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ANTIFERROMAGNETISMUS UND d-WELLEN-SUPRALEITUNG
IM HUBBARD-MODELL

Zusammenfassung

Das zweidimensionale Hubbard Modell gilt als vielversprechendes, effektives Modell
zur Beschreibung der Freiheitsgrade der Elektronen in den Kupferoxidschichten von
Hochtemperatursupraleitern. Wir stellen einen Zugang zu diesem Modell mithilfe
der funktionalen Renormierungsgruppe mit Fokus auf Antiferromagnetismus und
d-Wellensupraleitung vor. Um die relevanten Freiheitsgrade auf allen Léngenskalen
explizit zugénglich zu machen, fiihren wir zusammengesetzte bosonische Felder ein,
welche die Wechselwirkung zwischen den Fermionen vermitteln. Das spontane Brech-
en einer Symmetrie spiegelt sich in einem nichtverschwindenden Erwartungswert
eines bosonischen Feldes wieder. Wir zeigen wie durch Spinwellenfluktuationen eine
d-Wellenkopplung erzeugt wird. Des Weiteren berechnen wir die héchste Temper-
atur, bei der die Wechselwirkungsstéirke der Elektronen im Renormierungsgruppen-
fluss divergiert sowohl fiir Antiferromagnetismus als auch fiir d-Wellensupraleitung
iiber einen weiten Dotierungsbereich. Diese “pseudokritische” Temperatur signal-
isiert das Einsetzen von lokaler Ordnung. Ausserdem wird die Temperaturabhéngig-
keit der d-Wellensupraleitung in einem vereinfachten Modell, welches sich durch
eine Kopplung lediglich im d-Wellenkanal auszeichnet, studiert. Wir finden einen
Phaseniibergang vom Kosterlitz-Thouless-Typ.

ANTIFERROMAGNETISM AND d-WAVE SUPERCONDUCTIVITY
IN THE HUBBARD MODEL
Abstract

The two-dimensional Hubbard model is a promising effective model for the electronic
degrees of freedom in the copper-oxide planes of high temperature superconductors.
We present a functional renormalization group approach to this model with focus
on antiferromagnetism and d-wave superconductivity. In order to make the rele-
vant degrees of freedom more explicitly accessible on all length scales, we introduce
composite bosonic fields mediating the interaction between the fermions. Spon-
taneous symmetry breaking is reflected in a non-vanishing expectation value of a
bosonic field. The emergence of a coupling in the d-wave pairing channel triggered
by spin wave fluctuations is demonstrated. Furthermore, the highest temperature
at which the interaction strength for the electrons diverges in the renormalization
flow is calculated for both antiferromagnetism and d-wave superconductivity over
a wide range of doping. This “pseudo-critical” temperature signals the onset of
local ordering. Moreover, the temperature dependence of d-wave superconducting
order is studied within a simplified model characterized by a single coupling in the
d-wave pairing channel. The phase transition within this model is found to be of
the Kosterlitz-Thouless type.
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Chapter 1

Introduction

Interacting many-body systems in condensed matter physics are usually dis-
cussed in terms of effective models which incorporate only a comparatively
small number of degrees of freedom. Of course, the complexity of taking into
account all microscopic degrees of freedom such as the core atoms as well
as their electron shells and energy bands would be prohibitive. In order to
understand macroscopic properties, such as the phase diagram, it is further-
more questionable whether all these microscopic degrees of freedom are needed.
Hence, one of the challenges is to identify the relevant microscopic degrees of
freedom and to formulate a microscopic theory which potentially comprises all
the information needed to explain the macroscopic behavior.

A famous example of such a microscopic model for interacting fermions
is the Hubbard model [1, 2, 3]. Besides many other applications the two-
dimensional version of the Hubbard model is regarded as a promising candidate
for a description of the electron degrees of freedom in the copper-oxide planes
of cuprate high temperature superconductors [4] since it resembles important
features of these materials. Particularly, the ground state of this model is
antiferromagnetically ordered for a half-filled lattice and is expected to become
a superconductor with d-wave pairing symmetry slightly away from half-filling
[5, 6]. Recently, the Hubbard model was also proposed for ultra-cold fermionic
atoms in two-dimensional optical lattices [7, 8]. These systems may provide an
ideal testing ground for this model since they are comparatively clean and as
a bonus the ratio of the parameters is tunable. Experiments in optical lattices
may also shed light on the question which degrees of freedom are responsible
for high temperature superconductivity.

A common feature of such an interacting many-body system is that its be-
havior depends qualitatively on the energy or momentum scale. For instance,
in high temperature superconductors ordering phenomena such as d-wave su-
perconductivity are separated by several orders of magnitude in energy from
the bare Coulomb interaction. The intermediate scales are dominated by short-
range magnetic correlations. A calculation of macroscopic properties involves
an integration over fluctuations on all scales. However, it is hard to treat the
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fluctuations on all scales at the same time since the appropriate degrees of free-
dom change qualitatively with scale. In particular, perturbative approaches
are plagued by infrared divergences and therefore are often not applicable,
especially in low dimensions.

Among the most promising approaches to the Hubbard model are renor-
malization group studies [9, 10, 11, 12]. Fluctuations from different scales are
treated successively starting from the highest present momentum scale. This
allows to very efficiently describe the transition from the microscopic scale
where the effective model is defined, to macroscopic scales where collective
phenomena may occur. In recent years an increasing number of renormaliza-
tion group studies of the two-dimensional Hubbard model have been published
(13, 14, 15, 16, 17, 18, 19, 20]. The results are encouraging and indeed suggest
an antiferromagnetic instability at half-filling and the dominance of d-wave
superconductivity slightly away from half-filling. However, all of these stud-
ies analyze the scale dependence of the fermionic coupling directly in a purely
fermionic language. The information about the various phases and properties is
contained in the complicated momentum structure of the four fermion coupling
developed in the renormalization flow to lower momentum scales. Spontaneous
breaking of a symmetry is reflected in the divergence of the fermionic coupling
in the corresponding channel on a finite momentum scale. However, the sym-
metry broken phase is not entered by these studies and also higher fermionic
operators which play an important role in the vicinity of a phase transition
are neglected. In [21, 22] the symmetric phase is studied with the functional
renormalization group in a fermionic formulation while the symmetry broken
regime is treated for both antiferromagnetism and d-wave superconductivity
by a mean field calculation.

Our functional renormalization group approach is based on the awareness
that in the renormalization flow to lower momentum scales the relevant degrees
of freedom change. On high momentum scales the electrons are the appropri-
ate degrees of freedom which is reflected in the fermionic Hubbard model.
However, on lower momentum scales and especially in the vicinity of a phase
transition the fluctuations are more efficiently integrated out in terms of com-
posite bosons such as e.g. Cooper-pairs. We accommodate for this fact by a
bosonization of the initially fermionic model via a Hubbard-Stratonovich trans-
formation [23, 24]. As a consequence, the interaction between the fermions is
mediated by bosonic fields which become dynamic in the renormalization flow.
Within this formulation the former divergence of the fermionic coupling in-
dicating the onset of local ordering in a fermionic language is translated into
a vanishing mass term of the corresponding bosonic field if the transition is
continuous. Importantly, the broken phase can be penetrated in the renormal-
ization flow and is identified by a finite expectation value of a bosonic field



and by a massless Goldstone-mode in case of a broken continuous symmetry.
Our approach focuses on antiferromagnetism and d-wave superconductivity
and their mutual influence depending on the chemical potential. In particular
we generalize [25] to finite doping (chemical potential) and demonstrate the
emergence of a coupling in the d-wave channel generated by antiferromagnetic
spin fluctuations [5]. The spirit of this work is that competing instabilities are
described in a bosonized language. This formulation is well-adapted to cope
with the diversity of relevant degrees of freedom and their mutual influence
on different scales in the renormalization flow. Both the occurrence of an in-
stability and the thereby caused broken phase at lower momentum scales are
explicitly accessible within this framework.

Dissertation Outline

This thesis is organized in the following way: In chapter 2 a short intro-
duction to high temperature superconductivity and the Hubbard model is
provided. Furthermore the partition function which is the starting point of
all further investigations is formulated as a coherent state path integral over
fermionic and composite bosonic degrees of freedom.

Functional renormalization group equations which build the methodical ba-
sis of this thesis are discussed in chapter 3. Moreover, the concept of scale-
dependent field transformations is introduced, which is applied in order to
bosonize the antiferromagnetic and d-wave pairing channel properly on all
scales.

In chapter 4 we present a formulation which is well-suited to study antifer-
romagnetism and d-wave superconductivity over a wide range of the chemical
potential. The symmetric phase is studied numerically and it is pointed out
how the discussion can be enhanced into the symmetry broken regimes in a
straightforward manner.

The temperature dependence of the phase transition to d-wave supercon-
ductivity is studied in chapter 5 within a simplified effective model which is
characterized by a single coupling in the d-wave pairing channel [26]. The
emergence of such a model is motivated by the results of chapter 4.

A summary and conclusion is provided in chapter 6.
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Chapter 2

Interacting Electrons

This chapter is intended to motivate the Hubbard model as an effective model
for correlated electrons. Moreover, the bridge to the calculational techniques
developed in the third chapter is built.

The first section provides a brief introduction to cuprate superconductors
and the qualitative features of their phase diagram. In the next section we
present the idea of effective field theories and subsequently introduce the Hub-
bard model as an effective model for electron degrees of freedom. Since we are
interested in thermodynamic properties in equilibrium, the partition function
is the suitable starting point for further investigations. In order to make con-
tact to the powerful functional techniques of quantum field theory we formulate
the partition function as coherent state path integral.

The spirit of our approach is the bosonization of the initially purely fermionic
Hubbard model. Thereby we want to achieve an optimal description of the rel-
evant degrees of freedom on all length scales. Particularly close to the critical
temperature of a phase transition the long range fluctuations are dominated
by bosonic composite operators. Spontaneous symmetry breaking is very ef-
ficiently studied in terms of bosonic fields. A finite expectation value of a
bosonic field reflects the amount of symmetry breaking in the respective chan-
nel. Technically, we introduce suitable bosonic fields by means of a Hubbard-
Stratonovich transformation.

An appropriate formulation of the partition function for a functional renor-
malization group approach to antiferromagnetism and d-wave superconductiv-
ity in the Hubbard model is derived in the last section of this chapter.

2.1 High Temperature Superconductivity

In the early 19801 J. G. Bednorz and K. A. Miiller searched for superconduc-
tivity in oxides of different metals. This was an unconventional approach, since
these ceramic oxides are mostly insulators at room temperature. However, in
the year 1986 they measured a transition temperature 7, to superconductivity
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temperature

superconductor

» doping
underdoped overdoped

Figure 2.1: Schematic phase diagram of a cuprate superconductor.

of approximately 35 K in compounds of (La, Ba),CuOy, [27]. This sensational
discovery was the starting point of considerable experimental effort. In the
following years the record was raised to 134 K in materials with similar struc-
ture, such as yttrium barium copper oxides (YBCO). Most of these materials
belong to the so called cuprates. Their common feature is an anisotropic struc-
ture consisting of CuQO, layers separated by layers containing other atoms, e.g
LaOs or YO, blocks. The electric properties of the cuprates can be changed
by modifying the composition of the blocks separating the CuO, layers. A
replacement of atoms may add electrons (n-doping) or holes (p-doping) to the
CuO, layers.

In figure 2.1 the schematic phase diagram of such cuprate superconductors
is shown. For equal concentration of electrons and holes in the copper-oxide
layers the material shows a strong antiferromagnetic interaction between the
Cu atoms in the CuOs layers below a few hundred Kelvin and the material is an
insulator. The long range antiferromagnetic order disappears for an increased
level of doping, and the system becomes a superconductor in a certain range of
doping [28]. Another interesting phenomenon is indicated by the dashed line in
figure 2.1. In the region below T (below the dashed line) unusual thermal and
transport properties are observed. The origin of these effects is associated with
a “pseudo gap”, and the transition into this region is rather a cross-over than
a real phase transition. Although various possible explanations were proposed
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the issue is still unclear, see [29] for a review.

Conventional superconductivity is explained by the BCS theory [30, 31],
where the emergence of the attractive interaction between the electrons re-
sponsible for the formation of Cooper pairs is mediated by phonons. BCS
theory does not apply to the materials considered here since the transition
temperature is too high and the thermal energy is therefore too large. In
addition, it is shown experimentally [32, 33, 5] that in high temperature su-
perconductors the electron pairs are in states with d-wave symmetry rather
than s-wave symmetry. This d-wave symmetry is also reflected in a momen-
tum dependent gap function for the electrons. The energy gap has zeros on the
Fermi surface. The origin of the pairing mechanism is still under discussion.
However, antiferromagnetic spin fluctuations are regarded to play an impor-
tant role and may generate the attractive interaction in the d-wave channel
[5]. Furthermore, it is speculated that an understanding of the pseudo gap re-
gion may be essential for an understanding of the pairing mechanism yielding
d-wave superconductivity.

In many rather phenomenological descriptions, superconductivity is dis-
cussed with temperature being the relevant parameter. If the temperature
falls below a certain critical temperature the materials undergo a transition
into the superconducting state. But superconductivity also depends, e.g. on
the strength of external magnetic fields. For sufficiently weak fields the fa-
mous Meissner effect appears and the external field does not penetrate into
the material. The external field is compensated by supercurrents on the sur-
face of the material. However, this works only up to a critical field strength
B.;. For stronger fields the energy costs of preventing the external field from
penetrating into the material exceeds the condensation energy into the super-
conducting state. There are two possible scenarios for field strengths above
B.;. In so called type I superconductors the field is no longer expelled from the
material and the superconductivity disappears completely. Whereas in type I1
superconductors below a field strength of B., with B., > B, the formation
of thin vortices, where the normal state of matter is reestablished, is energeti-
cally favorable. For fields above B,y superconductivity breaks down, too. High
temperature superconductors are of type II.

