one loop Yukawa interaction diagram has a nonlocal term is because of the
kinematic constraint imposed by the Fermi-surface. The Fermi-surface has a delta function peak.
This will become clearer in the next section. From here we can use the Callan-Symanzik equation
to find the S-functions for the running Yukawa coupling and the Fermi-velocity. It is easier to
find the expression for the S-functions from the bare parameters and counter terms than the
Callan-Symanzik equation, because in the Callan-Symanzik equation we have to first compute
the renormalized two point function and four point function, and then we have to solve the
equations simultaneously to get the solution for the S-functions which is tedious. Adopting the
counter term method, first we will evaluate 7, from the expression ¢g = Zy9 and §Zy, = Zy — 1
as follows

M— =M—

o d
dM dM

z;¢),
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where M is the renormalization scale. Since the bare parameters are independant of RG scale M
the LHS is zero, and we find

zp M dZy L da)
0=—"—"2 1 MZ2

Z2 dM ¢ dM

Ay M dZy

dM ~ 2 Zy, dM

dy (1M dZ,
d(—log(aD)) — ¢<2Z¢dM>
dy

A log(H)

where
1M dzy
T =5 T
2 Zy dM
Note that the arbitrary scale P is introduced to make the log dimensionless. The 3, -function
for the running coupling constant is computed as follows. Recall the counter term

1 e
M’EZg
= go = T 9
Zdef
and
dgo _ 5, @ <M6/29(59+1)>
T Mo\ T o2
dM T dM N\ 7,7
e M€/2 (59 + 1) Me/2+1(5g 4 1) dg ME/2+lg d(Sg ME/2+1(5g + 1) dZw
=5 1/2 12 dM 'y Y2 dM 2 71/2 dM
ZwZ Z¢Z¢ Z Z Z¢Z¢>
Mt (5g 4+ 1) dZ,
d Mg db M dZ, M dZ
N M79 € g [Y Y ¢

aM 29 T Sgr1dM T ZydM T 27, dM

_(_e__1 _dg
N 2 dg+1dlogM

+ 29y + ’Vqs)g

where 2v,, = %% and vy, = 2J\Z/I¢ fmj; From our one loop calculation for the boson self energy
v¢ = 0. Hence
dg € dog
= — = M
b = G <2 2T+ dM>
where t = — log(%). The fB,-function for the Fermi-velocity is derived as follows,
dv = ZyZ*vo — . (4.84)
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Since Z4 = 1 at one loop we find

Taking a derivative with respect to M.

M@ i d <6v+v> _0

dM " dM\  Zy
M déov M dv M dzy
— T T (s v
O=Z,ani t zyant ””)Zi dM
dv dov

we will neglect the last term on the RHS because it will give us a O(g?) term, which is only
treated correctly at higher loops. Thus

_dv dév

By = —M—— + 2y, (4.85)

where 3, = %. Now we can compute the anomalous dimension, 3, and 3, explicitly. We will

start with the anomalous dimension

_ 1 MdZz, dg
=97, dg dM
where
dg - d —€/2~
M =M M)
€
= — 59

We found 67, = which implies

9 1
4Am2c2(c2+|v|) €

1 dzy, g° 1
% - 4.
Zy dg 212c?(c2 + |v]) € (4.86)
Therefore
1 M dZ, dg
W27, dy I
v a9
T T8r2e2 (e + o)) (1+ 02y)
e
=———————(1-462y).
8m2c(c + \v|)( v)

Above we used the binomial theorem, ﬁ ~ 1—02, which is valid to one loop by. Consequently

2

g +O(gh). (4.87)

T 822 (c + |v))
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The fB,-function for the Fermi-velocity is

dov
By = — MdTw + 2vyy
dg ddv
VS R
M dg TV
Earlier we found
g 1
~An2c(c+ |v]) €’
So that
8, = g?sign(v) vg?
Y dn2c(c+ |v])  4An2cE(c+ |v|)
_ g*(sign(v)c +v)

T 4m2c2(c + |v|)
_g*(sign(v)c + Jvfsign(v))
4722 (e + |v|)
g’sign(v)
T Ar?e

The B4-function for the Yukawa coupling is

€ ddg
Bq —(2+2W _MdM>g
€

(4.88)

(4.89)

(4.90)

We choose to completly ignore the Yukawa interaction counter term dg since the renormalization
of the Yukawa vertex is complicated. This approximation is consistent because we switched off
the four-fermi interaction which will renormalize the Yukawa interaction. We will return to this

point in the next chapter. Thus

o)

€ 3

=59

g
27 Ar2c(c+ |v|)

The Yukawa coupling has an interacting fixed point at

9" = /2122 (c+ |v])e
g ~OWe),

and a trivial fixed point at
g =0.

The anomalous dimension 7y at fixed point ¢* = \/2m2¢%(c + |v|)e is
e

T s (et o) |,

*

Q

NS
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At this point the fermion 2-point function has a scale invariant form

1

WF(I’Q, ). (4.93)

G7%(po, 1) =

Recall that we claimed that in the limit v — 0 as we approach a fixed point. In this limit

1
2 —
GF(pO) - (’L'po)lfe/ll
1
(po)t=</*
A system behaves like a non-Fermi liquid when the fermion propagator
1

G%(po,1) = F(po,1)

(ipo — vl)' =7
has anomalous dimension 7. So at the fixed point we find a non-Fermi liquid (NFL) fixed point
in which gapless bosons are coupled to a NFL. The S-functions for the Yukawa coupling and
running velocity satisfy the Callan-Symanzik two point function

0 0

9 @ _

4.1.2 Non-Fermi liquid and Landau Damping energy regimes

In this section we will try to get the estimates of scales at which the physical phenomenon such
as non-Fermi liquid and Landau damping start to emerge using the corresponding S-functions.
Here we will set the scale M = A where A is the cut off scale as usual, vy and gg will be the bare
parameters at the cut off scale. We will begin by evaluating the scale at which the Fermi-velocity
starts to vanish.

The scale at which the Fermi-velocity starts to vanish is evaluated as follows
g
B :Ws,lgn(v) (4.95)
dv B g°
_dlog(ﬁ)  4ne?

v 2
g P
= 1 il
:>/UO dv /47r202d og <M>
g2

TN T2 8\ )

When the Fermi velocity v = 0, with M = A we have

sign(v)

—4n2c2 v

P,_og=e ¢ A

The scale where non-Fermi liquid behaviour starts to emerge is determined as follows

A
9 dg _/ dlog(%)
) 8n2c2(c+ |v|)

11y los(R)
2\¢*> g3 8m2c2(c+ |v])’



If we set g = g* = 0 since this is the non-Fermi liquid fixed point ¢* = 1/272¢2(c + |v|)e we find

_ 47r2¢:2(c+\v\)
2
Pyrr =e %A,

where Pypp, is the energy scale where non-Fermi liquid behaviour starts to emerge. The effect
of Landau damping emanates from the from the boson self energy II(pp1, ) when this correction
becomes comparable to the tree term.

U(por, 7) = g°kp (A = PO ant (7”751))

272y v|p] Po
where A is equal to 1 or 0 depending on the order of integration. This ambiguity arises becauses
the integral is singular. We can fix ambiguity by applying the Ward identity to the integral which
will be explained in the next chapter. If we integrate the perpendicular component [ first then
A =1 as we found above. If we integrate the frequency component kg first then A would be zero.
Choose to integrate

dldkok$ 1 d4= 1) 1 1 1
H(po,ﬁ)ZQQME/ - . — -
(2m) ipo — v|p] cos O \ iko — vl (ko + po) — vl + v|p] cos b
by integrating ko first. We have to integrate kg over a finite range 0 < kg < pg so that the integral
doesn’t vanish. Hence

o (AR 1 1 1 ko=po
(2m) ipo — v|plcos O \ iky — vl i(ko — po) — vl + v|p] cos O ko0
:gZMG/ dikg a1 Po I 1
(2m)d+l 4pg — v|plcos O \ipo — vl —vl +v|plcosh )’

Evaluating the dl integral using the residues we get

k2.d%) Do
I —i 2 F
(po. ) =ig / (27)3 ipy — v|p] cos O

2k2 [
=Y F/ d(cos@)—— L0
(4m) J_4 ipo — v|p] cos
(4) wlp] Po

Polpl Po
ngk%

where M% = @ is the Debye scale. To study Landau damping effects it is better to use the
case where A = 0, since the case A = 1 makes the boson self energy look like it has a mass term.
Define the scale

P}, =ph+ 7 (4.96)

where pZ + p? is the boson frequency momentum for the tree level propagator. The scale where
the Landau damping effects start to be important is when the boson self-energy contribution
starts to be comparable to the boson tree level propagator. From nearly on-shell bosons where
po ~ |p], this happens at

Pip ~ T(po, p) (4.97)
P2y~ MEPY tan! (W)
BT Pl Po

At this scale when we calculate the boson amplitude we need to include the boson self energy
term in the boson propagator to get the correct physics.
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4.2 Chapter summary

We renormalized the low energy theory using the marriage between Wilson’s idea of renormaliza-
tion and Feynman, Tomanaga and Schwinger’s idea of renormalization. It involves adding counter
terms to the action, writing down the Feynman rules for the theory from the action and deriving
a finite number of renormalization conditions, that we can use to fix the counter terms. We com-
puted the one loop Feynman diagrams and used the renormalization conditions to fix the counter
terms. The computation used a controlled weak coupling expansion around d = 3 — ¢ dimensions,
using dimensional regularization. Quantum corrections to the correlation functions had poles as
e — 0. Applying the renormalization conditions resulted in the counter terms being dependent
on € poles. The dependence of counter terms on ¢ was used to obtain beta functions of the theory.