2.2 Hubbard Model

The Hubbard model was introduced independently by Hubbard, Kanamori and
Gutzwiller [1, 2, 3] in the 1960'. The physical systems for which the Hubbard
model is intended are systems where the fermion (electron) degrees of freedom
dominate, or at least play the essential role for the understanding of certain



8 Chapter 2 Interacting Electrons

properties of interest. In an important class of solids the electrons are assumed
to be tightly bound to the atoms defining a lattice. This is reflected by the
fact that the model is formulated on a lattice where the electrons take only
discrete locations in position space. Furthermore, it is assumed that for the low
energy properties only one non-degenerate orbit of the atoms is relevant. For
this reason one single lattice site can only be occupied by two electrons with
opposite spin, which repel each other due to their Coulomb repulsion. This
motivates the (one-band) Hubbard model which is defined by the Hamiltonian

H = Ztijc;(,cj,g + U Z NNy, - (21)
ijo i
Here, czg and ¢; , are creation and annihilation operators for fermions on lat-

tice site ¢ with spin projections o € {1, |}. The hopping matrix ¢;; contains
transition amplitudes from lattice site j to i. For U > 0, the second term
describes the local, repulsive interaction of electrons on the same lattice site.
Ny = czgci,g defines the number operator for fermions on lattice site ¢ and spin
projection o. All physical information of the model is contained in the dimen-
sionless ratio of the coupling U to the hopping parameters ¢;;, and the topology
of the lattice. We restrict ourselves to nearest (—t) and next to nearest (—t')
neighbor coupling on a square lattice.

Despite its formal simplicity the Hubbard model was proposed as an effective
model to describe many different phenomena of interacting fermions. Histor-
ically, it was first proposed in the context of solids with narrow energy bands
(e.g. transition metals), but it is also used for magnetic phenomena such as
ferro-, antiferro- and ferrimagnetism. In addition, it is applied to electrical
phenomena, namely metal-insulator transition (Mott-transition) and super-
conductivity. Since its ground state is antiferromagnetically ordered at half
filling and is expected to become a d-wave superconductor slightly away from
half-filling [5, 6], the model is regarded to be a promising candidate for a
description of the electron degrees of freedom in the copper-oxide planes of
high temperature superconductors, see e.g. [4]. However, in these materials
it is not a priori clear what the degrees of freedom are which render it super-
conducting. Experiments with ultra-cold fermionic atoms in two-dimensional
optical lattices may help to clarify this point in the near future [7, 8]. One may
gain a better understanding whether the two-dimensional fermions alone are
responsible for d-wave superfluidity, or whether there are other degrees of free-
dom, e.g. lattice vibrations, needed in addition. Anyway, these experiments
may offer the great possibility to test the Hubbard model for various ratios of
coupling U and hopping ¢.

Theoretically, the model is hard to solve even approximately. In two dimen-
sions there are known only very few exact results, mostly in special regions
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of the parameter space or for finite systems, see e.g. [34]. Solely in one di-
mension an exact solution [35] has been found. Although a lot of calculational
techniques have been developed and applied to the model, none of these has
turned out to be capable to address all aspects. Here, we consider the Hubbard
model only at comparable small coupling U/t ~ 3. However, in the context
of high temperature superconductivity a coupling larger than the bandwidth,
U/t > 8, would be more realistic.

2.3 Functional Integral Representation of the
Partition Function

The aim of our functional renormalization group study is to explore statistical
equilibrium properties of the Hubbard model (2.1). The thermodynamics of
a system in contact with a heat bath and a particle reservoir is completely
described by its grand canonical partition function

7 = Tre PH-#N) (2.2)

where = 1/T is the inverse of the temperature, H is the Hamiltonian, N the
particle number operator, and y the chemical potential'. The trace runs over
all physical states of the system.

In our approach we use the well explored functional techniques in quantum
field theory. Therefor we write the thermodynamic partition function as a
coherent state path integral. Following e.g. [36, 37] we work with Gramann
valued fermionic fields

~

Di(1) = Wiy (7)o (M) Bl(r) = (@i (r), 65, (7)), (2.3)

and similar for the GraBmann valued sources n, 7!, and obtain

Z[mn*]z/i,i(ﬁ) iy, D@ exp (= Seld T+ ') +0T9T) . (2.4)
31(8) = =il 0)

with the short hand notation nf¢) = foﬁ dr 520! (7)hi (7). The Euclidean time
T parameterizes a torus with circumference (5 and the functional integral is con-

strained by antiperiodic boundary conditions for fermionic fields. The action
of the Hubbard model is defined as

= ’ ot 7 U ~t a2
el i) = [ dr[ SO0 - ldy )0+ 5 (00 (29)

'We use natural units, e.g. kg = h = 1.
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where we have suppressed the argument 7 of the fermionic fields. The kinetic
term contains besides the chemical potential p the hopping matrix ¢;;. For
simplicity, we assume

—t, if i and j are nearest neighbors (NN),
tij = <—t', if i and j are next to nearest neighbors (NNN), (2.6)
0 , else.

The connection between the interaction term in the action (2.5) and the normal
ordered Hamiltonian is given by the replacement rule,

Hintlc, CT] = Uanni,l = —UZC}L’TCIJCZ',TCLL
i i

o Tk x0T U Tx T Tk N
th @N] = —UZ%,T%,MDLT@DM = D) Zwi,(;%,a%,_g@%—a

= S0 (27)

Conveniently, most of the calculations are performed in momentum space
rather than in position space. We write (X)) = ¢ (7,x) = ¢;(7) withx € ZxZ
and define the Fourier transforms

= Q) Z (@)%, (2.8)
Q

with short hand notations

X =(rx%x), Q= (wg,q), QX =wor+x-q. (2.9)

The fact that the Euclidian time is compactified on a torus translates into a
sum over discrete Matsubara frequencies [36] in Fourier space. The Matsubara
frequencies for the fermions are wg = (2n + 1)1, n € Z. For bosons this has
to be replaced by Qg = 2nmT, n € Z. Accordingly, we define sums and delta
distributions in position and momentum space

> = /cwz >- Tz/%

5(X - X') = 5(7’ [
5(Q — Q') = Bonw(27)*6(q —q'). (2.10)

We measure all components of X and () in units of the lattice distance a, i.e.
X — ax, q — q/a, therefore they aquire the same canonical dimension. Here,
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Figure 2.2: Fermi surfaces (eq = p) for p = (-3, -2, —1,0,1, 2, 3)t from the interior

to the exterior, respectively. Figure (a) corresponds to ¢’ = 0, (b) to ¢’ = —0.1. The
vector 7r in (a) is defined by 7 = (7, 7).

N
S|

we set a = 1. Note that all functions are 2m-periodic in spatial momentum.
For the fermionic action (2.5) we obtain in momentum space,

Spl, o1 = ) 01(Q)liwg — &IV (Q)
Q

U . . . .
+ 5 D PHQIUN(Q)UT(Qs)P(Qr — Q2+ Qs), (211)
Q1,Q2,Q3
with
§o =&q = — — 2t(cos g, + cosqy) — 4t' cos g, cos gy , (2.12)

The inverse fermionic propagator Pp(Q) = iwg — &q has zeros at T' = 0 on
the Fermi surface defined by {, = 0. For the zeros of {4 see figure 2.2 for
different values of the chemical potential p/t and the hopping parameter ¢'/t.
In figure 2.2 (a) it is ' = 0 and the quadratic Fermi surface corresponds to
i = 0. This is the case where the number of states below equals the number of
states above the Fermi surface, the lattice is half-filled. Electron (hole) doping
corresponds to positive (negative) chemical potential in our convention. Even
at finite temperature, modes with momenta in the vicinity of the Fermi surface
dominate in the scattering processes. Hence, the physical properties of the
system depend strongly on the topology of the Fermi surface. For instance, for
a half-filled lattice, scattering processes with space-like momentum exchange
of # = (0,0) play an essential role. The electrons are scattered from one
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side of the Fermi surface to the other side, see figure 2.2 (a). This translates
into an alternating sign of the spin density between neighboring lattice sites
in position space which is the same as a tendency towards antiferromagnetic
order. For t' =0, ¢q = &, + 1 has the nesting property €qir = —€q, and an
antiferromagnetic instability for arbitrarily small coupling U > 0 at half-filling
is a consequence.

Symmetries

The action of the Hubbard model (2.5) is invariant under global U(1) and
SU(2) transformations:

U(1) = (X)) = ”d(X), 91(X) = e "PI(X)
SU@) - d(X) = ¢97(X), PHX) = d(X)e 7, (213)

with the Pauli matrices o = (01,02, 6%)T. The U(1) symmetry is reflected in
charge (particle number) conservation, while the SU(2) symmetry corresponds
to the invariance under spin rotations.

Of course, the symmetries of the lattice are also respected. On a transla-
tion invariant square lattice the action is invariant under translations, discrete
rotations, and reflections.

The partition function is invariant under the following transformation to-
gether with a corresponding transformation of the sources,

Gilr) = —hi(B=1), dl(r) = =B -7),

This transformation is similar to time reversal.

Certain restrictions to the lattice and the hopping matrix ¢,; may provide
additional symmetries. For instance, in a system with a restriction to nearest
neighbor coupling (¢ = 0) on a square lattice we may divide the lattice into
two sub-lattices Ly, Lo. L; is defined by the lattice sites i € (27Z,27Z), Ly by
the remaining sites. ¢;; has non vanishing entries only for ¢ and j on different
sub-lattices. Such a lattice is called bipartite lattice and the partition function
here is invariant under the transformations,

wielq - wiELp ,lvbiELz - _wiELm

it it Al i
wi€L1 - wieLl’ ¢ieL2 - _wieLp (2-15)
tij — _tij .

The partition function on a bipartite lattice depends only on the absolute value
of p as can be seen from eq. (2.15) and the time reversal symmetry (2.14).
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For vanishing 1 there is an additional SU(2) symmetry on a bipartite lattice
which breaks down to the usual U(1) symmetry (2.13) away from half filling.
With regard to high temperature superconductors there is even an approxi-
mative SO(5) symmetry for antiferromagnetism and superconductivity under
discussion, see [38] for a review.

Supplementary, we mention the invariance under the rescaling with respect
toa € R:

T—oT1/a, T—al, p—au t—at, U—al. (2.16)

Therefore only dimensionless ratios are physical, e.g. T'/t, u/t and U/t.

2.4 Partial Bosonization

Initially, the Hubbard model is defined as a purely fermionic model (2.5) which
seems to be the natural microscopic description for electrons on a lattice. How-
ever, a calculation of the partition function (2.4) involves an integration over
the degrees of freedom on all length or momentum scales. The struggle comes
from the fact that the four fermion coupling U of the Hubbard model develops
a complicated momentum dependence and the information about the various
phases and properties is encrypted in this momentum structure. Among the
most promising approaches are renormalization group studies. For an intro-
duction to this method see next chapter and references therein. The largest
amount of renormalization group calculations has been performed in a purely
fermionic formulation [13, 14, 15, 16, 17, 18, 19, 20]. In these approaches spon-
taneous symmetry breaking is reflected by the divergence of the four fermion
coupling in the corresponding channel in the renormalization flow. This may
limit the use of a purely fermionic formulation to the symmetric phase. How-
ever, there are also ideas concerning a continuation of the fermionic renormal-
ization group flow into phases with broken symmetry [39]. Furthermore, there
are approaches which combine functional renormalization flow with a mean
field theory for the spontaneous symmetry broken phases [21, 22].

At this point the question arises, how the optimal description of the relevant
degrees of freedom on all scales can be achieved within a functional renormal-
ization group study. It is well known that also bosonic degrees of freedom,
e.g. Cooper pairs, play an important role on larger length scales. On the one
hand we want to accommodate the purely fermionic model on high momen-
tum scales, on the other hand we want to study phase transitions and critical
behavior. In the vicinity of the critical temperature the long range fluctua-
tions are dominated by bosonic composite operators. The aim is to make this
fact more explicit in our formulation. Particularly with regard to spontaneous
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symmetry breaking a bosonized formulation, or at least a combination of a
fermionic and a bosonized formulation seems to be advantageous. The diver-
gence indicating the onset of spontaneous symmetry breaking, and limiting the
use of purely fermionic formulations, is mirrored in a vanishing of a bosonic
mass parameter. Also an inclusion of higher fermionic operators, which are
likely to play an important role close to a phase transition, would be desir-
able. For this reasons, it seems to be advantageous to introduce bosonic fields
mediating the interaction between the fermions via a Hubbard-Stratonovich
transformation [23, 24]. This is visualized in figure 2.3 and will be formalized
in the next subsection.

2.4.1 Hubbard-Stratonovich Transformation

The idea behind a Hubbard-Stratonovich transformation is to transform the
purely fermionic theory into a Yukawa-type theory where the four fermion
interaction is replaced by bosonic fields (e.g. ¢) coupled to the fermions. For
instance, a bosonization of the fermionic interaction into a Cooper channel can
be written schematically as

AG(W1)? = mid* 6 — hy(@* + hic.). (2.17)

Following [25, 40, 41, 42, 43], we decompose the Hubbard interaction into
fermion bilinears corresponding to charge density, magnetization and Cooper
pairs in different channels,

pX) = pi =l
m(X) = m; = w*m,
S(X) =5 =l ey, 5(X) =5 = —gled
6o(X) = Coi = U €hige,, E(X) =8y =] €}
&(X) = & wTamey, E(X) =&y =~ €l (2.18)

with the Pauli matrices o = (o!,02,03)T, the totally antisymmetric tensor
e = io? and e, is the unit vector in x,y direction. The interaction term in
the action (2.5) can be written in different ways,

PSRN 1 1
(Wi)? = i = —gmi = 255 (2.19)
Note the relation
U 1 1 _
CriCa QprH-ez + 2mz Miie, = 07 (220)
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Figure 2.3: Bosonization of the four fermion interaction. Solid lines represent
fermions, wiggly lines bosons.

and similar for x — y.

The main idea is now to introduce a suitable 1 into the path integral
representation of the partition function (2.4). According to Hubbard and
Stratonovich, the 1 is represented by a Gaussian functional integral over aux-
iliary bosonic fields,

1zAﬂ/DBeﬁwmh:Aﬂ/DBaﬁwmf@. (2.21)

Here, we have collected all sorts of bosonic fields into a vector notation,

~

B(X) = (p, 7, 8,8, 0,06, 60)7 (X) (2.92)

Y

and the factor A/ ensures the proper normalization. The quadratic function in
the exponential of equation (2.21), referred to as Syg|[B], can be chosen to be

~ 1 1 e
Sus|B] = Z {§Upﬁ? + §Ummz2 + Uss; 55
X
S .
FUs[635C0i — o PiPites + oM - MW, |+ Uylz — y]} ,(2.23)

with suitable coefficients U;, i € {p, m, s, z,y}. In the second equality in (2.21)
the bosonic fields are shifted about the corresponding fermion bilinears defined
in (2.18). In order to ensure the validity of (2.21) the couplings U; have to
fulfill the constraints

U >0, ie{pm,sxy},
Uy, Up > Up + U, . (2.24)
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The insertion of (2.21) into the fermionic partition function yields?
Zlig,n,n'] = /D(BjIﬁ’1&1')6_51’W’ﬂzjw_SHS[B_B}"F%B‘FWT@ZH’WT@Z’* : (2.25)

where we have dropped an irrelevant normalization factor. For the bosonic
source term we use a short hand notation similar as in (2.4). Note, Sys[B— B]
commutes with all other terms in the exponential of (2.25).

The goal is to achieve a cancellation of the four fermion interactions in
the exponential of (2.25). Therefore, we use (2.19) together with (2.20) and
constrain the couplings to

U =3U,, — U, — AU, . (2.26)

Finally, the action is a sum of a kinetic part which is bilinear in the fermionic
and bosonic fields, and a Yukawa part containing the couplings of the bosons
to the fermions,

S[B .97 =SB, 9] + Sy[B, $, 1]
= Sp[Y, ¢ + Sus[B — B]. (2:27)

We give the explicit formulae for Sy;, and Sy at the end of the next subsection.
Importantly, the expectation values of the fermion bilinears and the corre-
sponding bosonic fields are equal,

- ) . t
(B) = 3= ZGsnl| = (B). (2.23)
The left equality follows from the definition of expectation values. The right
equality can be easily seen by integrating out the bosons and applying the
functional derivative with respect to the sources afterwards.

2.4.2 d-wave Operators

The motivation for introducing bosonic fields was to make the relevant degrees
of freedom more accessible in the formalism. However, in the Hubbard model
the Cooper pairs which we want to describe by appropriate bosonic fields are
expected to be in a d-wave state. Operators which have d-wave symmetry can
be constructed by performing a linear transformation of field variables, see e.g.
25, 40, 41],

~

E=Cy+0y, Cp=

(é+d),

(

for the fermionic fields and periodic
= B;(0).

~

d=¢,—¢y, ¢y=

L.
—(e

2

1. -

S(e—d), (2.29)

*We assume boundary conditions as in eq. (2.4)
boundary conditions for the bosonic fields, B;(53)
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@ <«+>0<+>0

!
Y
° ° °

Figure 2.4: d-wave symmetry. The q = 0 mode of d(Q) at the lattice site o
visualized in its local form, see equation (2.32). Note the invariance under reflections
along the axis and the change of sign under a rotation by 90°.

and similar for the complex conjugated operators.

While the Fourier transforms of the bosonic fields p, m, and § (5*) are defined
analogously to the fermionic case (2.8), we use for the Fourier transforms of
the fields ¢;, ¢; with j = (z,y),

G(X) = e@XHule(Q) and  E(X) =) e ONTURE(Q). (2.30)
Q Q

For bosonic frequencies we use Qg = 2n7T instead of wg = (2n + 1)77" in
the fermionic case (n € Z both for fermions and bosons). The d-wave fermion
bilinear in momentum space is correspondingly

d(Q) = &(Q) — &(Q). (2.31)

It is instructive to consider the spatially homogeneous case, the ¢ = 0 mode
of d(Q) reads

dQ=0) = Z(cos kg — cos k)T (K)e(—K)

_ %Z (T (X)edh (X + ;) + 9T (X)ed(X —e,)

()b (X +e,) = T (X)ed(X —e,)) . (232)

This means that each lattice site is connected by the operator OZ(Q =0) to
the adjacent neighbors on the x-axis with a plus sign and to the adjacent
neighbors in the y-axis with a minus sign (see the illustration in figure 2.4).
Such an operator indeed presents a d,2_,2-wave as it changes its sign under
rotation by 90° and is invariant under reflection along the axes. For a more
extensive discussion, see e.g. [5].
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Finally, we want to make the d-wave symmetry explicit in the Hubbard-
Stratonovich transformed action (2.27). Therefor, it remains to replace the ¢,-
and ¢,- fields by the d- and é-fields. This can be easily achieved by insertion
of the transformation of variables (2.29). Furthermore, we set U, = U, = U,
and modify our vector notation for the bosonic fields in a self-evident way,

B(X) = (p,m" 5,5, d,d" é,ée)(X). (2.33)

The quadratic part of the finally obtained action, also referred to as the kinetic
part, reads in momentum space

Shanl B, 0,07 = >~ {0 (@Q)liwq + EQl(Q) (2.34)
Q
+% (U, — Uc(cos q, + cos q,)) p(Q)p(—Q)
+é (U -+ Uileos g, + cosg,)(@) -1 ~Q)

U (QRAQ) + & (Q(Q)} + U (QH(Q) )

Besides the kinetic part of the fermionic action (2.11) there are also quadratic
parts of the introduced bosonic fields. The part of the action which contains
the couplings of the bosons to the corresponding fermion bilinears, referred to
as Yukawa-terms, looks like

Sy[B, 0,41 = Y [5(K ~Q+Q) x (2.35)

Uy = Uel(cos ks + cos k) oK) Q) (Q')
)i

( c
(Un + Uc(cos ky, + cos k) W(Q)U@E(Q')}
(K = Q- Q) x
{8 (BT (@Q)ed(Q) = SO Qe ()]
+%(cos(7qw _ q;) + cos(iqy ; qy))

x[e*(K)0T (Q)ed(Q') — e(K)H (Q)ed™(Q)]
dy

_ q;
)
d* (K97 (Q)ed(Q') — J(Kw*(@)elﬁ*(@/u}} .

A

The restrictions and relation to the coupling in the Hubbard model U of the
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couplings U; , i € {p,m, s, c} are in summary,

U >0, ie{p,m,s,c},
U, Uy > 2U.,
U = 3U,—-U,—4U;. (2.36)

Obviously, the values of the couplings U; , ¢ € {p,m, s, c} are not determined
uniquely by the relations (2.36). The origin of this ambiguity is the possibility
of a Fierz reordering of the local four fermion interaction. This ambiguity is
unphysical and physical quantities should not depend on the particular choice
of the couplings U;. However, since we are forced to make approximations,
results such as critical temperatures may depend on our specific choice. For
instance, in [44] it is shown that in a mean field approximation the dependence
on unphysical parameters which describe the choice of the mean field is strong.
An inclusion of bosonic fluctuation beyond mean field theory (MFT) may
drastically reduce this Fierz-ambiguity, see [25, 40].
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Chapter 3

Functional Renormalization Group
Equations

In this chapter we develop the main part of the formalism used in this thesis.
Starting point is a functional integral formulation of Quantum Field Theory
(QFT). In the first section, we provide some basics of QFT and clarify our no-
tation. For a more detailed reading of standard QFT see, e.g., [45, 46, 47]. The
following section is devoted to an introduction of the effective average action
I'; and the derivation of an exact flow equation for I'y [10]. This flow equation
is the central result of this chapter and starting point of all further investiga-
tions. It describes the evolution of the effective action under the influence of
fluctuations with increasing length or decreasing momentum scales. In terms
of correlation functions this means that the microscopic correlation functions
are exactly connected with the desired full correlation functions by the flow
equation which describes a continuous process of integrating out fluctuations.
Hence, solving the flow equation is equivalent to solving the full theory. Im-
portantly, this concept applies both for quantum and statistical field theories
[48]. A rigorous introduction to the functional renormalization group is given
in [49, 50]. The applicability to Fermi systems is emphasized in [51, 52, 53, 54].

Scale-dependent field transformations and the corresponding modifications
of the flow equation are introduced in the last section of this chapter. This
topic plays an important role for a proper bosonization of the theory on all
scales.

3.1 Functional Integral Formulation of QFT

In Quantum Field Theory the objects which are most directly related to the
physical information are the correlation functions. For a moment, we consider
only the case of real scalar fields. In Euclidean QFT all field configurations

21
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are weighted with an exponential of the action S[¢],
(plar) - plan)) =N [ Dpplan) - plan)e ), (3)
with the normalization factor
Nt = /Ange_sm, (3.2)

ensuring that (1) = 1. We assume a proper regularized measure denoted by
the ultraviolet cutoff (UV) A, which should also preserve all symmetries of the
theory. For instance, the inverse lattice distance may provide a natural UV
cutoff scale A. It is convenient to introduce the generating functional

Z[J] = / Dpe S+ e (3.3)
A

where [ J¢ = [dPxJ(z)¢(x). All n-point correlators are obtained by func-
tional derivatives of Z[.J| with respect to the sources J:
X X 1 " Z[J]
(@(@1) - p(2n)) = Z[0) 8T (1) -6 (zn) | ;g

(3.4)

The generalization to more general (Nambu-)fields is merely a question of
notation. We combine different types of fields into a vector notation

X(X) = (@7 d d " o T(X),
J(X) = G*, 5%, % T (X)), (3.5)

Appropriate to our applications we have introduced a vector field with O(3)
symmetry and a complex field, denoted by a and (d, d*), respectively. Hereby,
the generating functional Z[J] is

Z[J] = VI — / che—sbz]w-;z’ (3.6)
A

with short hand notation J - ¥ = [, J(X) - x(X). We also have introduced
the functional W[J| = In Z[J], which generates the connected correlators. The
classical fields are now defined as the expectation values of the corresponding
quantum fields

W]
o

(3.7)

J=0
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The effective action is defined as the Legendre transform of W/[J] with re-
spect to the classical fields y

I'x] = Sl}p(J X = WLJJ). (3.8)

The source J depends on the field x, such that J - x — W/[J] approaches its
supremum at Jy,, = J[x]. This definition guarantees the convexity of I'. In
addition, we get with J = Jg,,

SWTJ]

(J-x=-W[J]) = X:T

0= —— =(X)J, 3.9
which shows, that x is the expectation value of x in presence of the source J.
The quantum equation of motion, which takes all quantum fluctuations into
account, is obtained by derivation with respect to x at J = Jg,

o] 0g5(Y) oy 0(Y) WL
oxi(X) a oxi(X) X (1) Mg 50 oxi(X)0J;(Y)
= M;;J;(X) = J;(X)Mji, (3.10)

where summation (integration) over repeated indices is understood. Further-
more, it is

M = MT :diag(lgxg,l,1,—12><2,—12><2). (311)

For later convenience, note the identity

W s <5NM 5
§Ti(X) 6.1:(Z) \0xi(Z) 6x;(

A useful, more implicit equation for the effective action can be derived from
the generating functional,

o) = WLy = My X - Y). @12

or
eI :/ADxexp(—S[xﬂz]JrMﬁ-)%). (3.13)

dx
Note that we have performed a shift of the integration variable, Y — x + ¥x.
Since the effective action is the generating functional of the one-particle irre-
ducible (1-PI) proper vertices it is appropriate to expand I'[y] into monomials

of fields, where the coefficients of this verter expansion are the 1-PI vertices
INOR

=35 3 10 (X X (X0 (X, (3.14)

.....
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The insertion of equation (3.14) into equation (3.13) yields an infinite tower of
coupled integro-differential equations for the I'™ the Dyson-Schwinger equa-
tions. This method can be used to construct approximative solutions to the
theory by using a finite truncation of this series. Here, we do not proceed
into this direction. We use functional renormalization group techniques as
discussed in the next sections.

3.2 Flow Equation for the Effective Average
Action

A powerful tool to construct approximative solutions in non-perturbative con-
texts in QFT are renormalization group methods [9, 12, 10]. The basic idea
is to use Wilson’s idea [11] of integrating out fluctuations momentum shell by
momentum shell; instead of integrating out all fluctuations at once.

Our renormalization group approach [10, 48] is based on functional integral
techniques developed in the last section. More concretely, we employ the
concept of the effective average action 'y, where k is a momentum parameter.
I';, interpolates between the bare action Sy, for & — A and the full quantum
effective action I', for k£ — O:

;EI}\F;CZSA, l!zlilr(l)Fk:F. (3.15)

The main idea is to pose this interpolation procedure as initial value problem
and derive an exact flow equation for I'y,. How this can be achieved is demon-
strated in the following lines. Firstly, we introduce the scale parameter k by a
scale dependent infrared (IR) regulator term in the classical action?,

SIX] — SklX] = SIX] + ASk[X], (3.16)
where the regulator part is quadratic in the fields and can be viewed as scale
and momentum dependent mass term. It reads in momentum space,

1

a5l = ; [ (@RUQK(@). (3.17)

and has to satisfy several criteria. In order to implement an IR regularization,
it should hold

S (@) >0, (3.18)

LChoosing the regulator term quadratic in the fields yields the one-loop structure of the
flow equation (3.24).
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For instance, if Ry, ~ k? for Q* < k?, the IR modes are endued with a mass
term m? ~ k?. Secondly, the condition

Ll RU(Q) =0, (319

ensures that the regulator vanishes for £k — 0, as it is necessary to obtain the
standard effective action in this limit, limy_,o 'y, = I';. The third condition is

RiL(Q) — oo for k* — A — oo, (3.20)
in order to recover I',_.o = Sj + const.. More precisely, this condition leads to
the dominance of the stationary point in the functional integral.