In the previous chapter when we integrated over all possible momenta modes the vacuum polar-
ization loop intergral vanished, which is an indication that at one loop there is no wave-function
renormalization and consequently Landau damping is absent. In this chapter we have integrated
the vacuum polarization loop integral over a finite momentum range in which case we find it
doesn’t vanish and there is Landau damping. The boson self energy is

(po, §) = g°kF (1 ~ PO ant <U|ﬁ1)>.

dmv v|pl Po

We can think of this term as a non-local "mass like” term. Had this term been independent of the
momentum p and Fermi velocity v parameters, the physics of this term would be well understood
as a mass term that can be cancelled by a counter term at criticality. Since we know that below
d = 3 dimensions the Yukawa and scalar self couplings are relevant, any weak interactions will
still have a large effect in the low energy physics. Conversely this implies that the theory enjoys
a weakly coupled UV fixed point. In the high energy regime the theory is just a Landau Fermi
liquid nearly decoupled from a critical scalar boson. In this energy regime we treat the weak
interaction perturbatively. As we move from the UV to IR regions the coupling flows to non
trivial values. At d = 3 — e where € is small, we can follow these coupling flows to low energy (IR)
by computing logarithmic loop divergent Feynman diagrams of the theory and thereby obtain
the renormalization group flows equations for the couplings. However the Landau damping effect
from the boson self energy above, creates some obstacles as we flow to low energy, because it
starts to behave like a relevant operator (that is, it starts to increase at low energy). This can
be seen by taking pg — 0 while keeping the other terms constant in II(pg,p). As pg — 0 the

trigonometric function
tan™! ( M >
po )’

will remain constant. On the other hand the RG flow for the four Fermi velocity takes v — 0 at
low energy. The physics at low energy when v — 0 is characterised by the fermions becoming
so heavy (the effective mass of the fermions diverges, since v = %) that they can no longer be
created (even in virtual loops), and are therefore similar to fermions in relativistic zero density
case. Consequently the fermions loops vanish for v exactly equal to zero, and the finite density
fermions do not contribute to the scalar coupling flow gy. These terms can thus be set to zero
and the fact that they could have been relevant and hence spoiled the low energy effective theory
is not realized.

The fermion self energy

2 . . 7
= g~ipo + sign(v)cl
E(po,1) = € 4r2c(c+ 0v?)

9
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exhibit a non-zero anomalous dimension. This is a smoking gun signal of non-Fermi liquid (NFL)
behaviour and a running of Fermi velocity. An interesting property of the fermion self-energy
that we should note, is that, it is not proportional to the tree level kinetic term ipy — vl. This is
an indication that there is both fermion wave-function renormalization and a quantum correction
to the fermion Fermi velocity. The term
ig’po 1

4rc?(c+v) €’
is responsible for the wave-function renormalization for the fermions, and the other term which
is

sign(v)el 1
Arc2(c+v?) €’
is responsible for the renormalization of the non-relativistic velocity of fermions, which gives

quantum corrections to the classical velocity of the fermions. We evaluated the one loop Yukawa
vertex

37‘[36/2 1 1 1
I ngﬂ/dd“ TR = TS
(2m) kg + 2+ ki i(ko + po) — v(l +1) i(ko +po — o) —v(l+1 1)

To do this we decompose the internal fermion momenta into a tangential and perpendicular
component p = Q(k‘p + l~) = kp + [ and note that the boson’s momentum implies it is not a low
energy mode. This is a clear example of UV-IR mixing. Here extracting the pole for I'®) is not
trivial as compared to the fermion self energy. The reason, being, there are two contributions to
the pole; one coming from the UV region and another from the IR region where the two fermions
poles approach the real axis. The Yukawa loop integral was evaluated, with the result

= 1 g3 ipo + sgn(v)l

3) i
r (Po,l) P 47‘(‘2(1 + |U|) Z.po - UZN

This shows that the Fermi surface interacting with the gapless boson has a three point correlation
function with a e pole that depends on (pg, p). The momentum dependence, comes from integrat-
ing out the light degrees of freedom near the Fermi surface. Physically this correspond to virtual
low momenta particle-holes. Momentum dependent divergences are signals that locality of the
quantum field theory has been lost. This poses a dilemma in computing the Yukawa coupling flow
and renormalising the theory in general, because we will need an infinite number of renormalising
conditions. The conundrum of the momentum dependent term for one loop Yukawa vertex will
be properly addressed in the next chapter. Here we extract a local contribution, proportional to
the derivative of the self energy,

~ g?’ 1

0
-2 S(po, ) = —I =
Zg@pg (po. 1) A2(1+ |v|) €

and we will use it to renormalize the theory and the coupling flow. In this case, the one loop
correction contribution to 6g and 67y to the beta function of g precisely cancel, and the Yukawa
coupling flow becomes

€
Bg - 597

this shows that 3, is proportional to the classical dimension of the coupling. This implies that the
theory in d = 3 does not admit one loop fixed points. If we totally discard the Yukawa quantum
correction, the Yukawa coupling beta function becomes

3

B, = Co 9
9= 99 422 (e + |v|)’
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The scalar coupling beta function (f)) is negative in (4.34). A negative sign for coupling flow
means that the coupling strenth A4 will be strong at high energy and weak at low energy. If the
sign is postive, the coupling strength will be strong at low energy and weak at high energy. Thus
the scalar coupling will vanish at low energy. The fixed points of the §,-function are at g = 0
and g, = %e (this is the famous Wilson-Fischer fixed point). At the fixed points the theory is
conformally invariant. The Yukawa interaction induces non-Fermi liquid behaviour through wave-
function renormalization of the fermions. At the non-trivial Yukawa fixed point, the anomalous
dimension of the fermions is v = 7. At this fixed point, corresponding to the energy scale

_47r202(c+\v\)
Pypp =e % A,

the system behaves as a non-Fermi liquid. The physics and transport properties of the system can
no longer be described by the Landau theory. The construction of a theory to explain the physics
in this energy regime, where the system behaves as a non-Fermi liquid, is an open challenge.

The effect of Landau damping becomes important when the term for the vacuum polarization
becomes comparable to the tree level diagram term. This happens at an energy scale

P2 a2 POyt @ )
LD Dv’ﬁl an Po

Comparing these scales we see that the Landau damping phase has a loop suppression propor-
tional to g%/4m%v = M%, while the non-Fermi liquid has an exponential suppression of factor
47%(1 + |v|)g?, and the Fermi liquid has an exponential suppession of factor 472c?vy/g2. The
last important scale not computed here, is the energy scale region where the superconductivity
instabilities takes place and it is of order [24]

9
Psc=e 77"

where the subscript SC stand for superconductivity, and v ~ O(1). If we assume that at weak

2
coupling g3 < 1 and vy > 1, so that %O < 1. Comparing the energy regimes of these phases,
they can be ranked as follows

Prp > Pso > Pypp > Py—p.

This means that non-Fermi liquid is always preceded by the superconducting phase, and both of
them are preceded by a Landau damping phase.
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Chapter 5

Double and Triple logs at one loop

5.1 Non-Fermi liquid toy model with a quartic Fermion coupling

In our previous study of the finite density non-relativistic QFT for non-Fermi liquids we decided
to set the four-Fermi interaction strength to zero (Ay = 0). In this section we will relax this.
The reason why we didn’t include it is because the one loop correction to the 4-Fermi interaction
gives rise to log? and log® divergences which is contrary to relativistic QFT where the log? and
log? start to appear in two loop and three loop orders. In this section we will try to explain
why divergences pose a problem to the RG flows, how these divergences appear and how we can
handle them. Our toy model action for the theory is

S = /ded < 0r¢0)? + *(Veo)® + %%] +90(8r + 1 — €(iV))tho + godothoto + Ay, (%1/10)2)
(5.1)

Note that the action is similar to the one we considered in the last section. We have just added
the fermion quartic interaction term. In terms of physical parameters the theory is

£ =3 (b + P)owol-p) + MNs [ H S 01 22+ )OO0
(5.2)

7 : d*t pz d+1 "

+ 9 (=p) (ipo — w)(p) + M29/H d+1 (p1 +p2 +p)o(P)Y(P1) Y (P2)
+ 3 (6802, +p2az¢)<z>< )6(~p) + D) (03 Zy — 150)0(p)

+unis [ 1] H Jiﬁ 5 (p + 1+ pa + pa)S() (1) S(p2)d(pa)

< 2 dd+ Ly dil .

+arigsg [ ] St o 2+ D)D) )

A /ﬁ di+t Di 5d+1 n 71 / 5.3
v [ s )d+1 (p +p1 +p2 + p3)Y(p)Y (p1)Y(p2)Y (p3) (5.3)

i [T H R )BT () ).
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All the counter terms are the same as in (4.8). We only have a new counter term for the fermion
coupling

Apy = W (5.4)

p

It will be wise to first evaluate the one loop Feynman diagrams for the fermion coupling term
before we state the renormalization conditions for the theory. Here we will only consider the
BCS interaction. In order to exhibit the log? and log® divergences from the Feynman diagrams,
it is best to use a hard cut-off method for this computation. Later we will switch back to the
usual dimensional regularization. If a diagram is g2 log(A) divergent in a hard cut off method it
is proportional to g?/e in dimensional regularization. Thus not much physics is lost with the use
of either regularization method, since it is simple to switch between them. We only employ the
hard cut off here to illustrate the log? and log® divergences. Even though the kinematics of the
bosons and fermions are different, it is still sensible to define the cutoff scale to be p? < A% and
le(p)] < A for both the bosons and fermions and we will still be working in the region with scale
ckp > A.