However, equation (3.16) introduces a scale dependence on the generating
functional,

WilJ] = In Z[J] = ln/Df(eXp(—Sk[f(] +JX). (3.21)

Keeping the sources J scale independent, the derivative with respect to k yields

Wl = sz | [ PHORG@) (@@ (=Sl +7 -
= -5 | BRL @) @5@)
= -3 [ R @U@y + (1@ (5,(@))
= 5 | O @WEQ) - adSiN. (322)

where (---). stands for connected correlators, generated by W/[.J] itself.

In the definition of the effective average action I';, we use a slightly modified
Legendre transform?,

Iy[x] = Sgp(J X — Wil J]) — ASk[x] - (3.23)

The subtraction of the IR cutoff term is crucial in order to fulfill limy_, 5 'y ~
Sx. Finally, we have all ingredients and can derive a flow equation for I'j, for

2Convexity of T, is restored in the limit k& — 0.
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Olklx] = 20, Rk

Figure 3.1: Diagrammatic representation of the flow equation (3.24). The rhs has

one-loop structure and involves the full scale dependent propagator [I' ,(f) [x] + Ry] !
(solid line) and the insertion of O Ry, (filled circle).

fixed x at J = Jgup:

WTilx] = O - x — GWLI]|, — OAS[Y]

= —OWIJ]; — OpASk[X]
1

B @
= §/Q(akRk,ij(Q))Wk,ji(Q)

- ; /Q (O Ress(Q)MuTP[x] + RJ7H(Q)
- %STI{(akRk)[FI(cZ) [X]+ Ri] ™'} (3.24)

From the second to the third line, we have used equation (3.22) and in the
following step equation (3.12) in momentum space. The “supertrace” STr
introduced in the last line runs over field type, momentum and internal indices,
and has an additional minus sign for fermionic entries. The flow equation (3.24)
is the central result of this chapter and the methodical starting point of all
further investigations.

3.3 Scale-Dependent Field Transformations

The flow equation for the effective average action (3.24) derived in the last
section applies for scale independent fields x. As demonstrated in [55], it
is sometimes advantageous to consider scale dependent bosonic fields. An
important application arises in the situation described in the following lines.
The idea of partial bosonization is to transform certain channels of a fermionic
two-particle operator A$(¢Tw)2 into a Yukawa interaction hgz¢T, where an
appropriate bosonic field ¢ mediates the interaction between the fermions.
This can be achieved by a Hubbard-Stratonovich transformation on a fixed
momentum scale, e.g. A. On this scale A, the purely fermionic interaction in
the “¢-channel”, denoted by the coupling 2 is completely transformed into
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the Yukawa interaction. However, at lower momentum scales A —dk a coupling
A)\i in this channel reappears due to the box diagrams, see figure 4.5, and
other diagrams containing the remaining fermionic couplings of other channels.
In truncations we use here, we take only the fermionic channels into account,
which are most relevant and expected to develop instabilities in appropriate
parameter regions. These fermionic interactions are bosonized on the UV
scale A. Their reappearance during RG transformations to lower scales would
degrade the use of the concept of bosonization. Scale dependent bosonic fields
are introduced to rebosonize the newly generated purely fermionic couplings
on all scales. This is discussed later in more detail.

The task is now to derive a modified flow equation for the effective average
action taking scale-dependent field transformations into account. Here, we
follow [55, 49, 56]. Firstly, we introduce a modified generating functional

1

Z[J] = Vel = /D;gexp ( — S[X] — 5 /ngm +J- Xk) . (3.25)

where we have coupled scale-dependent bosonic fields to the source and the
regulator, Y, = (al,dy,d;,¥,¢*)T. The expectation values are defined in a
standard way,

. oWy |J
i = () = T (3.26)
The scale derivative of the functional Wy[J] is
Wil J] = L/Dg(—E/xT(aR)x —/XTRﬁfg +J - O
Wi 7 5 | X (OBi) X i Ok Xk b X
X exp ( — S[)A(] — ASk[)A(k] +J- )A(k)
1 1
=3 / (O Ri) W, — 3 / (OrBRki) Xhi X j
. 0 .
+(J = Xt Rr) - (Okxi) — / 5—JRk,ij<aka,j>> (3.27)

where we have used the relation (X :0kXk;) = (6%_ + Xk7i)<8k>2k’j>. Corre-
spondingly, the effective average action reads,

L] = sup(/ - xe = Wl = 5 [ xR (3.28)
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We perform the scale derivative as usual at J = Jg,, = J[xx] and obtain,

1 )
8krk[Xk] = 2 /(&kRk Z])ij)l—i_/(;J Rk zy(akaj>

(T = Xt Bi) - (Oxn — @ch))
1
= 2 /(akRk Z])ijz /W ’ld Rk zg(aka]>

+(J — Xt Re) - (Oexn — @ch)) : (3.29)

One can work out (0 xy) for a given scale-dependent field transformation Jxx,
which is a functional of all fields. In general, it is (OkXk) # OkXr = O (Xk)-
However, we use the flow equation together with an truncation of I'y. We
assume that at least on the level of a truncation the condition,

<ak>2k> = Xk » (3-30)

can be satisfied. In this case, the last term in equation (3.29) cancels and we
obtain

oT
&ch[XkHXk = O,k x4] _/(aka,z’) ;E:(k]
- ST bl + R0k + [ WO R0,
Ol's [x]
/ (O Xhi) o (3.31)

The first term on the rhs is the standard term (3.24). The third term is the

desired one which we use, for instance, to ensure 0k)\$ 0 during the flow.
The second contribution comes from the renormalization flow of the operator
insertion Jg Yy in the functional integral [49]. This term is of higher order in
the couplings and expected to be subdominant for not too large couplings.
Finally, we obtain

or
8krk[XkHXk = OkTk[xx] _/<8ka,z’> 5;%”

ol
= 8 Tulvi] — / ’“[X’“]akak,i

5ak7i

0Tk [xk] 0T kX
—/ o 8kdk—/ st Ol (3.32)

where we have used x, = (af,dy, d;,v,v*)?. This equation is our starting
point for the construction of the “perfect bosons” [55] on all scales.




Chapter 4

Competition of
Antiferromagnetism and d-wave
Superconductivity

In this chapter we discuss the two-dimensional Hubbard model with focus on
antiferromagnetism and d-wave superconductivity as well as their mutual in-
fluence. A truncation for the effective average action is motivated which is
reasonable for a study of the symmetric phase over a wide range of chem-
ical potential. We restrict our truncation to the antiferromagnetic and the
d-wave pairing channel since close to half-filling antiferromagnetic fluctuations
dominate and the ground state is antiferromagnetically ordered. At moder-
ate doping away from half-filling the system is expected to become a d-wave
superconductor driven by antiferromagnetic fluctuations [5].

The main point of this chapter is the calculation of the so called “pseudo-
critical” temperature 7),.. This temperature 7). is by definition the highest
temperature for which the interaction strength of the electrons diverges in
the renormalization flow. In our language, this divergence of the fermionic
coupling in a certain channel on a scale kggp is translated into a vanishing
of the bosonic mass of the corresponding boson. The scale kggp indicates
the onset of local ordering. The true critical temperature associated with a
phase transition is below the pseudo-critical temperature. In chapter 5 a pos-
sible scenario for the phase transition to d-wave superconductivity is discussed
within a simplified truncation. For the symmetry broken regime associated
with antiferromagnetism, we refer to [25, 40].

In section 4.1 we present our truncation of the effective average action. It is
formulated as a Yukawa-like theory where the fermions couple to two species of
bosonic fields, the a-field and the d-field. The bosonic fields describe composite
fermion bilinears. On the initial scale the effective average action I'y has to
equal the microscopic action. Spontaneous symmetry breaking with respect
to the a-field corresponds to antiferromagnetism and with respect to the d-
field to superconductivity with d-wave symmetry. The regularization scheme

29
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is introduced in section 4.2 where we discuss the regulator functions for the
fermions and both bosonic fields.

A way to calculate 1-PI vertex functions to one-loop order is introduced in
section 4.3. On the one hand very similar calculations have to be performed
in order to derive the flow equations for the couplings. On the other hand
one-loop perturbation theory to the vertex functions may be helpful in the
task of finding a reliable truncation, e.g. for the momentum dependences of
the vertex functions. The last point applies particularly with regard to the
dependence of the inverse bosonic propagators on frequency and space-like
momenta. A study of the kinetic term of the a-boson indicates a dominance
of incommensurate antiferromagnetic fluctuations sufficiently away from half-
filling rather than commensurate fluctuations which dominate at half-filling,
see section 4.3.1. This directly affects the parameterization of the kinetic term
of the a-field.

Initially, the local fermionic coupling is bosonized and we want to achieve a
completely bosonized theory on all scales. However, during the renormalization
flow there appear new four fermion couplings in different channels. The treat-
ment of these newly generated couplings turns out to be crucial. We derive the
responsible contributions within our truncation in section 4.3 and discuss their
treatment in section 4.4. In particular the generation of a fermionic coupling
in the d-wave channel triggered by antiferromagnetic fluctuations is based on
rebosonization, see section 4.6. The flow equations of the couplings are derived
in section 4.5. Numerical results are presented and discussed in section 4.7.

4.1 Truncation of the Effective Action

On high momentum scale the microscopic action sets the initial condition for
the flow equation (3.24), or more precisely the modified flow equation (3.32).
However, in the renormalization flow the effective action picks up all possible
couplings which are allowed by symmetry. In order to make progress we have
to truncate this set of infinitely many couplings to a finite number of couplings.
The result is an Ansatz for the scale dependent action I'y. In summary, we
consider a fermionic kinetic term I'pj, Yukawa-like interaction terms F};k and
F}i/’k coupling the fermions to the two types of bosonic fields, and purely bosonic
terms. For the fermionic quadratic part we carry the classical term forward,

Lpk = ZW(Q)PF(QW(Q) ; (4.1)
Q

with the inverse fermionic propagator

Pr(Q) = iwg + &g, (4.2)
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where
wo = 2n+ 1)7T, &g = —p—2t(cosq + cosqn) — 4t' cosqrcosqa, (4.3)

where n € Z. In the approximation made in this thesis, the fermion propagator
is not renormalized.

In order to describe antiferromagnetic behavior we do not directly use the
field m introduced via partial bosonization (2.33). It is preferable to impose
a shift in the momentum variables and define

a(Q) = m(Q+1I), (4.4)

with IT = (0,7 = (m,7)). The zero mode of this field a(0) corresponds to
a homogeneous antiferromagnetic spin density. See also figure 2.2 (a) and
the discussion in section 2.3. One loop corrections to the inverse bosonic
propagator confirm this choice, see section 4.3.1.

The Yukawa-like interaction term which couples the bosonic field to the
magnetization fermion bilinear defined in (2.18) reads in terms of the a-field

MVe=— > 0K +11-Q+Q)h(K)a(K) -1 (Qev(@)].  (4.5)

K,Q,Q

Note the II-shift in the momentum conservation as appropriate for antiferro-
magnetism. The Yukawa coupling h, depends on the scale. For the purely
bosonic term we introduce a kinetic term® plus a local effective potential

Lok =3 2" (~Q)P(@a(@) + Y Ualal. (4.6)
Q X

Due to SU(2) symmetry the effective potential can only depend on the rotation
invariant combination

(K, K') = %a(K) ca(K). (4.7)

Furthermore, we expand the effective potential in powers of the bosonic a-field

By “kinetic term” we mean I'®)|,_q — T(?)|, _y o—o which incorporates, according to field
theoretical language, the frequency and momentum dependent part of T'(?).
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up to eighth order
> Uda] =) mia(—K, K)
X K

1 _
—|—§ Z )\a(s(Kl —I—KQ+K3+K4)Q(K1,K2)Q(K3,K4)

Ky, Ky
1
‘l‘g '7a6(K1+"‘+Kﬁ)Oé(Kl,KQ)CY(Kg,K4)O((K5,K6)
'Ky, ,Kg
1 _
] Z CaO(Ky + -+ + Ks)o( Ky, Ka)a(Ks, Ky)
" Ky, Ky

xa(Ks, Ke)a(Kr7, Ks) (4.8)

in the symmetric phase (SYM), since a study of possible discontinuous tran-
sitions into the symmetry broken regime needs a truncation beyond quartic
order in the bosonic fields. We have restricted our calculations to the symmet-
ric phase in this chapter. The parameters m?, \,, 7, and (, depend on scale
and are evaluated at vanishing external momenta. Moreover, in the symme-
try broken phase an expansion around the minima of the effective potential
is much more suitable. Here, we show a simple truncation for the bosonic
potential in the symmetry broken phase,

S Usfa] = % S NO(Ky + Ko + Ky + K)) (4.9)

Ky, Ky

x (K1, Ka) — aod(K1)0(Ky)) (a(Ks, K) — aod (K3)(K)),

where we have expanded up to quartic order in the bosonic fields.

On the microscopic scale the bosonic kinetic term vanishes as well as the
couplings A4, 7, and (,. The inverse bosonic propagator is simply the scale
dependent mass term m2. However, on lower momentum scales a nontrivial
kinetic term is generated and the boson becomes dynamic. We parameterize
the momentum and frequency dependence by

Pa(@ = (QQv q)) = ZaQEQ + Pa(QQ =0, [q]) ’ (41())

where [q] is defined as [q] = (q,,q,) for ¢,,q, € [—m, 7] and continued peri-
odically otherwise. Close to half filling where antiferromagnetic fluctuations
dominate a reasonable choice of P,(Qg = 0,[q]) is

Pa(Qq =0,[q)) = A, - [q]*?, (4.11)

see [40, 25]. However, away from half filling due to a different topology of the
Fermi surface the momentum dependence becomes more complicated and the



4.1 Truncation of the Effective Action 33

Ansatz for P,(2g = 0, [q]) has to be modified appropriately. This is discussed
in section 4.3.1.