5.1.1 UV-IR Mixing

In the previous section when we tried to renormalize the Yukawa coupling (boson-fermion cubic
coupling), we ran into trouble with (4.47)

3) g9 ipo — Sgn(v)}h'

~ar? (1t [ol)e ipo —vps

Note we have changed notation [ — pi. There is a divergence which we did not account for,
and which we will denote I'jng. I'sing is a contribution from the delta function peak on the
Fermi surface, arising when we have a product of two fermion propagators. This singular mo-
mentum dependent term is a consequence of enhanced quantum effects by a Fermi-surface of low
energy excitations. One should note that close to the Fermi-surface, the product of two fermion
propagators with momenta p and p + ¢ has the structure [18]

2msgn(v)q. (

G(p)G(p+q) ~ G(p)* + =———=5(p0)d(p.) (5.5)
tqo — vqL

with the limit ¢ — 0 understood. This can be verified by integrating over py and p; on both
sides of the above equation as follows

[ amdo GG+ )~ [ dp (G107 + 20 L), (5:5)

Therefore

1 1 1 sgn(v)q.L >
dpodp | - . ~ /d d ( . + 27~ , (5.7
/ PocpL ipo — vp1 i(po+qo) —v(pL +q1) PocpL (ipo — vp)? 1qo0 — Vg1 (5.7)
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the first term on the RHS is equal to zero since both poles sit on the same side of the real line
axis and the term on the LHS simplifies as follows

/d d 1 1 —/d d ( 1 1 > X
POP L ipo — vp.t i(po + qo) —v(pL +q1) PSP\ ipo — vp. i(po +qo) —v(pL +q1)
(5.8)
1
1q0 — VqL
~oni [[dn. <i@(m) 0y + qm) _sen(v)
1o —vqL
o SER0)AL (5.9)
1qo — UQL

where sgn(v) determines whether the pole is situated above or below the real line axis. In Fermi
liquids without gapless bosons, the singular second term is not included. Since there is a gap
in the spectrum, there are no very low energy modes that would be sensitive to the singular
term and it does not contribute. However, when a system is coupled to a gapless boson, such
a term appears in the product of fermion propagators and it leads to logarithmic enhancement
from the exchange of virtual bosons. An example is the one loop correction to the cubic vertex
we considered in (4.47). As a simple illustration of how this singular momentum dependent term
arises, consider multiplying (5.5) with a boson propagator D(p)

d q1 d2pn
po [ dpi | ®pD(p)——5(po)d(p1) ~~ 5 (5.10)
Zq —vqL 4o —vqL Yo

aL dp?
igp—vqL ) pE’

=T

which produces an extra log divergences. This is a UV-IR mixing where low energy fermionic
excitations can exchange high energy bosonic modes. Note that in dimensional regularization[18§]

1T iqo + v
Gp)G(p+q) ~ Gp) + =L 5(po)3(p ). (5.11)
|[v] igo — vqu
Then
mz +v iT gy + v d?p,
/dpo/dpL/d pD 1 QL5(p0)5(p¢) T V9L / é) (5.12)
iq — vqL [o]igo—vqr J pF
which produces the Iy, term.
5.1.2 Divergences and RG at tree level
Recall that we can write the 4-Fermi interaction as[18]
So— / T d™ Ak - ka) 8™ (ky + kg + kg + ka)ob () (ko)) (k)b (). (5.13)

Only two kinematic configurations are marginal, due to the constraint imposed by the Fermi-
surface. These are the forward scattering (FS) and BCS. In FS the angle between the incoming
pair of quasi-particles is the same as the out going and in BCS the incoming angles of a quasi-
particle are opposite. Therefore in F'S 1 = f3 and 63 = 64 or a permutation of these and for BCS
61 = —6> and 03 = —04. So we can write the Fermi coupling as a function of angles A(6; — ;)
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to distinguish BCS or FS. It will be convenient to expand the function in terms of spherical
harmonics as[18]

A = / o \Z‘i SN0 (5.14)
0 T
E;C—f] The effect of
F

integrating out a high momentum boson mode generates an effective (1/¢)? interaction

In d = 3 space dimensions we use the Legendre polynomials and cosf;; =

2 q2/A?
52 _92/ q(o +/A )1/3( )W (p1 +p)vb(p2 — P)Y(p1), (5.15)

where the Heaviside function © has the effect of restricting q to a shell of size §A. In the notation
of (5.13) this generates a 4-Fermi coupling

922 o) (5.16)

A + — =— ~
o (0,1 + P, p2 — p,p1) Z+@

We can absorb this momentum dependent vertex into a renormalization of coupling constants.
This can be achieved by writing the coupling in the angular momentum basis

d2q, ii-cj’/kQ 2
AL = / q ;0(L). (5.17)
(JO + QJ_ + ql\ A

Adopting Wilson’s idea of the renormalization group we can evaluate dAr as follows

2 2 iL-q/k2 2
g° [ dbd(q7) e F q
S, = = O(%). 5.18

g 2/ 21 @+ ¢ + ¢ i) (5.18)

Let

V=¢+q +q and dy?) =d(q).

Then

2 dOd (12 ei|L\\/y2—qg—qic050/kp
sa, =2 / (v") - O(g2/A2). (5.19)

Integrating momentum shell modes between (A — dA)? < y? < A?, we obtain

2 2w A2 2\ Li|L|\/y2—q2—q? cosO/kFp
d
SAp = g/ d@/ )e - O(¢2/A2). (5.20)
2 Jo A—dpy? 2T

Using the result
A
[ rw)ds = s(ajan,
(

A—dA)

we find

dA do .
AL =g 2 / 2 ol LA cosO/kp
A 2m
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where we have made the approximation A% — g3 — qi ~ A% for A2 > ¢ + qf_ ~ A%. Now, using
the general formula

" 2r

1 27 )
JO (z) / dfet cos 0
0

where Jj is the Bessel function, we find

dA

SAL :gQJO(\L|A/k:F)T.

The Bessel function decays and oscillates for large |L|, which means the logarithmic running will
effectively be turned off exponentially quickly for A|L| > kp. Already at tree level we need to
add a counter term for the 4-Fermi coupling in order to cancel the divergence. We will write the
bare 4-Fermi coupling in terms of the physical coupling plus a counter term

/\O,L = A, + 0. (5.21)

In dimensional regularization the counter term is

2

AL = 9~ at renormalization scale M (5.22)
€
The renormaization condition will be as before, but with renormalization scale M at pg = —xM
and p; = —M as in [18] where z is arbitrary. We have a tree level RG function
déAg,
=-M 5.23
BArL % (5.23)
_ Mdé)\ L dg
dg dM
= ¢
since ;ng/[ = —5g from (4.86). A more concrete way to understand the tree level running of Az,

is to study the Feynman diagrams dressing the 4-Fermi vertex. The one loop vertex correction
Feynman diagrams, including the tree level diagrams for the fermion interaction, are
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p P2 1 > - P2

—P1 —Da —P2

—kr+p, I-py, pL+ar—kr

kp+pu, l+pL, PL.—qutkr

—p1 P2

Figure 5.1: One loop Feynman diagrams for 4-Fermi interaction.

Diagram 2, which is a tree level process of boson-mediated scattering in the Cooper channel has
an internal propagator

2
g

Ny(2) = — —.

v(?) (po1 — po2)? + (P1 — P2)?

where p7 and ps are the external fermion momenta. The number 2 inside the brackets of Ay
refers to diagram number in figure 5.1. There is a logarithmic divergence hidden in this tree level
diagram, which contributes to the running of ;. The easiest way to see this divergence is to
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consider the decomposition into angular momentum harmonics [19]
1 /1

0AL(2) = 2/ d(cos 0)0Ay(2)Pr(cosb),
-1

where 6 is the angle between p; and ps. For simplicity we will consider only the L = 0 term,
since we will get similar results for all other values of L. Consider

B gj ! d(cos0)
OA=0(2) = 2 / (po1 — po2)? — (P1 — p2)? (5.24)

For small angles we know that
¢* = (p1 — p) ~ 2k (1 — cosf).
Since |kp| > |i] and

d(q®) = —2k%d(cos ),

we find

2 2
g d(q®)

OAp=0(2) = — )

z=0(2) 4k%, / (Po1 — po2)? + ¢*

If we let y = (po1 — po2)? + ¢* and dy = d(¢?). Then

2
d
SAp—o(2) = 4*‘22 i’.

We will evaluate this integral by integrating a shell of momentum < A —dA < ¢ < A, which gives

dAr=0(2) = . / e 4.
- 4k%«“ (po1—po2)2—(A—dA)2 Y

The result is
2

SAr=0(2) = —%%
This is log divergent. This shows that even though the diagram d\;—o(2) is a tree diagram, it is
log divergent and the coupling Ay, is running at tree level. The log divergence is made manifest by
working in the basis of angular momentum states. The presence of the kg scale plays a crucial role
in the appearance of such a divergence because it enables the conversion of an angle-dependent
scattering process in the BCS channel to a momentum transfer imparted to a scalar. This in
turn can be subjected to a Wilsonian mode elimination. If the scale kp is absent there is no
log divergence. Diagram 4 exhibits a log divergence, diagrams 5 and 6 exhibit log? divergences,
diagram 7 has a log® divergence and diagrams 8 and 9 have log and log? divergences respectively.
Explicit calculation for diagram 3 shows

d'k 1 1
SAL(3) =(A + 6 2/ 0 &
L(3) =(A\r L) 2m) % iko + p — e(k) —iko—u—e(_k)

k2420 1 1
=\ + A1) dl dk L
(AL +0Ar) / / 0/ 4 iko — vl —iky — vl

k2 cos@ 1
=(AL +0A) / dl/ dk/ @n) FRToE

86

(5.25)




Setting y = vl we obtain

2k2 [N dydky 1
SAL(3) = (A + A )2 E / 0 .
£(3) = (Ar +0Ar) v Jop (2m)3 KR+ y?

We will perform the integrals in polar coordinates, by defining y = rsin® and k = r cos®. The
radius r has a UV cut off A. Therefore

(5.26)

SAL(3) =(A\ +0Ap)? QkF / /277 Ao (5.27)
2 2kF
()\L+5)\L) (271') lo <p>

where we can think of p (the momentum of the external propagators) as an IR regulator. We will
multiply the integral by % appropriate for for spinless fermions, to find

SAL(3) = (A\r 4+ 6AL)? (2?2;% log (2) (5.28)

Now we can see explicitly that diagram 3 gives a log, log? and log® divergence. If we didn’t
include the tree level counter term dA; = g?log(A/p), the diagram would just be log divergent
as we hinted at earlier. Explicit computation for diagram 4 gives

A1 1 1 1

(2m) VG + 12 + k2 (ko + por) — v(l + 1) (ko +po2) —v(l +1)
(5.29)

SAL(4) = g (AL + 0AL) /

Set the momentum ky = Q(l{:F +1') to ko = Qkp which implies the perpendicular momentum
I’ =0 and the corresponding energy frequency poz = 0. The loop integral reduces to

SA(4) = g?(\p + OA )/ ak ! ! !

L g L L ( >d+1 k2+l2+k2 (k0+p01)—v(l+l) ko_vl
We have already evaluated a similar loop integral using dimensional regularization in (4.47) and
we found it to be 1/e divergent which is log divergent in a hard cut-off regularization. Comparing
the integral in (4.47) with the one above we can see that

2
g ()\L+5)\L) 1 Sgn( )l
=log(A 5.31
12 R g(A/p). (5.31)

(5.30)

OAL(4) =

As we remarked above, this momentum dependence comes from UV-IR mixing as a consequence of
exchanging high momentum bosons that induce virtual scatterings tangential to the Fermi-surface,
so that modes far below the cut off can exchange a mode near the cut-off. Note that diagram
4 has a log and log? divergent piece. Diagram 5 is related to diagram 4 by the transformation
(AL +0AL) — g>D(p1 — p2) with D the boson propagator. Hence
g 1 sgn(v)l
=D (p1 — p2) log(A/p 5.32
T D1 ) og(A/) (532)
g4 1 sgn(v)l 1
T4n?1y [v] ipor — vl (P1 — p2)?

oAL(5) =

og(A/p).

Diagram 5 is not one particle irreducible, even though it cancels the divergence of diagram 4.
Diagram 5 renormalizes diagram 4. Now, we have to integrate over the parallel components of
the boson propagator when we change into the spherical harmonics basis. Therefore

4
q 1 sgn(v )l / d(cos ) Pr(cos )
o (5) = =— - log(A — —. 5.33

L(5) Am? 1+ |l ipg; — vl o5(A/P) (po1 — po2)? + (P1) — p2)? (533
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In (5.22) we decided to set the integration over the parallel components of the boson propagator
in spherical harmonics to be equal to

2 d(cos @) Pr(cosf) 2l -
/(P(n “ P02+ (1) — ) D log(8/p) = —0AL. (5-34)

Therefore

. -
g 1 sgn(v)l 9

P = - ~log“(A/p). .
L(5) 4721 |U| Z.p(]l i og ( /p) (5 35)

Explicit computation for diagram 6 gives

3
dAL(6) 292()\L + (5)\L)/ d(];(;d)f _Z'kol_ vl iko 1_ vl (Po1 — k0)21+ (71 — ]2)2 (5.36)
2
:gz()\L +0AL) / dk’Ongi;ﬂ;COS 2 <(p01 — k)2 —|-12k%(1 — cos 9)) <(—ik0 — Ull)(iko — Ul)>'

(5.37)

Integrating over f_ll d(cos ) we get[19]
5L (6) 292]{%(;2;‘ dAL) / Ei;(;;ié log [(p01(p—01k0_)2k$24k%] - +102[2 (5.38)

292()\L +5)\L)/2d(];2:§l3 ke +1v2l2 0g {(poflk%kop}

Since 4k% > (po1 — ko)?, we neglected the term (po1 — ko)? in the numerator of the argument of
the log. Let y = vl, so that

dkody 1 [( Ak, ] (5.39)

9
0AL(6) = 9" (AL +dAr) / 20(27m)3 ko + 92 © po1 — ko)?

We will use again polar coordinates to evaluate this integral. Let y = rsin ¢ and kg = r cos ¢ and
r has UV cut off A. Thus

_ PO+ (M1 [T 4k,
() =g /p dr— /0 d¢{(p01mos 9)2] (5.40)

2 2 2
g (/\L + 5/\L) 4k:F
=2 Y= " og(A 1 —_—
20(2m)3 og(A/p) 0 dplog A2 cos? 6
9*(A\L +Ar)

:W log(A/p) log [QZ\F} + - (5.41)

Diagram 6 thus has a log? and log® divergence. While diagram 4 and 6 might look the same,
diagram 6 has a stronger divergence because the boson exchange happens at anti-podal points
giving an enhanced UV-IR mixing. To see how the log® divergence arises in diagram 7, consider
a Cooper-pair Q(kp + p2, —kr + p1) scattering into Q(kp + p2 + q,—kr + p1 — ¢) and note that
Q “P1 = Pl Q- p2 = pi, and Q- q = q1 are perpendicular components. We focus on the
component ¢ to simplify the calculation. The loop integral for the diagram is

gt / dkodld?k, 1
2m)* ) (K + 12+ k2)(k3+ (14 )%+ k2) (iko — v(l +pi,))(iko +v(l —p1,))
(5.42)

SAL(T) = —

88



We will first evaluate the kg integral using the Residue Theorem. To see how a log® divergence
appears it is enough to focus on one of the fermionic residues, which is kg = —iv(l + p,,) for
I <pi, [19]. We will multiply the integral by two to account for the contribution from the other
fermionic pole.

51.(7) —2¢* / dldok,dk, 1
t 2m)3v ) (=02l +p1,)? + 2+ kD) (—02(I +p1y)? + (1 +q0)? + k) 20+ pr, —p1y)
(5.43)
1 g 5 1 1
~——>— [ dldk - 5.44
2(2@%/ " [kQ—’zﬂ(l—l—pLz)Q—i—(l—i—qL)Q k2 —v2(l+pp,)? + 12 X (5:44)
1 1
5.45
2l4+pi, —pi,) (+q)2—1? ( )
4 A 2 l 2 l 2 1
(277)2’0 p’ kll + 12— UQ(Z +pl2)2 (_QQLZ - Qi)(% +pL2 - le)

~F(p1,,p1s,q1)

The integral is UV convergent by power counting, and equals a finite answer F(p,,,pi,,q1). The
correction to the tree level 4-Fermi vertex~ q%, so that further log-divergences will be induced
when we integrate over ¢, to change into the spherical harmonics basis. For this we expand
F(pi,,p1,,q1) for large q using mathematica and we find

4

2
g° (log”q  logg
F(p¢1,p¢2,qL)—4W2U< 2 + " ) (5.47)

Note that we have only introduced ¢, for the boson propagator to make our computation
tractable, but ¢, will appear in the same footing as (q%)? Therefore when we integrate over

(¢1)? in angular momentum basis we will get a log® divergences [19]. The loop integral for
diagram 8 is
dkodld'E, 1 1

(2m) kG + 12+ k(Ko + po) —v(I+1)

SAL(S) = g2(\L + 6AL) / (5.48)

Similar loop integrals were evaluated using dimensional regularization in (4.39), where we found
the result

g% ipo + Sgn(v)[

- 4
e 4m2(1+ |v|) (5:49)
Therefore in the hard cut-off method, dAL(8) is
2 ‘ 7
9° (AL + dAL) ipo + sgn(v)l
= log(A .
2 2 : 7
g°(AL + g~ log(A/p)) ( ipo + sgn(v)l
= log(A/p). 51
2 TERD) og(A/p) (5.51)

Diagram 8 is log and log? divergent, but dAz(8) doesn’t contribute to the fermion beta function
B, because it is cancelled by the wave function renormalization Zy, as follows
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The loop integral for diagram 9 is

1 d—1
g dkodld* ™k, 1 1
OAL(9) = e —— / —. 5.52

o) (po1 — po2)? + (P — p2)? (2m)dt k2 + 12 + k2 (ko + po) — v(l+1) (5:52)

We write the boson propagator in terms of spherical harmonics as
! d 0 dkodld® 1k, 1 1
52 (9) = g / (cos0) / 0 .