The Ansatz (4.11) (or the modified Ansatz discussed in section 4.3.1) mimics
the dependence of the inverse bosonic propagator on the space-like momenta.
It is not a very accurate approximation for ¢,, ¢, ~ 7. However, for k near the
initial scale A the hole kinetic term is very small compared to the mass term.
For k < A the region ¢,, g, ~ 7 gives only a small contribution.

The dependence on the Matsubara frequency is more difficult. We anticipate
here on the one-loop results derived in section 4.3.1 and look at figure 4.2 (a)
and (b). The mode with frequency Qg = 0 is changed most while the higher
frequency modes retain the classical mass term without sizeable kinetic term.
We choose P,(2g,q =0) = ZGQ% for the sake of simplicity, see also [25, 40].
It has the right qualitative property of suppressing the effect of high frequency
modes.

A similar behavior is expected, e.g. for the quartic bosonic coupling A,
which is generated by a fermionic loop [25]. The couplings with small external
frequencies are supposed to be changed most while for large external frequen-
cies the coupling is expected to stay close to zero. However, we evaluate )\, at
external frequency 2o = 0 and mimic the suppression of high frequency modes
by the frequency dependence of the bosonic propagators introduced above. A
similar argument also applies to 7, and (.

The other bosonic field which we introduce here is the d-wave field denoted
by d and introduced in (2.29). It couples to the corresponding fermion bilinear
introduced in (2.31),

The=— Y d(K-Q—-Q)ha(Q— Q) (d" (K[ (Q)et(Q)]

KQQ
—d(K)[ (Q)ey™(Q)]), (4.12)

where the Yukawa coupling is scale and momentum dependent

_ A —d
(cos %27% — cos %) . (4.13)

N —

Bd(Q -Q) = }_Ldfd(q —q) = ha

Similar as for a-boson there is also a purely bosonic part containing a kinetic
part and a contribution to the effective potential

Dy =Y d"(K)Py(K)d(K)+ Y Ugld,d]. (4.14)

For the effective potential we use an expansion up to sixth order in the bosonic
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fields in the symmetric phase (SYM)
> Udd,d] = d"(K)mjd(K)
X K

by S0 Rab(Ey — Ko+ Ky — K" (K)d(K)d*(K)d(Ko)

Ky, Ky
1
+§ Z Yad (K — Ko+ K3 — Ky + K5 — Kp)
Ky, ,Kg

xd"(Ky)d(Ko)d" (K3)d(Kq)d* (Ks5)d(Kg) . (4.15)

In the spontaneous symmetry broken regime we again expand around the min-
ima

> Ugld, d7] = % > Mb(Ky — Ky + K3 — Ky)
o X (d*(Kl)d(Kg) — 505(K1)5(K2))
X (d*(K3)d(Ky) — 006(K3)d(K4)) . (4.16)

However, it may be necessary to study the effective potential to much higher
order in the expansion in powers of fields, or even discretize the effective po-
tential in field space. In chapter 5 a possible scenario for a phase transition to
d-wave superconductivity is discussed which needs a truncation beyond (4.16).

Symmetry also allows terms coupling the bosonic fields directly together
such as

Loar = Z Aad0 (K1 + Ky — K3 + K)o Ky, Ko)d* (K3)d(Ky) . (4.17)

We have not studied such couplings so far. This is expected to be important
in the regions in parameter space between antiferromagnetic and d-wave su-
perconducting phases. For instance, if one symmetry is spontaneously broken
during the flow the other channel acquires a mass-like term which may tend
to stabilize or destabilize this channel.

Similar as for the a-boson the bosonic kinetic term vanishes on the initial
scale as well as the couplings Ay and 7;. As motivated in section 4.3.1, we de-
scribe the momentum dependence of the bosonic two-point function generated
during the flow by the following Ansatz,

Pa(Q = (q,9)) = Pa(Qq, [a] = 0) + Pa(Qq = 0,[d]), (4.18)

with the dependence on space-like momenta

Py(Qq =0,[a]) = Aq - [a]*t*. (4.19)
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The frequency part depends qualitatively on the doping of the system. Close
to half filling we choose similar as for the a-field Py(Qq,[q] = 0) = Z4203,
whereas away from half filling P;(Qq, [q] = 0) = iZ,Q¢ may be preferable. The
discussion of the frequency dependence of the inverse bosonic propagator of
the a-boson and the corresponding bosonic couplings also applies to this case.
The qualitative property of suppressing the effect of the high frequency modes
is achieved by the frequency dependence of the inverse bosonic propagator
rather than the bosonic couplings which are evaluated for vanishing external
frequencies.

Initial Values

At the initial scale the effective average action has to equal the microscopic
action. The initial conditions for the parameters occurring during the flow have
to account for this fact. For sufficiently large values of the scale k one starts
in the symmetric regime and the loop contributions vanish. The couplings of
the a-boson satisfy

me=Uny, ha=Un, XN=7%=0C=0, Z,=4,=0, (4.20)
where U, = U/3 due to the partial bosonization, see eq. (2.26). We bosonize
on initial scale the fermionic interaction completely into the antiferromagnetic
channel.

On initial scale the d-boson is only introduced as auxiliary field with a finite
mass term m2. The initial values of the couplings incorporating the d-boson
are

Bd = 0, )\d = Yd = 0, Zd = Ad =0. (4.21)

The couplings to the rest of the theory, e.g. to the fermions and to the a-fields,
are generated during the flow as discussed below.

4.2 Regularization Scheme

In addition to the truncation of the effective average action the regulator func-
tions for the functional renormalization group approach have to be specified.
At first we define the regulator functions for the different types of fields sep-
arately. We combine everything to the full regulator matrix R appearing in
the flow equation (3.24) at the end of this section.

Our choice for the fermionic regulator is inspired by the fact that at finite
temperature the fermionic propagator Pp(Q) = 2mi(np + 3)T + 4 has no zero
modes. The temperature itself acts as a regulator. We put this into use by the
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regulator function [25]

RE(Q) = g (75 — 1) = 2milng + )(Ti~ T, (4.22)

with (p > 2)

1 it k>T

/Tyt it k<1 042

TP =TP+ kP and O,T, = (k/Tp)P " — {
where we choose p = 4 in order to integrate out the fermions very effectively.
For k > T the cutoff RY in the inverse fermion propagator suppresses the
contribution of all fluctuations with momenta |p — pr|? < (7k)?, even for
T = 0. It becomes ineffective for k& < T where no cutoff is needed anymore.
Basically, the temperature 7' is replaced by the scale dependent “temperature”
T}, — we cool the fermions down to the temperature of interest during the flow.
In figure 4.6 the action of this regulator is demonstrated by means of a typical
example.

For bosons the situation is different. Here, long range bosonic modes may
cause infrared problems. In particular near a second order phase transition
where the bosonic correlation length diverges which is the same as a vanishing
bosonic mass term. We use a “linear cutoft” for the space-like momenta [57]
for the a-boson near half filling and for the d-boson

R o(@Q) = Aga - (K = [a]*t*)O(K* — [a]*t?). (4.24)

Sufficiently away from half filling the momentum dependence of the propagator
of the a-boson is more complicated, see the one-loop calculations in the next
section. However, concerning regularization the treatment is analog to the
here described procedure. A more detailed discussion is postponed until the
next section.

Following the flow equation scheme discussed in chapter 3 the inverse prop-
agators of the bosonic fields are replaced by

Pyy(Q) = Poa(Q) + Ry 4(Q) (4.25)

where the space-like part PF,(q) = Py ,(Q = (0,q)) reads

Bry(a) = Aua([d’t® + (K = [a*)O (K — [d*t?)) = Agaqi,  (4.26)
where

o = { [t if [q]*t* > & (4.27)

K2 if (g < K2
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Thus the bosonic regulator modifies only the propagation of the infrared modes
with momenta [q]*t* < k?. A lowering of the scale k can therefore be inter-
preted for sufficiently small scale £ as an averaging over larger and larger
volume in position space. An advantage of a solely space-like regulator is that
the Matsubara sums still can be performed analytically. (This is also true for
the fermionic regulator.)

The often used scale derivative of the regulator functions is

2t2
0 4(Q) = kAua(2 — ma(l— VDO —[q?), (429
where the anomalous dimensions are defined by 71,4 = —agllﬁ,‘;’d. Note that

the Theta-function which appears under the integral yields to considerable
simplifications. In purely bosonic parts of the flow equations the integration
over space-like momenta becomes trivial.

In order to combine the single cutoff functions to the full R, we declare our
definition of second functional derivatives. For instance, the second functional
derivatives for I';, are defined by

5 5
r'? (P, Py = r , 4.29
k,ab( 1 2) 5Xg“(_P1> k(st<P2> ( )
with the vector notation in momentum space
* * T
X(P) = (a'(P),d(P),d"(=P),¢"(P), 4" (=P))" . (4.30)
With these definitions the regulator matrix Ry reads
Rk
(R§)"
Ry = R : (4.31)

—(RrE)"
R},

with RE = diag(R¥, RE, R¥). Ry is diagonal in momentum space.

4.3 1-Pl Vertex Functions to One-loop Order

The reason why we study one-loop corrections to the 1-PI vertex functions is
twofold. On the one hand the intention is to get a feeling for their momentum
dependence, especially in case of the bosonic two-point functions. This is of
particular interest in order to find a reasonable truncation for the bosonic
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kinetic terms which covers the relevant momentum structure with a preferable
small number of scale dependent parameters?. Additionally, a mean field phase
diagram which shows the dependence of the mean field critical temperature
on the doping of the system can be easily inferred from these calculations, see
e.g. [44, 40, 43]. On the other hand in the derivation of the flow equations for
the vertex functions the same one-loop calculations are involved. However, to
see this connection we invert the order and show that one-loop perturbation
theory can be immediately derived from the flow equation. I';, can be expanded
in loops

T, =S+ hT, P+ 0O(h?), (4.32)
where S is the classical action. It is clear that, to one-loop order, Fl(f) can be
replaced by S in the rhs of (3.24). To one-loop order we obtain

1 1
O} = §STr{(0kRk)[S(2) + R} = SOSTr In[S® + Ry]. (4.33)
An integration yields to one-loop level,
1
[ileor — g 4 §STr In S® + const. (4.34)

which is precisely the standard one-loop effective action.
Defining the operator d, = (8kRk)% we can write the flow equation in a
similar form

0Ty = %STr{ék (T + Ry} (4.35)

We split up the fields into a sum of a homogenous background field y and a
fluctuating part 0x(Q) which contains the non-trivial momentum dependence,

X(Q) = x0(Q) +0x(Q) . (4.36)

For the fermions it is ) = 0 and we set J(T)(Q) = 5@2“)(@). Furthermore,

we decompose the fluctuation matrix Fl(f) + Ry into a field independent part
Pr = P+ R, which contains the inverse propagators including the background
fields and the cutoff functions, and a field dependent part F,

I 4+ Ry =Pu+ F. (4.37)

Note that Py contains in this way all parts which are diagonal in momentum
space.

2We are mainly interested in fermionic one-loop corrections at finite temperature which
are infrared finite.
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The flow equations for the couplings introduced in our truncation for I'j, can
be obtained by projection from the flow equation (4.35). Therefor, we insert
eq. (4.37) into (4.35) and perform an expansion in the number of fields,

1 ~

= % STr 5k InPy, + % STr{gk ('Pk—lf')} _ i STr{ék (Pk_lf)2}
+é STe{0y (P F)"} - é STe{ 8, (P F) '} + - (4.38)

We can reduce the calculation effort of the projection on the flow equations
for the couplings considerably by splitting up the part containing the field
dependence into parts containing only a single type of field

F=F,+F;+Fp~+Fy+ Fy +Gaa+Gpp, (4.39)

with the short hand D = (d,d*)T. This brings about a splitting of P~1F as
well,

’Pk_lf =N, + N;+ Ng + N¢ + Nw* + Maa + Mpp (440)

with P, 'F; for i € {a,d,d*,,%* aa, DD}. The matrices P, P~! and F are
displayed explicitely in Appendix B.

The perturbative one-loop effective action (4.34) can be expanded in the
same way. Alternatively, one can start from eq. (4.38), drop the scale deriva-
tive Oy and the regulator terms (P, — P), and set the couplings on their initial
values.

4.3.1 Propagators

We start with the fermionic one-loop correction to the bosonic two-point func-
tions. In figure 4.1 some of the one-loop Feynman diagrams renormalizing the
two-point functions of the bosons are displayed.

a-boson

Applying the prescriptions developed in the last section, we derive the mo-
mentum dependent one-loop correction to the propagator of the a-boson in the
symmetric phase (SYM). We keep in the expansion of the one-loop effective
action in powers of fields only the parts containing the relevant information?,

AT, D —iSTr(Nf) = ; Arg‘i)(f()%a(—f() -a(K). (4.41)

3Generally, we denote this reduction by the D sign (e.g. in eq. (4.41)). The projection on
the vertex function of interest annihilates the not displayed parts.
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Figure 4.1: Loop corrections to the inverse propagators of the a- and the d-boson.
The solid lines correspond to fermions, the wiggly lines to a-fields and the dashed
lines to d-fields. The last diagram exists only in SSB.

The projection on the inverse propagator in SYM is achieved by functional
derivatives

5 5
APa(Pla PZ) — 5aT(—P1)AFa(Sa(P2) - (442)

In momentum space the propagator is diagonal and depends on one external
total momentum K = (g, k). Here we study only the fermionic contribution,

. B BG(K)Ba(_K)
AP (K) = ; Pr(K + P +1I)Pp(P)

+ (K = —K). (4.43)

Since we consider the Yukawa coupling in our truncation independent of fre-
quency and space-like momenta we perform the Matsubara sum over the
fermionic propagators at first,

1
Z PE(P)PE(K + P +1I)

nez = F

1 1
N Z; i(2n + )71 + &pi(2n + DTy + Exiprn + iQK%

tanh(£2) — tanh(Se T )

QTk(gp - §k+p+7r - ZQK%)

(4.44)

Note, that we have added the cutoff functions to the inverse of the fermionic
propagators, PE(Q) = Pr(Q) + R%(Q). Hence, on the one hand we obtain
the flow equation for the two-point function by derivative with respect to the
scale k in the regulator. On the other hand one gets the perturbative one-loop
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result simply by setting k£ = 0 which corresponds to the replacement 7 — 7.
For both intentions,

_T?L?l /7r d2p tanh(;Tpk) — tanh(fkngpk+7r + Zg_:ff)
2Ty, J_, (2m)? €p — Sktpir — iQK%
+(K — —K), (4.45)

provides a starting point. Note the overall factor 7' coming from the measure
(2.10) which is not replaced by T} due to the regularization procedure.

From eq. (4.45) we derive the flow equations for the mass m?2, the wave
function renormalization Z, and the gradient coefficient A, wherewith the
inverse propagator of the a-boson is described. However, the first aim of this
calculation is to find a truncation for the momentum dependence of the inverse
propagator. At the end the complete inverse propagator shall be approximated

on all scales by the following Ansatz
P,(K) =m2 + P,(K). (4.46)

In the here considered parameter space the lowest value of APL;’T w(Qr, k) is
always reached for the Matsubara frequency Qg = 0, see figure 4.2 (a) and (b).
Now we discuss the dependence of this one-loop correction on the space-like
momenta, we set 2 = 0 for a moment and define

P.(k) = P,(K = (0,k)). (4.47)

For the dependence on space-like momenta of P,(k) we note two qualitatively
different situations. At half filling and close to half filling for sufficiently high
temperatures it looks like figure 4.2 (¢) and we apply the truncation specified
in eq. (4.11). We Taylor-expand around the origin up to second order in space-
like momenta. On a mean field level, the mass m?2 is defined as the mass on
UV scale given by the bosonization procedure plus APL;’T w(Qx =0,k =0). Due
to the invariance under reflections k — —k, the linear coefficients vanish. The
second order contribution can be described by only one number A, reflecting
the fact that the problem becomes isotropic in the limit of vanishing space-
like momenta. Modes with very small space-like momenta do not resolve the

lattice structure. Hence, the gradient coefficient A, can be defined as

1 2
A, = §%APfk(QK =0,k =le,)
T 18°_, [© d’ tanh(3%) — tanh(fetze)
t2Tk 2 812 “ /_7r (27’(’)2 gp - glex_i_ﬂ-_i_p

=0

(4.48)



42 Chapter 4 Competition of Antiferromagnetism and d-wave Superconductivity

0~ 0
-0.2 T L -0.1
’ ’ -0.2

-0.4
APaF -0.3
-0.6 -0.4
-0.8 -0.5
1 -0.6
-10 -5 5 10 -10 -5 5 10

R
RN

R T

\‘\\\\\\\\\s”l'"' HIT7

XXy
3
O
:.: ¥

% Q
D
"
"z
s,

D
R
0
"'0" "0,'
SN
s
SN
2288

e
W
LZR
ose
9620
0"
0%

0
u,':
2
ot

Y
/

%
o

N
a%\

420
1002
100k

Figure 4.2: One-loop correction to the inverse propagator of the a-boson according
toeq. (4.45) with k =0 (T = T). Figure (a) and (b) show the frequency dependence
(k =0) for (a) with p =0, ¢ =0 and T/t = 0.2 and for (b) with u/t = —0.5,¢ =0
and T/t = 0.2, respectively. In (c), (d), (e) and (f) the dependence on space-like
momenta (Qx = 0) is shown for (¢) with u =0, ¢ = 0, T/t = 0.35, for (d) with
p/t=-0.3,t =0,T/t =0.3, for (e) with u/t =—0.3, ¢ =0, T/t = 0.1 and for (f)
with u/t = —0.5, t'/t = —0.05, T'/t = 0.1, respectively.
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However, away from half filling the momentum dependence of AP}, _(Qx =
0,k) is different for sufficiently low temperatures, see figure 4.2 (d) and (e). In
the center (k = 0) there is a local maximum and furthermore there are four
degenerated minima at the positions

~

Ky = (+k,0) and ks, = (0, £k), (4.49)

where k depends on the chemical potential [58]. A minimum at k = 0 is
a manifestation of the dominance of commensurate antiferromagnetic fluctu-
ations. Remember that we have defined the a-boson with momentum shift
of Il = (0,7w) = (0,7, 7) in momentum space, see eq. (4.4). However, a
dominance of incommensurate antiferromagnetic fluctuations manifest itself
by minima at the momenta defined in eq. (4.49). See [58] for a discussion of
incommensurate antiferromagnetism in the two-dimensional Hubbard model.

In order to cope with this more complicated situation with still a small
number of parameters we use a polynomial of quartic order in the space-like
momenta,

Po(k) = c+ a(k2 + k) + B(k2 + K2)? + k2K . (4.50)

This simple Ansatz may qualitatively describe the dependence on space-like
momenta around the minima. The corresponding modes are expected to be
the most relevant modes to describe (in-)commensurate antiferromagnetic fluc-
tuations. In this spirit we fix the coefficients ¢, a, # and v with the aid of the
following conditions. At first the positions of the minima are to be described
correctly by the polynomial. The mass m? is defined here by the sum of the
classical mass plus e.g. AP, (Qx = 0,k;). This yields the conditions

0

Pk) =0, ——
a( 1) Oa 8kx

Py(k)| ., = 0. (4.51)
Note that due to symmetry a replacement of k; by k; with j € {2,3,4} yields
no new constraints. This also holds for the replacement of % by 8%?;. Secondly,
we want to describe the curvature in the minima along the axes correctly and
impose

0? 0? P

— P, (k1) = AP, (Qx =0,k =le, . 4.52

ak:% ( 1) BIE a,k( K ) =i ( )
So far we have fixed the coefficients ¢, o and 3. The coefficient v accommodates
the anisotropy due to the lattice. To incorporate this anisotropy, we set

0? 0?

a_%Pa(kl) = a—%Pa(kl). (4.53)



44 Chapter 4 Competition of Antiferromagnetism and d-wave Superconductivity

Symmetry considerations on the basis of (4.50) show

02 02 02
a—k‘%Pa(kZ) = a—k‘gpa(kj) and 8kx8ky

Pu(k;) =0, (4.54)

fori,5 € {1,...,4}, which is an approximation. The constraints (4.51), (4.52)
and (4.53) fix the coefficients ¢, o,  and 7 in eq. (4.50) and we obtain

1 2
r (k2 + k) + ﬁkikj) , (4.55)

1R s
Pa(k)_A2(2 (k2 +k2) +

where the gradient coefficient A, at the momenta k; is defined by

A :la_zAPF(Q =0,k = le,)
“ T 20 " =i
- T 1%, [T d% tanh(;:;’ ) —tanh(gle’;#z“’) 4
a _t2Tk 5@ “ /;W (27T)2 gp - glex-i-ﬂ’-i—p ( 56)

1=k

Note that we use the parameterization (4.55) instead of (4.11) as soon as A,
becomes zero and therewith connected the minimum leaves the position k = 0.
This is reflected by the fact that k becomes finite in (4.55). The ratio A,/k?
is finite everywhere.

The here used regularization scheme of the incommensurate case is analog
to the scheme described above, see eq. (4.26). With the short hand notation

F(k,k) ==

1 2 2\2 2 21.2
2( 5 ]%2(1% + k) + ﬁkmky) : (4.57)

the space-like part (Qg = 0) of P¥(Q) = P.(Q) + R¥(Q) reads
Pf(q) = Aa (F((L ]%) + (k2 - F(q7 ]%)(9(]{;2 - F(q7 ]%)) : (458)

The flow equations for A, and k are discussed in the next but one section.

d-boson

Now we discuss the one-loop correction to the inverse propagator of the
d-boson. Similar as before we start from the corresponding one-loop contribu-
tions to the effective action. In SYM it is

ATy D ——STr (Ng-N,) ZAF (K)d(K) . (4.59)
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Figure 4.3: One-loop correction to the inverse propagator of the d-boson according
to eq. (4.63) with & = 0 (T, = T'). Figure (a) shows the frequency dependence
(k = 0) of the real part for u/t =0, ¢ =0 and T/t = 0.2 and (b) of the imaginary
part for pu/t = —0.5, ¢ =0 and T/t = 0.2. In (¢) and (d) the dependence on space-
like momenta (Qy = 0) is shown for (¢) with p/t = —0.4, t'/t = —0.1 and T/t = 0.2
and for (d) with p/t = —0.5, ¢ = 0 and T/t = 0.2, respectively.

Here the projection on the vertex function of interest is given by

J 5

APd(Pl,Pg): 5d(P2)

Al'y

(4.60)

5
5d*(Py)

d,d*=0

In order to find a reasonable truncation for the inverse propagator we are
interested in the fermionic one-loop contribution which reads

APF(K) = —42}3: PF}(Lde)[; F_([Q(P _) By (4.61)

In our truncation the Yukawa coupling depends on space-like momenta but
not on frequency, therefore we perform the Matsubara over the fermionic prop-
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agators at first

; Pi(P)PE(K = P)

1 1
- zn: i(2n + 7Ty + & i(2n + )Ty — (Gep + iQx2)

i D
tanh(z%"k) + tanh(%) (462)
2T (&p + Gop +iQx T) '
where we again have added the cutoff function to the inverse fermionic prop-
agator. Finally we obtain

2T [T d%p - tanh Sp +tanh Sk—p + Qx
APfk(QK’k):_?/ Soahi(2p—k) g+ tanh oy — ) (169
k _W( 7T) Sp + Sk—p + ZQKT

However, the dependence on the space-like momenta is much simpler than in
the case of the a-boson, see figure 4.3 (c) and (d). We proceed similar as for
the half filling case of the a-boson and use the truncation (4.18). The gradient
coefficient is defined by

_ 1

- 2012

_re / "D o) ) L)
2T, 02 |__(2my2 14\ P €p + Clex—p

Note that the Yukawa coupling of the fermions to the d-fields is momentum
dependent.

Ay AP (Qx = 0,k = le,)

=0

. (4.64)
=0

4.3.2 Yukawa Couplings

In this section we derive the one-loop correction to the Yukawa couplings of
both bosons in SYM. The corresponding contributions are visualized in figure
4.4. On this basis the flow equations to the Yukawa couplings are derived in
the next but one section.

Within our truncation there are two contributions correcting the Yukawa
coupling of the a-boson, namely the first two diagrams in figure 4.4. We use
the decomposition (4.39) and consider only the contributing parts

%STr {(P'F)*} o é STr(N, + Ny + Ny )? (4.65)

1
> 6 STI'(NGN¢Nw* + NGN¢*N¢ + NwNaN¢*
+Ny Ny« Ny 4+ Ny NoNy + Ny Ny N, ) .
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Figure 4.4: One-loop corrections in SYM to the Yukawa couplings. There are two
contributions for the a- and one for the d-boson.

Now we use the cyclic invariance property of the super-trace STr and obtain
the following contributions to the Yukawa coupling

1 1
ATY 5 5 STr (NyNy=Ny) + 5 STr (NyNyNy-) (4.66)

The result is a sum of a contribution exchanging an a-boson and a contribution
exchanging a d-boson, see figure 4.4,

ATY = Y0 (AP, (K,0.Q) + ATSL, (K, Q.Q))
K,Q,Q

X(K +11—-Q+Q)a(K) -4 (Q)op(@Q)].  (4.67)
Explicitely, these contributions are for the first diagram in 4.4
AT (K,Q.Q' = Q- K —1I)

_ ha(K)ha(P)ha(_P)
= QKPP0 P-TE) 468)

and
AL o(K.Q.Q' = Q — K —1)
_ _42 ha<K)hd(P_ QQ)hd<2Q —2K _~ P) ’ (469)
= Pp(K + P —Q+1I)Pp(P — Q)Py(P)

for the second diagram in 4.4. The inverse propagators are defined as

P, 4(P) = P, 4(P) + mgd , (4.70)

for the boson a and d, respectively. The spinor indices are examined with the
aid of the relations (D.4).
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For the correction to the Yukawa coupling of the d-boson (see third diagram
in 4.4) we proceed analogously. The contributions are contained in

%STr {(P'F)*} o éSTr (Ng+ Ny-)® D %STr (NgNy«Nyo) . (4.71)

There is only one contributions exchanging an a-boson, since a contribution
in which a d-boson itself is exchanged is forbidden by symmetry. We obtain

ATY = 37 AT, (K.Q.Q)6(K — Q — Q)d(K)[¥' (Q)ew™(Q")], (4.72)
K.Q.Q'

where

AT (K, Q. K — Q)
3 ha(2Q + 2P — K)hy(P)he(—P)
N _5; Pp(Q+ P —11)Pp(K — Q — P+ 1) Py(P)
+HQ - K-Q). (4.73)

4.3.3 Four Fermion Interactions

Our truncation for the effective action does not contain four fermion inter-
actions. This was achieved by bosonization. However, even in a completely
bosonized fermionic theory there are one-loop corrections to the four fermion
coupling. The contributions which appear within our truncation in SYM are
displayed in figure 4.5. Starting point in this case is

1 1
- ST {(P7'F)*} > —5STr (Ny + Ny)!

1
D) —g STI' (Nw*Nw*N¢N¢ + N¢*N¢N¢*N¢ + Nw*N¢N¢Nw*
+ Ny Ny Nyge Ny + Nog Ny Ny Nyge + Nog Ny Nye Ny
1 1
== —5 STr (Nw*Nw*NwNw) - Z STr (Nw*NwNw*Nw) . (474)

Generally, we write the four fermion contributions as
ATp = > AT oKy, K)O(Ky — Ky + K3 — Ky)

XU, (K1) s (K2)¥3 (Ks) s (K4) - (4.75)

The momentum dependence of these corrections is of special interest. This
issue is discussed in detail in the next section, where we explain our general
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Figure 4.5:  One-loop corrections (box diagrams) to the four fermion interaction
in SYM.

treatment of these contributions. For instance, some of these box diagrams
are crucial for the generation of a momentum dependent d-wave coupling, see
section 4.5.