1 (p[)l — p02)2 + 2]43%(1 — COS 0) (27T)d+1 k% + 2 + k‘? Z(k‘o + po) — ’U(l + l)
(5.53)

for L = 0. The second integral is the same as the one we just evaluated above, so that

e d(cosf) ipo + sgn(v)l o
0= [ T ) ) ) 630

and evaluating the boson integral in spherical harmonics we get

g ) [(Pm — po2)? + 41{:%] <z’p0 + sgn(v)l

oAL() ) log(A/p) (5.55)

2k}, (o1 — Po2)? (1+ Jv])
4 2 , 7
g 4k3, } (zpo + sgn(v)l)
~ lo log(A/p),
2k3 ¢ [(P(n — po2)? (1+ [o]) 5(A/p)

demonstrating that 67 (9) is log? divergent. The diagram is cancelled by the wave-function
renormalization as follows,

o

Even though double and triple logs appear at one loop level, a proper evaluation of these
Feynman diagrams shows that the beta funtion for the Four-Fermi coupling is independent of the
cut-off scale. Thus the the notion of a fixed point survives. Evaluating the Feynman diagrams
properly we see that all the log? and log® diagrams cancel. This is exactly what happens in
relativistic QFT where the log? counter term diagrams cancel the log® divergent diagrams. The
fact that non-relativistic finite density theory has double and triple log divergent diagrams at one
loop level doesn’t invalidate the idea of fixed points as the divergences cancel.
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5.1.3 Ward Identity in the vicinity of the Fermi-surface

Ward identities are a consequence of a symmetry. Our finite density system has a conserved
charge associated to the complex rotations of the fermions, which becomes a gauge symmetry if
a dynamical electromagnetic field is added. The low energy expression for a conserved current is

Ju(p) = ¥ (P)Vu()yo(p) + O(pL/kF) (5.56)
where we have introduced a 4-vector V, = (4, —vQ) such that the scalar product is
V- p=ipy — vSd. (5.57)

The conserved current leads to a Ward identity relating the 3-point function <JM@Z_J@Z)> to the
fermion self-energy

(Ju(@d(p + )Y (p)) = Tu(p-))G(P)G(p + q) (5.58)
and the Ward identity is

0uLu(pq) =G (p) — G Hp+q), (5.59)

where G is the full propagator. It is related to the tree level propagator and fermion self energy
as follows

Gl=Gyt - (5.60)

Eq (5.59) can be used to relate the Yukawa vertex correction

L(p,q) = —(6(0)¥(p + )b (p)) — 9, (5.61)

and the fermion self energy. In the approximation (5.56), we find by plugging the above expression
into (5.56),

S(p+q) — X(p)
V-q

This result will be important in what follows.

+ O(qL/kp). (5.62)

L'(p,q) =g

5.1.4 Renormaliztion for the Yukawa vertex

The one loop vertex correction diagrams are

p
N [ \/
+

q

k+p k+p—r
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<G§)W> = M2 4T3+ T3 + M/%gog. (5.63)
amputated
The renormalization condition for the Yukawa vertex is

(Giw«p) =M at p’ =g =1 =-M> py=qo=ro=—aM (5.64)

amputated
and p, =q, =r; =—M.
For convenience we define
[ =T%4T5. (5.65)

We have already evaluated I', and we found it to be

3 .
T — g lp0'+ Sgn(”)pL‘ (5.66)
Am(1+|v)e  ipo —vpL
Note we have changed notation [ — p . T’ consists of a regular term and a singular term
I' =Tging + ey (5.67)

When we renormalized our theory in the previous section, we didn’t account for I'y;,4. The loop
integral for '3 is

dkodk | d* 1k, 1 1

2= —g(\; + 6\ / . .
3= 9O | I ik + po) — ol T p) ik  po — o) — v(kL F pi — 10
(5.68)

and we make the same assumption we made in (4.47) that is we will assume py — 79 < kp and
p1 —711 < k. Thus

. dkodk | d* 1k, 1 1
I3 = —g(\r + 60X / : : . 5.69
2= —9(\ +0Ar) (2m)H+T (ko + po) — v(kL + po) iko — vky (5.69)
We evaluate I' using the identity
1T 1qo + vqL
G(p)G(p+q) =~ G(p)* + o 0(po)d(pL), (5.70)
|v] igo — vqL
to find
g(Ap 4 0Ap) im ipo + vpL
I3(p) = — — . 5.71
2(p) {72 ”U’ ZpO —op, ( )
Then
2 1— -
r—__9 [v]  gAL ipo+upL (5.72)

S 8m2ulel+ |v]  8w2|v|ipy —vpy
Finally, using the renormalization condition, we find

3 .
g° 1—1Ju] 1 AL 1—ix/v
o — — I 5.73
I 782 oL+ o)) e 872lo] 1+ iz/v (5:73)

where pg = —xM and p| = —M.
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5.1.5 Renormalization of the Fermion Propagator

The one-particle irreducible Feynman diagrams for the Fermion 2-point function are

= : P
— — — - — — -
v k+p -

X(po,p1) = X1(po,p1) + X2(po,p1) + ipodZy — piov (5.74)

Let ¥ = X1 + X9. We have already evaluated X7 and we found

2 .
g~ po Sgn(v)pl
by ==~ = 5.75
1(p) e Ar(1+ |v|) ( )

The loop integral for diagram Yo is

dkoddeQkiH 1
(2m)H1 i(po 4+ ko) —v(pL + k1)’

Ta(p) = —(AL +0AL) / (5.76)

The value of this loop is ambigous in the low energy limit as a consequence of the fact that the
integral diverges. We will regularize it in a way that is consistent with the Ward identity developed
in (5.62). By power counting, the loop integral 3 is linearly divergent, which complicates the
regularization of the subleading logarithmically divergent kinetic terms. So we compute the less
divergent quantity o(p) — X2(0). Without any loss of generality, we have

Sa(p) — 2(0) o< — (A + ) /dk‘o/dlﬂ (i(po s jv(pL e _1m> (5.77)
= O+ 00) [ dho(O(p + k1) — O )sn(v) (5.78)
=— (A +0AL)prsen(v) (5.79)

where sgn(v) determines whether the pole is situated above or below the real line axis. The
integral has an ambiguity which can be seen by shifting the dk, integral of ¥ by —p, relative
to ¥2(0), in which case the integral vanishes. This ambiguity can be parametrized by a shift in
a(k) in the integration variable k as follows

1 1
Ba(p) = %2(0) x— (O +0%) | o d“(z'(po o+ ao(®)) — o(pL F ki T ar(®) ik - m)
(5.80)
— — (AL +6Ap) /dkL <@(kL oLt al(p) — @(kj_)>sgn(v) (5.81)
=— (A +AL) (@(pj_ + cu_(p)))sgn(v). (5.82)

93



The parameter a, (p) represents an additional piece of data that must be input to the theory,
either from matching to a UV theory or by the low energy constraints. When we Taylor expand
a; in p on the RHS, we can discard the first constant piece since ¥a(p) — £2(0) = 0 at p = 0.
We also discard terms of (’)(p%, pi) and higher order terms since these are irrelevant. Hence we
are left with a, (p) = a1po + azp . This gives

()\L + 5)\/;)

sgn(v)(a1po + azpi +p1). (5.83)

Our choice of a1 and as is fixed by the Ward identity. In this case a; and as should be

] 1
! and a2 = —2, (5.84)

U7 Sulsgn(v) 2

for the Ward identity (5.62) to be satisfied. Therefore

—(AL +0AL) .
b == 5.85
2(p) 87T2|’U| (lpo + ’UpL)v ( )
and then
- 1 1—|v| g2 : AL ;
5 - g _opy) — 2L Zy—piov. (5.
(po,p1) 872[0] (1 o] € + Az | (ipo —vp1) 12 sgn(v)pL +ipodZy — prov.  (5.86)

Using the renormalization condition in the previous section we find the wave function counter
term is

1 (1-|v|g?
02y = —— —+A .
v 87r2\v]<1+|v| e T (5:87)

and the 4-Fermi velocity counter term is

1 1—|v| g2 AL
v = — 4+ - — . 5.88
Y 872 |v| <1 + Jv] € AL 4W2sgn(v) (5:88)

Using the formula derived earlier

we find that 3, is

3
€ g 1
=—g-+ . 5.89
& g2+47r2|v\1+z':1:/v (5.89)
The B, function now depends on the parameter x = —pﬁo. It is no longer dependent on the

non-local momentum term. We are to choose any value for the ratio  from 0 to co. The beta
function for the Yukawa coupling still has two contributions as before, the tree level term and
quantum correction term.

5.2 Chapter Summary

Note that unlike zero density where Lorentz invariance is not broken, the breaking of Lorentz
invariance in finite density implies that, the spatial and time components of the kinetic term
can be renormalized independently. This is why we had the counter term 6Z, and év. In the
previous chapter we had a difficulty in renormalizing the Yukawa vertex at one loop, because
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the loop integral produced a momentum dependent divergent term. We have added a four Fermi
coupling into our action in this chapter. By doing so we are able to successfully renormalize the
low energy theory. Computing the tree level process of boson-mediated scattering in the Cooper
channel in an angular momentum basis, we discovered that the tree level diagram is log divergent,
which implies that the four Fermi coupling has a tree level running. This is not clearly seen if one
is not working in the angular momentum basis. This kind of divergence physically arises from low
energy fermions exchanging a high energy boson with momentum tangent to the Fermi-surface.
The presence of the kr scale plays a crucial role in appearance of such divergences because it
enables the conversion of an angle-dependent scattering process to a momentum transfer imparted
to a scalar. Some of the one loop four Fermi vertex diagrams exhibit log? and log® divergences
which calls into question the notion of fixed points for finite density theories. These strong
divergences appearing at one loop are a consequence of the tree level running of the four Fermi
coupling. One can argue that the non-local momentum dependent term found in (4.75) is not
Wilsonian, but rather it comes from the delta function peak

T igo + vqL

G(p)G(p + q) ~ G(p)? + —-
(p)G(p+q) = G(p) e ra—

(po)d(pL),

from the Fermi-surface, and hence we should not include it in our RG. Ignoring the nonlocal
divergent term at one loop might look fine, but it is dangerous at higher loops, because nonlocal
divergence will mix with local ones, which makes it hard to ignore them. They force themselves
into the theory. Writing the bare coupling in terms of the physical coupling plus the log divergent
term we are able to address the problem of log? and log® divergence since they all cancel. This
helped to verify the validity of fixed points in non-relativistic finite density.

The Ward type identity in (5.62), is not exact in our theory. At low energy, smaller than kp, we
can linearize the inverse propagator as follows

ipo —vpL ~ G p+q) — G q),

and hence
(= o000 p) = (20 + )~ 2(0)).

The Ward identity implies that generally whenever the Fermi velocity runs, such that the fermion
self-energy Y(p) is not proportional to the kinetic term ipy — vp,, the vertex term will have a
singular dependence as obtained in (4.75). Even though the identity is not valid to all orders,
this phenomenon is general. We emphasis again that, the running of the Fermi velocity is a direct
consequence of UV-IR mixing as we discussed above. The inclusion of the four-Fermi coupling
also helped us to renormalize the Yukawa vertex. The required counter term to renormalize the
problematic I's;,g term it is now found. The singular piece

T35y (00,p1) =T%(po,p1) — T}y

1T 1qo + vq L
= ———06(p0)d(pL)
|v] igo — vq1

comes from the contribution of the Fermi-surface from the delta function peak.
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Chapter 6

6.1 Conclusion

Our study of the quantum field theory of finite density systems has taught us a number of impor-
tant lessons. In this final chapter we summarize the most important results we have reviewed.
In chapter 4 when we were computing the one loop diagram that corrected the Yukawa interac-
tion, we realised that the loop integral had a singular momentum dependent term. The singular
momentum dependent term emanates from the constraints imposed by the Fermi-surface on the
fermion propagators close to the Fermi-surface. The Yukawa interaction could not be renormalised
because we required an additional infinte number of renormalization conditions to renormalize
the theory. With this hurdle, it prompted us to switch on the four-Fermi interaction in chapter
5. Introducing the four-Fermi interaction we were able to renormalize the theory, but there were
some features which needed to be clearly understood concerning the four-Fermi interaction one
loop diagrams. Computing the loop integrals for the one loop four-Fermi diagrams, we found
that diagrams exhibit log? and log® divergences which is unusual, since one expects logarithmic
divergences from one loop Feynman diagrams as suggested by power counting. This kind of di-
vergence is dangerous, because this invalidates the notion of fixed points, since the fixed point
will depend on the history of the system. Every starting point of a system will have a unique
fixed point. Indeed, a (log A)? divergences in a coupling correction would imply a beta function

B~ A% ~ log A.
Since this 8 function depends on A, the RG trajectory will too, and ultimately the fixed point
physics itself will depend on A. Fixed points of a theory must be the same, regardless of where
your starting point is, you must always end in that same fixed point. The problem was resolved
by looking at the tree level diagrams. If we compute the tree level diagrams for boson exchange
in an angular momentum basis they are logarthmic divergent, which means there was a tree level
running in the four-Fermion interaction. The tree level divergence had to be cancelled by replac-
ing the bare coupling Ao 7, with Ao 1 = %. We found the log? and log® divergences cancel

»
out and consequently the four-Fermi beta function is independent of the cut-off and therefore the
notion of a fixed point survives.

In chapter 5 we were able to renormalize the Yukawa interaction by introducing a one-loop
fermion diagram with the singular momentum dependent term. We changed the renormalization
scale to be at pg = —xM and p; = —M, where z is an arbitrary parameter and could be a ratio
T = 5—3. The Yukawa beta-function is dependent on this ratio. In chapter 3 we were able to show
that we do have a non-Fermi liquid fixed point at low energy and the fixed point g* can be made

small, which implies that we can use perturbation to study the theory.

There are number of ways in which this work can be extended. We can borrow some of the
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recently developed computation techniques from the work [25]. In this work Dirac fermions
coupled to a Chern-Simons term [25]
S = e d’xTr| AdA + gA/\A/\ A+ [ &z Dy, (6.1)
T
in (2+1) dimensions, where D, v = 9,1 —iA*T*) is studied. Calculations are performed, in the
light cone gauge, where

Al £ iAy
Ap = ——F1—,
V2
G == 25
Tt = Ta
by — p1 £ ip2’
V2
and
Pi=pi+py=2pTp .
With a light cone gauge condition A_ = 0, the cubic gauge self interaction vanishes, which

simplifies the computation. Ignoring the Holonomy from Chern-Simons term, exploiting the
rotational invariance symmetry in x; and x3 (p; and p2 in momentum space) plane, they managed
to compute an exact solution for the fermion gap equation. Using the exact fermion two point
function, they where able to find an exact solution for the fermion vertex. These results are
remarkable, since we can use them to compute exact beta functions of the theory. The other
finding which is of less interest for this dissertation, is the duality between, the theory of critical
scalar coupled to a Chern-Simons and the critical fermion coupled to a Chern-Simons term.
We can study the theory in (6.1) and extend the results obtained there, by taking the non-
relativistic limit of the theory. Then we compute the gap equation for the fermion and the fermion
vertex function using the gap equation we derived for the fermions. After that, we compute the
renormalization group flows and study the fixed points of the theory. Another alternative is to
introduce flavours to both the fermions and gauge fields in the Chern-Simon’s term, compute
the renormalization group flows and then take the large N limit for both the fermions and gauge
feilds before we study the fixed points of the theory. We leave this interesting questions for the
future.
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Appendix A

A.1 Deriving Feynman Rules

We are going to derive the Feynman rules for the effective low energy Euclidean action consisting
of a fermionic term, a bosonic term and a Yukawa term:

S:/dT/dda:£:S¢+S¢+S¢¢ (A.1)
Ew :&U [87' U 6(26)]¢0 + )‘w@zo'lzo"wa’wa
Lo =m2d? + (0:0)* + (F9)* + 221

dd+1 k.derlq B
Svo=| ————=9(k, k) (k ,
.6 / er2d+ 1)g( Q)Y (k)v(k + q)¢(q)
where the first Lagrangian £, represent the Landau Fermi Liquid with weak residual self inter-
action and the second Lagrangian ¢ represent the scalar boson field with mass m, and moving at
speed ¢ which we will set ¢ = 1 from now on. The third term Sy 4 is the Yukawa coupling action
between the bosons and scalars.

We will use a zero dimensional toy model to derive the Feynman rules for the Lagrangians given
above. A zero dimensional toy model helps us to derive Feynman rules for Feynman diagrams
with correct combinatorics for correlation functions.

A.1.1 Zero Dimension Toy Model

Scalar Boson Lagrangian

A field in a zero dimension is just a map from a single point to the real numbers. This implies
that the generating function of a scalar boson in zero dimension is

Z(b) = N / h d¢(e—%mi¢2—%¢4+b¢),

where N is a normalisation constant. Note that we dropped the derivatives from the scalar
generating function (scalar Lagrangian) because in zero dimension there are no derivatives. If we
set Ay = 0 we find that Z(0) = 1. This implies that N is

Z(0) =N /OO dg(e3m39") =1

2
m
= N ={/ —2.

v
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The relationship between the generating function and the 2n-point correlation function is

(") =

db2n

b=0
Vo / dog™ (¢ i)

Without the interaction term, the 2n-point function is evaluated to be

(¢*") \/> / dpg?ne 2 (A.2)
B —

~(2n—1)!
G

Using the results we have found above we can calculate the zero (n=0), two (n=1) and four point
(n=2) functions respectively,

When we include the interaction term, we use perturbation theory to evaluate the correlation

functions.
=/ / do( _’m¢¢2_* )

Consider a zero point function
we can evaluate the correlation function if we assume that A4 is small. Expanding in A4 we find
—Lm2g? = (— )\¢) P
@ A.
)=\ = / S Dy (4-3)
_ ™ 1 ¢! s ¢
doe 2% (14 (- A) D 4 ()22 4 .
/ pe ( + ( ¢) 41 + ( ¢) (4!)2(2!) +

105
=1+ (=)

iz O Gy

99



Evaluating the two point correlation function with the interaction term, we find

(@%) =\ mi’/w do? (e~ 4 =) (A4)
——m 5 by )n¢4n
4 / / dgbd)Q ¢>¢ z:: ( (4?)””'

n

4 8
\/ / dppte 2% <1+(—A¢)i+(—A¢)2w)ﬁ(2l)+...>

945
M g O g

The four point function with the interaction term is also easily computed

2 oo 1.2 4
:\/m¢/ d¢¢4(e*§m¢¢ **¢>) (A.5)
A n i4n
=/ / doghe i E,‘ e

10395
g g+ gy

We will first formulate the Feynman rules and then use them to sketch Feynman diagrams for
the corresponding correlators. The combinatorics of the diagrams must give us the same values
that we found above using a perturbation expansion for evaluating the correlation functions.

Feynman rules for the scalar Lagrangian

The Feynman rules for the scalar Lagrangian are:

eDraw 2n dots for <¢2”>

eDraw v vertices with 4 four legs for order A

eConnect dots in pairs, using a line, in all possible ways.
e Replace each line with the factor mii.

e Multiply by a factor (—\4)" where v is the number of vertices.
° Multlply by S = Ww%'m%ﬂmfﬂ where S is a product of
2m1 for mq closed loops
*H for mq equivalent lines
*m%%, for mg equivalent vertices

1 . .
gl for my equivalent diagrams.