There are two contributions where two a-bosons are exchanged, see the first
two diagrams in figure 4.5. We find

AFaFa — 1 Z Z Ba(P)Ba(_P)ha(KZ’: - K2 + P)ha(KZ - KS - P)

PF(Kl_P_H)Pa(P)Pa(KS_K2+P)
x{ (Uiaj)o@(giaj)vﬁ + (Uiaj)aé(ajai)vﬁ }
Pp(K3+ P —1I) Pp(Ky—P+1)
XO(Ky — Ko + K3 — Kq)w, (K1) Ys(K2) 07 (K3)bs(Ky) . (4.76)

In the following contribution there are two d-bosons exchanged,

ATH = =8 Y 3 6(K; — Ko+ K3 — K4)0a4045

Ki,..K4 P
y ha(P—K)hq(2K,— K, — P)hg(Ky—2K3-+P)hg(Ky— P)
Pp(P)Py(Ky + P)Pp(K, — K4+ P)Py(K, + P)
><@DZ(KlWﬁ(KzW:(K?,)%(KO ) (4.77)

see the third diagram in figure 4.5. Additionally, we obtain

AT = =2 Y Y 6(K; — Ko+ K3 — K4) (30,405, — 07,07,

{ ha(P)ho(—P)ha(K) — K3+ P—T1)hg(Ky— K4— P+11)
Py(P)Pp(Ky+P—T1) Py(K, + K3+ P—11) Pp( K+ P—1I)
ha(P)ha(—P)ha(Ky— K3+ P—11)hg(Ky— Kq— P+11) }
Py(Ky+K3—P—11)Pp(K3— P—11) P,(P) Pp(Ky— P+11)
><¢§(K1W§(K3)¢p(K2)¢n(K4)» (4.78)
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where one a-boson and one d-boson are exchanged, see the last two diagrams
in figure 4.5. However, we consider here only the first two box diagrams which
exchange only a-bosons. They are expected to be responsible for the generation
of a coupling in the d-wave channel. This is discussed in more detail in section
4.6. The remaining box diagrams vanish on initial scale within our truncation
since they are proportional to the coupling hy which is zero on initial scale.

In order to obtain the momentum dependent vertex functions we start from
eq. (4.75) and set

AFE?,)@B@S(Qh o Qa) = F(Q1, Q2, Qs, Qa)tapas - (4.79)

The projection on the momentum and spin dependent four fermion vertex
function Ay apy6(K7q, ..., K4) can be defined by

54
015 (K1)04(K2) 0% (K5) 015 (£4)
= F(K3, Ky, K1, Ky + K3 — Ky) tysas
—F(K3, Ky, Ky, K1 + K3 — K5) togas
—F(Ky, Ky, K3, Ky + K3 — Ky) tasys
+F (K, Ky, K3, Ky 4+ K3 — Ks) togys - (4.80)

Al'p

For a bosonic quartic interaction a similar formula applies. The difference is
that in this case all terms on the rhs come with a plus sign and the spin indices
are replaced by vector indices.

4.4 Rebosonization of Fermionic Interactions

Within our truncation a momentum dependent four fermion coupling is gener-
ated during the flow to lower momentum scales. The responsible contributions
have been derived in the last section. However, if this newly generated contri-
butions are taken into account as four fermion couplings, the most important
advantages of the bosonization, depicted in section 2.4, are lost. Therefore,
our aim is to take these four fermion contribution into account but at the
same time keep the fermionic coupling equal to zero on all scales. This can
be achieved approximately by the method of rebosonization [55, 49, 56]. We
redefine the bosonic fields on each scale by the method of scale-dependent field
transformations discussed in section 3.3. This scale dependence of the bosonic
fields allows to “rebosonize” the four fermion interaction approximately on all
scales.

Technically, the modified flow equation for the effective average action (3.32)
is the starting point. At first we derive the modified flow equations for the



4.4 Rebosonization of Fermionic Interactions 51

Yukawa couplings and the newly generated four fermion interaction. We split
up the parts of the equation for the four fermion coupling which arise due to
the box diagrams into the specific channels, namely the a- and the d-channel,
plus a rest. Now, the scale-dependent transformations of the bosonic fields are
adjusted in a way that the newly generated contributions in the a- and the
d-channel can be bosonized. The rest is beyond our truncation and neglected
here. Thus, as we discuss in short, the fermionic coupling in the a- and the
d-channel vanish on all scales. Eventually we have constructed the “perfect
bosons” on all scales. However, this procedure is exact only for very special
cases. In general, the momentum and spin dependence of the four fermion
vertex function have to be restricted appropriately. The task is to identify the
contributions which can be absorbed by a particular boson by means of their
momentum and spin dependence.

This section is organized as the following. At first we address the question
which four fermion contribution can be absorbed by which boson. Therefor we
invert the order and ask which momentum and spin structure can be absorbed
by the boson on hand exactly. Subsequently, the modified flow equations for
the Yukawa couplings, which account for parts of the newly generated four
fermion interaction, are set up.

In case of the a-boson the quadratic and the Yukawa term look like

Loy = Z 3(Q1+ Q2)a” (Q1) Pa(@1)a(Q2)

Ql Q2

= 37 6(@Q1 + Qha(Qa(Q))- Y W (P)a(P-T1+Qy)]. (4.81)

Q1,Q2

In order to simplify notation we introduce the scale dependent bilinear

a,(Q) Z@N Youh(P —T1+ Q). (4.82)

Hereby eq. (4.81) can be written as

1 - 2 -
Loy = 2 Q§2 6(Q1 + Q2)Pa(Q1){a(Q1> a(@Qq) — Pa(Qﬁa(Ql) : ak(@2)}
1 - 1
D) le,q:zg 6(Q1 + Q2)Pa(Q1)( (Q1) — ( Ql) (Ql))
1
(@) - g 5a@)

-l Z 5(Q1+ Q)P (Ql) !

a,(Q))  an(Q2) . (4.83)
2 42 P(~QnEi(-Q)
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Hence, the last operator can be absorbed exactly by the a-boson. It can be
written as

AT = 2 0 MKy, Ko, Ky K[ (K)o (K0)

Ky, Ky

‘[W(K?,)O'@b(fﬁ)] ) (4.84)

where

. ha(K) — Ky — MoKy — Ky + 11
>\¢(K17 K27K37K4> - - ( ! ~ 2 ) ( 2 ! )
P,(K; — Ky —1I)

X(S(Kl —K2+K3—K4). (485)

We repeat the same steps for the d-boson. The quadratic and the Yukawa
term are in this case

Loy = Z 5(Q1 — Q2)d*(Q1) Pa(Q1)d(Q2)
Q1,Q2

=D ha(2P = QU (@Q" (P)ey(Q — P)]
QP
—d(Q)[ (P)ey™(Q — P)]} - (4.86)

The corresponding scale dependent bilinear is defined by

de(Q) =Y ha(2P — Q)" (P)e(Q—P)] , (4.87)

and we rewrite eq. (4.86) as

iy = 5(Q1 — Q2) Pa(Q1)(d*(Q1) — = di(Q
Ty, (gi@ Q2) Pa(Q1)(d*(Q1) &@ﬁ<@»
xw@g—géﬁm@» (4.88)
- 1 - B
_ legz 6(Q1 — Qz)Pd(Ql)mdk(Ql)dk(QQ) . (4.89)

Again the last operator can be absorbed exactly by the d-boson. It can be
written as

AT = Z NG (K, Ko, K, Ko ) [0 (K e ()] [0 (Ka) e (Ky)], (4.90)

Ky, Ky
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where
f_zd(Kl —Kg)}_zd(K2—K4)
Py(K; + K3)

The general strategy is to compare the momentum dependence of the contribu-
tions generated during the flow (4.76), (4.77) and (4.78) with the terms which
can be rebosonized exactly, namely eqs. (4.84) and (4.90). On this basis we
decide which contribution should be rebosonized into which channel.

Now we accomplish the procedure described above and derive the modified
flow equations for the four fermion couplings in the separate channels and the
Yukawa couplings. We introduce a short hand notation for the bosonic fields,

By = (az? d, dZ)T ) (492)
and start from the modified flow equation (3.32)%
OkTi[, 4", By] = OkTi[v, ¥", Bel|

+;<5aj(P v Bk)
+Z(6d,f(P oo, By))

+3 (et Bk])akdk< ). (9

Ai(Kl,KQ,Kg,KZL) - 5(K1—K2+K3—K4) (491)

ak ak

] ) Ordy (P

The derivative of the scale dependent bosonic fields with respect to the scale
reads with initially arbitrary functions o¢(K) and of(K)

Opag(K) = —Opai(K)a,(K),
8kdk(K) = —0kaﬁ(K)dk(K),

di(K) = —0pa(K)d(K). (4.94)
We apply eq. (4.93) up to the following level of truncation,
8kl“k = 8ka}B Z@kak ak( P) ﬁk(P)

- diai(r) {dk< >dk<P>—dk<P>d;z<P>}
+Zakak )ag (P QZﬁkak P)dy(P). (4.95)

4The second term on the rhs of eq. (3.31) yields a further modification of the flow
equation. In our application it is: Op'y = 1STr[( (2) + Rk) 1{8kRk + Ak}}, with
A = 2d1ag[6kh“ RE, BZZ“‘ (12,; (Rg)T) ,O]. We neglect the renormalization group im-
provement term Ay in a first step, it will be included for quantitative precision.
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The modified flow equations for the Yukawa coupling and the fermionic cou-
pling of the a-boson are

Oha(K) = Ouha( K|, + 00 (K)ha () Pu(K)
= ak)\z ‘Bk (Kl’ T K4) ‘K1+K3:K2+K4
tho(Ky— K+ h, (K — Ko —11)
Xaka%(Kg—Kl—H) , (496)

0= 0k>\i(K1> cee K4)}K1+K3:K2+K4

and similar for the d-boson

0cha(2Q — K) = 0:ha(2Q — K)|
+ 0l (K)ha(2Q — K)Py(K)
= a’f)‘i‘Bk(Kl’ SRR K4)‘K1+K3:K2+K4
—2h4(K1 — K3)ha(Ky — Ky)
x Ol (K1 + K3) . (4.97)

_ d
0= 8k>\w(K1> cee K4)‘K1+K3:K2+K4

The functions af(K) and af(K) appear in both flow equations in eqs. (4.96)
and (4.97), respectively. The fact that we keep the fermionic couplings equal
to zero fixes these firstly arbitrary functions. Thereby we obtain the modified
flow equations for the Yukawa couplings,

Opha(K) = &jLa(K)‘Bk
pa(K) a
5B O] (B K| e e i e e s (4.98)
for the a-boson, and
&de(QQ — K) — akild(2Q - K)‘Bk
1 ha(2Q — K)Py(K)
2he(Ky — K3)hg(Ky — Ky)
XNy (K1, Ky) , (4.99)

K=Ki1+K3=Kz+K4

for the d-boson. The first contributions on the rhs of eqs. (4.98) and (4.99) are
the regular parts coming from the one-loop corrections displayed in figure 4.4.
We refer to it as direct contribution (9xh,)? and (9xhg)?. The second parts

account for rebosonization and we refer to it as (9ph,)"® and (Ophq)"™.
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4.5 Flow Equations

At the beginning of this chapter a truncation of the effective average action
I'y, is introduced. I'j is formulated in terms of fermionic fields coupled to two
species of bosonic fields, the a- and the d-fields. It is discussed that the initial
values (4.20) and (4.21) ensure the equivalence of our truncation to the action
of the Hubbard model on the initial (high momentum) scale. Furthermore, a
regularization scheme both for fermions and bosons is allocated. Hence, the
task is now to derive the flow equations for all introduced couplings within
our truncation. At first we study the flow of the effective potential, or more
precisely the coefficients of an expansion in powers of fields of the effective
potential. We discuss two possible ways to obtain these flow equations. All
flow equations are specified independently of the regulators, the explicit results
are given in the appendix C.

Initially, there are no kinetic terms of both bosonic fields since the interac-
tion between the fermions is still local on high momentum scales. Remember
that the meaning of partial bosonization is therefore simply a replacement of a
fermionic coupling in a certain channel (denoted by ¢), )‘Z — h%/m3. The fact
that the interaction becomes non-local on lower momentum scales mirrors in
the generation of kinetic terms of the bosonic fields mediating the interaction
between the fermions, h3/m3 — h%/(m3 + P4(Q)). The flow equations for the
wave function renormalizations and the gradient coefficients which parameter-
ize these kinetic terms are derived in the second subsection.

In the subsequent subsection the flow of the Yukawa couplings is discussed.
At first there are the direct contributions. However, a crucial point is the
improvement of the truncation with the aid of rebosonization. This way we
account, for the four fermion interactions in the a- and the d-channel which
are newly generated during the flow. For this purpose we use eqs. (4.98) and
(4.99) as starting point.