With the Feynman rules above, we can sketch the Feynman diagrams for the correlation func-
tions, then replace the diagrams with their mathematical expression. The combinatorics of the
diagrams must give us the same results for correlation functions that we found above using per-
turbation theory. The combinatoric factor of the Feynman diagrams will be indicated below each
Feynman diagram. The general combinatoric factor for a Feynman diagram with P lines and V'
vertices is

2
mg

(=2g)" [ 1 r’

- om molmslmy!

100



where C is the combinatoric factor. To read the results below, the symmetry factor S =
1

Trirmamams 18 quoted in the order shown.

The Feynman diagram for a 2-point correlation function, without interaction term, is

my

and for 4-point function we have

(") = II+: +:\/\.‘

! 1 1
22 "2 T 2y
3
T (mD)?

We can see that the sum of the Feynman diagrams for two and four point correlation func-
tions reproduce the corresponding correlators that we evaluated above. We will now include an

interaction term and check whether of Feynman diagrams give us the results that we found in
(A.3),(A.4) and (A.5) using perturbation theory.

e . CO 88 200

_ 1 (=) 17 (= )\“)2 L )
—90010!0! C= —3 C = —Q i C= 2012100 | 12
2°0!0!0! 2221010! 2 242,2,2@ 2 22212101 | m3
=1
_ 3( )‘o) 9(_)\@)2 _ 72(_)‘¢5)

+ @
_ (_)‘c’ﬁ)Q 1 !
~ 20412000 | 2

O 24(=)\)?
C(4h)22!(m2)t

3 105
C))

(A a1
(%) Tz M) Gy

Figure A.1: Vacuum Feynman diagrams with interaction term.

One can see that the sum of the Feynman diagrams gives us the results we found using
perturbation theory. For the two point correlation function, we get
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e — . 0O, - O - 88 Y

_ =TT (=2) [ 17° ) (1
2001000 [ m? C= 222@0.{—3)} o= (M) [7

- Ao 1
210'0'0' mf) 212|2|0|2| m2 204'5')(” |:—2
_ iz 3(=Xg) ( >\o) 9( )\) 2
Ms a 4' mQ 3 4'( 2)3 = 2702 M
(4h)221(mg)? (@)221(m2 )5
88 ©©< RSS
— o
/\Q)2 ( )‘(7)2 L C= (7)‘65)2 L ’
2321()!0! _2 212'0'0' 2 22212100 | m},
72(— Ao) _ M _ 2N
T A)2U(m (41)22!(mg)> (41)22!(m2)°
+ E
¢= 220'0'0' [—2} D 3'0(:0' [mz}
_ 288(=)y)? C192(—)y)
(4221 (m2)? = (n22(m2)
Figure A.2: Two point function Feynman diagrams with interaction term.
The sum of the diagrams is
1 15 945
(0%) = —3 + (=X) 57335 + (=2)* ianr s (A.6)
m3 41(m3)3 ?7(an220(m3)s

which agrees with our previous result. Lets also sketch the Feynman diagrams for the 4-point
function, up to A
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_ 3(=M) 12(=Xy) 12(=Xy) _12(=))
¢= ljfﬁ,?ff R = amey NRTEHT O ey
Q- O v >
/ ./
(=)o) 12(=Xy) C= o)
L 12(=), _ 2= (mg)?!
O= Gyt “= Dy
3 105

Figure A.3: Four point function Feynman diagrams.
This sum of the Feynman diagrams reproduces the correlation functions that we calculated

before. This shows that our zero dimensional Feynman rules are correct. Since these Feynman
rules were derived from a zero dimensional toy model, for the d + 1 dimension scalar Lagrangian

- A
Lo =mid® + (0:0)° + (Vo) + 6"

we can use the same combinatoric factor as for the zero-dimension case. The Feynman rules for
the d + 1 dimensional for scalar Lagrangian in momentum space are
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o 1
Gplw, k) = ——5—
B(w, k) w? + k2 + m?

/ y
xr
>< o )\
[ ]

) A
e Integrate with respect to ——— for each momentum
(2m)d+1
: 1 i : : : :
e Multiply by S where S is a product of symmetric factors, same as in zero dimension.

e (onserve momentum at each vertex

ipx

. Multiply by e for incoming momentum to conserve overrall momentum

L

Multiply e™* for out going momentum to censerve overall momentum

Figure A.4: Feynman Rules

A.1.2 Fermion Lagrangian Feynman rules

In the previous section we managed to derive the Feynman rules for the d + 1 dimension scalar
Lagrangian using a zero dimensional toy model. Our next task is to derive the Feynman rules for
the fermion Lagrangian

‘CUJ :JJU [87' U 6(i6)]1/)a + Awqﬁo‘lﬁa’wa’wa-

Using a zero dimensional toy model for this Lagrangian to derive the Feynman rules is not that
trivial. However, the complex scalar Lagrangian

L = 0,00"¢" —mp¢* — g(¢")?,

where ¢ is scalar field, m is the mass of the scalar particle and ¢ is the interaction strength of
the fields, has similar Feynman rules. The only difference is that the combinatorics factors for
the complex scalar Feynman diagrams are positive while the corresponding diagrams for fermions
include a negative sign for each closed fermion loop, due to the anti-commuting nature of the
fermions fields. We can thus use this Lagrangian to derive the Feynman rules for the fermion
feilds. We can write the fields of a complex scalar field in terms of

1 — i
\/§ ’

_ 1+ i
V2

where ¢1 and ¢o are real fields. The Lagrangian becomes

¢ and ¢ =

L’,—1 P10 la O _m722 2y _ st 104242 1 bt
= 5001 ¢1+2u¢2 o5 2(¢1+¢2) 4(¢1+ PIP2 + ¢3).
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and the zero dimensional correlation function is
- /d¢1/d¢26 2 ($3+63)- 4 (91420703 + 1)

We will calculate the zero, two and four point correlation functions as we did before and follow the
same procedure to find the Feynman rules. First lets calculate the correlation functions without
the interaction term. The zero point function without interaction term is

e / don [ done % 0149

The two point function without interaction term is

(p0") / doy / dpopdre m2 ($2+432)

:w/d¢1/d¢22(¢%+¢§)e—"§(¢%+¢§)

RYSE
S 2\m2 m?2
_ 1

m2’

The four point function without interaction term is
* m2 " _ m?2
((¢6*)?) =/d¢1/d¢2(¢¢ V2o~ (01+43)
_m - —m2 ($3+43)
dér d<252 (o7 + 20703 + ¢3) e 2 (1T

1 3 2 3
~1 <<m2>2 Tt <m2>2>
2
~(m2)?

We will now repeat these computations including the interaction term:

The zero point function with interaction term is
2
_m / d / d¢2€f%(ﬁwé%%wﬁw%aﬁ%wé)
_m? e o (G101 = (G0 & (3 (01)
(61+¢3) 4 4 1 4 1
=1 [ [ Feteen 5 SR 5 GO 52 G
m=0

_m / dén / d<z52e’m7 #+63) (1—§(¢%+2¢%¢%+¢3>+---)
3

=1 + 1 ((m2)2 + (m2)2 + (m2)2) R
:1+2((T;%)2 T

105



The two point function with interaction term is

2 J 4 n J m oo 79 l
06) =" [ dor [ agmiih + e seie ys G Z ey 5
n=0 =0

— 9 4
+gm/d¢1/d¢2 ¢1 + dd)e 2 (o) <¢1 + ¢1¢1+%+ >

=i 4 _—gﬁ déy / dgoe™"5 #1+6D) (cb?’ 120163 + G208+ $L63 + 20308 1+ oS + )

m2 8
1 — 15 3 3 3 3 15 3
“mz T 8g(<m2>3 R T S O R e E R ) g 2<m3>3> e
1 6(—
e (7(712§?)’ A

The four point function with interaction term is

2.9 2 =2 A
(o0 = / déy / Ao (64 + 26303 + o) 2<¢1+¢2>Z<4)nf¢” (A7)

n=0
Z G )" $ (6!
) ) ! :

=0

_ : - ‘gm / dé: / da (64 + 26303+ 04) —22<¢?+¢%><¢§+4¢?¢%

~(m2)?
T osted + 4¢%¢3 LA+ ¢3¢3) ¥
2 —g<1054151+23 3,3 3+41151%)
(m2)2 16 (m2)4 (m2)3 m2 (mZ)Z (m2)2 (m2)2 (m2)2 m2 (m2)3 (m2)4
:(m22)2 +24(n:2g)4 +-

The Feynman rules for these correlators are:
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e TFor each (¢¢")" evaluate (0;512 + 0;5%)” first
e After evaluation ignore the coefficients, draw 2n dots for ¢?" and 2n stars for ¢2"
e Dots can only be connected to a solid line, and stars to a broken line

e For cach go! draw ><

N
N ’

, ’
e For cach ggy draw  X_
.
’ N,

N I3
Ay ’

e For each gq&ﬂ‘fqﬁg draw /\,\

e Dots can only be connected in pairs or to a solid vertex leg, same applies to star
but stars are connected to a broken line vertex leg

e Connect the dots, stars and vertices legs in all possible ways.

Multiply by or insert —g4! for each vertex ><

~

Multiply by or insert —g4! for each vertex e

s

e Multiply by or insert —g(2!2!) for each vertex /’\
e Diagrams come in pairs with vertex ngfgbf /\/\
. . 1 . .
e Multiply by or insert 5 where S is the product of symmetric terms as before.
1
e Replace both the dash and solid lines with the factor —

2 m?’

Figure A.5: Feynman rules for the complex scalar.

From the Feynman rules, the most general combinatoric factor for a Feynman diagram with
P lines and vertices ((—9)¢7¢3)7, ((—9)¢1)" and ((—g)#3)" is

(2121(—g))% (4!(—9))¥ (4!(~9))¥ {1]]3.

2mM1molmsglmy! 2m

Using these Feynman rules, the diagrams for the zero, two and four point correlation functions
without interaction term, are
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1 1
— -4+ =1

2+2

x
<®¢5*>:/ +
X

111
T2m? 2 m?
L
T om?

*----- x o %----- x *. //x+ x X
oty = 2+ + * * kT e Lo
o T e—e ~o + PR x %--- % x V.

2 2 9
1 12 2 2 2 172 —[L B L B 1
= | — 1 - 1 1 C— _ — C= o[ L
¢ [2'”2] C:[Qm-’] Ci[le} C:[w] [21713 2m? 2m? 2m?

Figure A.6: Diagrams for zero, two point and four point function.

For convenience we will label our Feynman diagrams with a label C,, ,, where C' is the usual
symbol for the combinatoric factor, n is for n-point function and m indicates the diagram.

Feynman diagrams for a zero point function with an interaction term are:

b 2
_A(=g [ 17 220(—g) [ 1 7 220(—g) [ 1 ] P ) {L}
Co1= 22010001 | 2m Cop = 22010101 [W] Cos= 2010100 [m} 047 931001 | 2m
_ 329 _ (-9 _ (9 _ 3¢9
(m?)? = (m22 T (m2)2 (m?2)?

Figure A.7: Zero point Feynman diagrams with interaction term.

The two point function with interaction term Feynman diagrams are:

108



¢ —0

: 0. -0 - 0. 0.
——+o *-----3 X X-—>==" - X X X

Lok
(¢7) =
A1~ : =g [ 1 7]° 2091(—
L — A9 [ 1 ] Cou= v 212!(—g 1) o= 22 [ L
oy [W] Coa= [Z,Hz] C25= Z1001 | 22 2221001 | 2m? oy = 2'050!6]!) [21”2] C26= S0 | 2002
12(—g) = :S(ff/)., 2(—g) _ 29
@m2) (2m?) = m (2m2)3
ST ’,_\\”—\\\ N [SERIN
I i + ’ ’ \
+ % ,Q + % /1\ /,' + / : + / ) +
R g ° —_ o X x o =2’ o - o
________
o ; Al : AN : 2191(— 3 . : (-g) ] 1 ]°
2WU-g) [ 1 ] L A= [ 17 A= [ 1] _2A(—g) [ 1 NA(—g) ] 1 T° Copy = 220 [ ]
Co8 = o100 | 202 G20 = 10001 | 20 Ca10 = Soi0001 | 2mi? o0 = Sr0iG0r | 2m 0 [ ] 1T 200000 | 2m?
_ (9 _ 39 _ 3= _ =9  2(—g) )
T (2m2)3 (2m?)? (2m2)® (2m2)? = em)y (2m2)?
/’—\\ o~ /, \\/’—\\‘
+ I ’ N I Y \
" L + ' ) + % /(\ L
- N NP VO
¥-------- x X- =S fm =X R x
2191(— 3 3
(;.m:# [L] LMy [ o A [ 1]
220!00! | 2m? 5= 22010000 | 2m2 2,16 22910101 | 2m2
-9 _ 129  3(=9)
(2m?)? T (2m2)? T (2m?)?
_ 1, 69
m?2  (m?)?

Figure A.8: Two point function with interaction term.

For a 4-point function, we don’t draw both diagrams for diagrams that come in pairs. We
only draw one diagram and put 2x in front of the diagram to indicate that is one of a pair. The
combinatoric factor appearing below the diagram will be for one of the diagrams. The 4-point

function diagrams are
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Figure A.9: Four point function with interaction term.
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Adding all the Feynman diagrams, we find

2 24(—

This reproduces our earlier results. This shows that the Feynman rules derived above are correct.
We can improve things further by obtaining Feynman rules solely in terms of ¢ and ¢*. We form

combinations of tree diagrams as follows

X (2
wo v S =
X d

N~ @
DN =

= e T e T oy

Figure A.10: Zero, two and four point function Feynman diagrams for specific combinations of

fields.

Using the combination above, the diagrams for the zero point function are

1= o 1 (:)C:) + ( \:(.,.)
Coi=1 ~ —9) - —9)
0 0072—( 2)2 003—( 2)2
., 29
=1+ (m?)2

Figure A.11: Zero point function diagrams with interaction.

To get the above Feynman diagrams with their corresponding combinatorics, we had to add
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the diagrams with their combinatorics factors from a zero point function as follows

Co2 =Co1 +Coq and

Co3 =Cp2 + Cop 3.

To get get C~'071 we added a star and a dot. The new combined Feynman diagrams for the two
point function are

o o o SN /~° ..........
<¢¢*>: | 4 \"\/A/ N o . G:_ ” o] G:_ - (o]
6 () () )T )
- ~ 2(—g) - 2(— ~ — ~ -
Coy=— Cha = (m?)? Chs = 2?3 Coa = ((Tr729))d 2 ((7”29))3

Figure A.12: Two point Feynman diagrams.

In figure A.12 added the diagrams and their combinatorics combine in the following way

Co1 =021 + Ca2

Cyo =Ca3 + Co11 + Ca19

Cy3 =Cos+ Ca6+ Ca1s

Cy4 =Coy + Ca 7+ Corg + Ca216

Cy5 =Cog + Cag 4+ Ca1o + C213

The new diagrams for the 4-point function are

° ° o . - o _ o N (.\,/\.) /\ /\/ {\}? ? (.\) o ©
(")) = | [ + PR o~ = o T == ) P I
) o —— ) o ‘© o ——- ° o — — ) e b o) b b
. 1 - A5 22(—g) (- ~ -9)
- . N ) Cis= , —9) (=9)
Cua (m2)? Caz 22 BT ()t Cra= ) (m2)4 16= T2yt Cir= m?)i
° ° - .
o ——o P o ? L v LR 5 o it o
o + i + o0 o+ o+ 0 Ty 4 T+ et g
ot o om0 = i~ N N/ ! ./ o - O m—- —o
) ooy ° ° ° e o 6 > 8 2=g)  Cup= 29
- 5 -9 ~ -9 5=
Cis (m2)? Cig = (m2)1 Cliro = 2(=9) G = 2(-g9) - ~2(—g b —9) Ciaa= (m2)! BT 2y
(m2)! , (m?)?* 412 = )t 413 = n2)l
_ 2 (g

Figure A.13: Four point function Feynman diagrams.
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The diagrams and their combinatorics combine as follows

Cy1 =Cu1 + Cy3+ Cyg + Cug

Cyo =Cuo+Cya+Cys+Cyzy

Cy3 =Cu13 +2Cs41 + Cup

Cua =Cu1 + Cuso + Cazs + Caas + Cuoa + Casa + Cags + Cagr
Cy5 =Cu26 + Cuas + Cuza + Crag + Crog + Cysa + Cyzr + Cuas
Cy6 =Cy10 + Cuss + Cu1a + Cago + Cuoz + Cusz + Cros + Cuss
Cy7 =Cya7 + Cyar + Cuz0 + Caas + Cuo3 + Cuss + Caos + Cuss
Cys =Cu12 + Cues + Cazo + Cuzs

Ca9 =Cy20 + Ca50 + Ca32 + Cyuo

C410 =Cy15 + Cy 67 + Cy01 + Cy51

Cs11 =C418 + Cup4 + Cy29 + Cy 57

Ca12 =Cy17 + Cup2 + Cao5 + Cas6

Cy13 =Cya2 + Cyzo + Cui6 + Cugs

Cy14 =Cua9 + Cugs + Cuzs + Caao

Cy15 =Ca31 + Caaz + Cu19 + Caao

From the correlation functions above, we see that distinct Feynman diagrams come in pairs. More
precisely, distinct loop diagrams come in pairs The Feynman rules in terms of ¢ and ¢* are:

e for each product of ¢¢*, draw two small circles.
- -
~
e For each g, draw a vertex R

.~ ~.
-~ ~

e Connects the small circles in pairs or with vertices legs, in all possible ways

¢ Replace each line with a factor of —;
m

e Replace each vertex with a factor 212!(—g), P

1
e Multiply by 3 where S is the product of symmetric terms :

1 . . .
# — .  where n is the number of equivalent diagrams
ni:
1 . . .
*—, where n is the number of equivalent lines
na!
1 . . .
* where n is the number of equivalent vertices
ns:
1 .
* omr where n is the number of closed loops
4

Figure A.14: Feynman rules for complex scalar field.

When we use these rules to evaluate the Feynman diagrams above we recover our earlier
results.
Recall that our goal was to derive the Feynman rules for the fermion Lagrangian in d+1 dimensions
using the complex scalar Lagrangian. The Feynman rules are the same up to some signs. Using the
results we found from complex scalar Lagrangian, our Feynman rules for the fermion Lagrangian
are:
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1

° G H(w, l?) =
iw~+ p — e(k)
. — 2121(—\,)
® Assume momentum is conserved at each vertex
A
® integrate with respect to / W for each momentum appearing
T

Multiply by =, where S is the same product of symmetric factors as before

Multiply by €** for incoming momentum to conserve the overall momentum

Multiply by e *** for incoming momentum to conserve the overall momentum

e For each closed fermion loop include a factor of —1.

The Feynman rules of a scalar boson Lagrangian added to a fermion Lagrangian is a combi-
nation of both the scalar and fermions rules. Adding the Yukawa coupling term

g(k, @)

to both the scalar and Fermion Lagrangian introduces an extra Feynman, which is

b 1 = *Q(anﬂ)

Figure A.15: Yukawa coupling diagram.
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