4.5.1 Effective Potential

In homogeneous situations the full flow equation of the effective average action
(4.38) reduces to a flow equation for the effective potential

1 ~
8kU = 5 STr 8k In Pk s (4100)

where Py, is given in the appendix, see eq. (B.5). Within our truncation the
flow equation of the effective potential (4.100) can be decomposed into a sum
over a bosonic and a fermionic part. In the case of neglected couplings of the
type Aaa (see eq. (4.17)) the bosonic part can be further decomposed into a
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sum of contributions corresponding to different bosons. It follows
akU(Oé,é) = 8kUa(Oé) +8kUd(5) +8kUF(oz,5) . (4101)

The part of the a-boson is the same as for an O(3)-model,

a) = % PZ duIn [Pu(P) + N2(a) + RE(P)] (4.102)

where M?(a) is defined with i € {1,2,3} in SYM as
Ny m+3)\a+2”ya0z —i-@Ca , 1=1
M; (a)—{ M2+ @ + 37.0° + §G0*, =23 7 (4.103)

For the flow equations in SSB one simply has to replace the mass eigenvalues
by
M-Q(a) = (3 — g, 0 — g, o — ap); . (4.104)

1

The part of the d-boson in SYM is

0xUq(0)

_ Z (OuRE(P))(Pf(—P) + M3 (3))
[PF(P) + MZ@)][Pf(=P) + Mg (0)] — (Aa + 7a8)?6%

(4.105)

where M2(8) = m3 + 2\40 + 27402, Note that Pf(—P) # P¥(P), in general.
The broken regime is dlscussed in chapter 5. The fermionic part can be written
with our temperature-like regulator as

™ 2
OUr(a,6) = T(%Tk> / (;l P Z Ye(a, 0) tanh . («, 9) , (4.106)
k e=+1

where v,(a, 0) is defined in the appendix, see eq. (D.25). The flow equations of
the couplings at zero external momenta can be derived by appropriate deriva-
tives with respect to o and 0 on both sides of eq. (4.101). This yields in
SYM

) d P
W = GO0y Ode = GeathU @)y,
P 8
Ve = 250U, 0)| _,» OrCa = 8kU(a,5)\a:0, (4.107)

oo
for the a-boson, where 0 = 0 if the phase is also symmetric with respect to d.

Otherwise set = dy. For the analog couplings of the d-boson simply exchange
the role of @ and ¢ in an obvious way.
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In the broken phase we describe the bosonic potential by

1 0 0?
Op0y = —)\—aﬁkU(a 5)‘ g and O\, = D0

repeatedly with 6 = 0 or 6 = dy depending on whether the phase is symmetric
with respect to ¢ or not. However, we have not studied the phase with o # 0
here. For a discussion see [25].

The advantage of this method is that the derivation of the flow equations
for the couplings of the effective potential is relatively straightforward. Fur-
thermore, the generalization to spontaneous symmetry breaking is possible.
For the d-boson this is discussed in the next chapter and for the a-boson in
25, 40]. There have been many approximation schemes developed and applied
to various systems, see [48]. For instance, one can go to higher order in an
expansion in powers of fields simply by increasing the number of derivatives.
However, this method of projection is restricted to zero external momenta of
the couplings. For instance, the momentum dependence is needed to regard
kinetic terms for the bosons. Moreover, a derivation of flow equations for the
Yukawa couplings is not possible in this way. All these issues can be addressed
on the basis of (4.38) as explained in section 4.3.

Now we discuss the flow equations for the couplings of the effective poten-
tial. In order to be flexible in the choice of the cutoff functions we present it in
a cutoff independent form. In appendix C these equations are given more ex-
plicitely based on our cutoff scheme. The flow equation for the mass parameter
of the a-boson reads

kOgmg = 20 Zk@k

——0U(a,0)| _ , (4.108)

1
PE(P)PE(K + P+ 10)

f;a T : kO Ry (P) (4.109)

2 Fy(P)+mg)?

where it is K = (0,k = (k,0)), as discussed in section 4.3.1. Eq. (4.109)
consists of a sum over a purely fermionic and a purely bosonic contribution.
For finite k the fermionic contribution is obtained from eq. (4.45). However,
for k = 0 the fermionic part can be obtained either from eq. (4.107) or from
eq. (4.45) by specializing to K = 0. The Il-shift in the fermionic propagator
is due to the corresponding shift in the definition of the a-fields, see eq. (4.4).
For the quartic coupling of the a-boson it is

_ _ - 1
kOkXa = 4Dy Y koy
- (P’“(P)P’f(P + 11) )2
- ko, RE( ké)k
+11X2 — 4.110
2P Ay e K > (4.110)
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Similarly, the flow equations for the couplings of higher orders are

1
(PE(P)PE(P +11))?

k@k% = 8712 Z k‘ék
P

> ko Ry (P) 1 - koL Ry (P)
6 )Ry e T P D PP b P

5 kOp Ry (P)
_87A§;§P: BHP) L) (4.111)

and

(kOkCa)" = 1615~ kdy (4.112)
P

1
(PE(P)PE(P +11))*

In the flow equation to the highest coupling (, we neglect the bosonic contri-
bution.

The flow equations for the couplings of the part of the effective potential
which contains the d-fields are derived similar. For the mass term we obtain

_ - ha(2P) 3 kO Ry(P)
. B d
koyimg = 42}; “Os BETP)PE(=P) ) (PE(P) +mg)*

(4.113)

Again the fermionic term can be derived either on the basis of eq. (4.45)
by specializing to K = 0 or from the analog of eq. (4.107). Note that the
momentum structure in the fermionic propagators differs from the accordant
term for the mass of the a-boson. For the bosonic contribution the same two
possibilities apply, of course. The flow equation for the quartic coupling reads

1 ~ ha(2P)*
kOkha = 16 Y ko, B (Pd)(PP’E()—P)P
12 4 kO R (P) kOp R (P)
+2Ad Zp: { (PF(P) +m3)? " (PE(P) 4+ m2)2(PE(—P) + m2) }

~ Z ko, RS (P)

674 R £ (4.114)

P

Similar as for the a-boson we restrict the flow equation for the coupling of
highest order to the fermionic contribution

ha(2P)8
(PE(P)PE(—=P))*

(koY) = =32 koy (4.115)
P

In figure 4.6 the action of the fermionic regulator is shown.
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Figure 4.6: Action of the fermionic regulator. A typical integrand on the rhs of the

0'2+2(C;;Z;:_COS qy)) which is plotted in (a) for T} /t = 2 and in
(b) for T/t = 0.2. For definition of F} see appendix D. Lower T} corresponds to
lower scale k and modes with momenta in the vicinity of the Fermi surface are more

pronounced at lower scales as it is required.

flow equations is ~ Fi(

4.5.2 Kinetic Terms of the Bosons

At the initial scale the bosonic fields introduced by partial bosonization have
no kinetic terms. However, during the flow to lower momentum scales these
bosonic fields become dynamic and finite kinetic terms are generated. In the
symmetric phase we consider for both bosons only the fermionic contributions,
see the first and second diagram in figure 4.1. The bosonic contributions, see
e.g. the last but one diagram in figure 4.1, do not contribute since we consider
the quartic couplings independent on momenta within our truncation.

For the kinetic term of the a-field we have to account for the two qualita-
tively different situations discussed in section 4.3.1. The flow equation for the
gradient coefficient A, evaluated at vanishing momenta, defined in eq. (4.48),
reads

Ty 0 O
(27)2 T, 01
tanh(52) — tanh(Segtree)

2T,
. (4.116
2Tkz(§p - flex+7r+p) ( )

T _
kO Ay = =55 (kO TR /

—T

=0

On high momentum scales A, grows from initially zero to positive values and
in the commensurate case A, stays positive on all scales, see figure 4.7 (a).
However, sufficiently away from half-filling A, decreases and becomes negative
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on lower momentum scales, see figure 4.7 (b). This indicates the formation of
the four minima at the positions ky » = (£+k,0) and k3 4 = (0, £k), as described
in section 4.3.1. A flow equation for k can be derived from the condition

d OAPF (Qx = 0,k = (ky, k, = 0))
dk Ok, -

—0. (4.117)

which can be simplified for momentum independent Yukawa coupling h, to

d .
(@) =0, (4.118)

where

N 4 d2p , . ~
f(Ty, k) = (t — 2t cosp,) sin(p, + k)

x (2m)?
x{tanhfl _far;h:2 R } (4.119)
(E1 —22) (21 — Z3) cosh” =y Kb 0)T
with Z; = 2% and =, = 5"2*% This vields for the flow equation of &
(kO %)ﬁf(T k) = — (ko T, )i (Ty, k) (4.120)
k) o J AL :

The initial scale for the flow of k is defined by the scale at which A, becomes
zero, see figure 4.7 (b). We start the flow with the initial value & = 0 on this
scale. Eventually, there are regions in the parameter space where the flow of k
is discontinuous at the initial scale. In this case one should rather start with a
finite initial value of k as appropriate for a discontinuous transition. The final
value for k becomes larger for increasing chemical potential p.

The flow equation for the gradient coefficient A, evaluated in the minima,
defined in eq. (4.56), is

T — [T d*p O O
KOk Aa = — 5 (kOT)R /_ GO aT
tanh($2) — tanh(e=te)
2T, (gp - glex—l—ﬂ—i-p) =i

T ~—o [T d*p O O?
— (DR /_7r 5 37 6

tanh($£ ) — tanh(fegtre)

2Tk (gp - glex—l—fr—i-p)

(4.121)

1=k
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Figure 4.7: Numerical results to the flow equation. In (a) A, is presented, the solid
line corresponds to pu/t = —0.1, T'/t = 0.1367, the long-dashed line to u/t = —0.16,
T/t = 0.105, and the short-dashed line to p/t = —0.2, T/t = —0.11. In (b) it is
wu/t = —0.3, T/t = 0.1225 and the solid line shows A, which becomes negative, the
short-dashed line shows k and the long-dashed line shows A,.

For the frequency dependence we set Z, = A, as in [25] in parameter regions
where A, stays positive on all scales. In the other case we simply use

(kO Tk) i(pk(QQ =27T,q=0) — PF(Qq = 0,q =0)).(4.122)

WOkZa = (2nT)? 0T, "

This completes our discussion of the kinetic term of the a-boson. For the
gradient coefficient of the d-boson the flow equation is

T T J2 2
KAy = — (k&ka)/ I DS

2 _(2m)2 0T, 012
tanh(prk)thanh(&;"T;p) (4.123)
Tk(gp"‘glex—p) l:oi .
The flow equation for the wave function renormalization Z,; reads
™ d%p - o 0
kOpZg = —T (kO T, ——h3(2p) 5
O 24 ( Ok k) /_W(Qﬂ')z d< p)ﬁTk 1082
tanh (<2 )+tanh(2 + 22
X (a£,) , (Tm ar) C(4.124)
Tk(gp‘l’zgﬁ) Q=0

However, close to half-filling the linear frequency dependence ~ ¢Z,;{2q is sup-
pressed by symmetry and we describe the frequency dependence by P;(Qg,q =
0) = ngQé. For simplicity and since it shows the right qualitative behavior
we set Zgo = Aq.
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4.5.3 Yukawa Couplings

According to eqgs. (4.98) and (4.99) the modified flow equations for the Yukawa
couplings are composed of two additive contributions. It is about a direct
contribution and a contribution due to rebosonization,

kOwha = B + 80 and  kdpha = B + ;" (4.125)

Based on the one-loop calculations performed in sections 4.3.2 we obtain for
the direct contributions
_ ~ 1
4 — B3N ko
e = e 2 M R T R+ )
ha(P)?
Pi(P)Pp(P +I)(PF(P) +mj)

+4h, Y koy (4.126)
P

for the a-boson with external momenta equal to zero, and

ﬁf‘fd(%? - K)
3 ha(2Q 4 2P — K)
- hzzkakPF(QJrP ) Pi(K —Q—P+IT)(PF(P)+m7)

a

+Q — K —Q), (4.127)

for the d-boson. For the contributions from rebosonization we proceed as
described in section 4.5. Starting point to derive the contribution for the a-
boson are on the one hand the one-loop contributions (4.76). On the other
hand we learn from eq. (4.84) how to restrict the external momenta. Finally,
we find in agreement with [40, 25]

1
rb — 13,52
= hym Zkak (PE(P) +m2)(P(II — P) + m2)PE(—P)

1 1
S T

The explicit formulae for the -functions of the Yukawa couplings within our
regularization scheme are presented in appendix C. There exists a rebosoniza-
tion contribution to the Yukawa coupling of the d-boson as well, we postpone
the discussion hereof to the next section.

In the contributions which involve both fermionic and bosonic internal lines
we have neglected the frequency dependence of the bosonic propagators. On
high momentum scales this is justified since the kinetic terms of the bosons are
anyway small compared to the bosonic masses. However, on low momentum
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scales the mode with lowest frequency dominates while higher modes are sup-
pressed. If we neglect the frequency dependence of the bosonic propagators
the suppression of the higher frequency modes is only due to the fermionic
propagators and therefore weakened.

4.6 Generation of a Coupling in the d-wave Channel

In this section we discuss how a coupling in the d-wave channel can be gener-
ated by the exchange of spin waves. This mechanism was suggested e.g. by
[5, 15]. On initial scale we have bosonized the fermionic coupling into the an-
tiferromagnetic channel. The fermionic couplings in all other channels vanish
for this reason and the interaction between the electrons is firstly repulsive.
However, even in the case of purely repulsive forces between the electrons the
system may become unstable against Cooper-pair formation [59].

At first, we address the question what is the origin of a fermionic coupling in
the d-wave channel which becomes critical in an appropriate parameter region.
Subsequently, it is discussed how we can deal with this d-wave coupling by the
method of rebosonization.

Within our truncation there remains only one possible origin of the fermionic
d-wave coupling, namely the box diagrams exchanging only a-bosons. See the
first two diagrams in figure 4.5 and formula (4.76). The other box diagrams are
proportional to powers of the Yukawa coupling hg which is zero on initial scale.
At first we discuss the flow equation for the fermionic coupling in the d-wave
channel. The strategy is the following. We start from eq. (4.76), follow the
discussion of section 4.4 and use eq. (4.90) to restrict the external momenta
appropriately. In this way we obtain a flow equation for the four fermion
coupling which is a function of the restricted external momenta. However, it
still contains contributions also from other channels and one has to project
onto the contribution of the d-wave channel. For a first estimate, we apply
here a very simple prescription which uses the fact that the d-wave coupling
changes its sign under rotation of 90 degrees. Further, we project on spin

singlets for the fermion bilinears. More concretely, we choose K1 = —K3 = L
and Ky = —K, = L’ and apply
kakAg\Bk (L,L',—L,—L)

1 .
. §{Ar;f‘<4>(L = (7mT}, 1), L' = (xm/T}, 1))
— AL = (xmT,, D(1; g)), L'=(mm'T, 1)}  (4.129)

The “on AT%™ denotes the insertion of kJ; under the measure and D(I; o)
denotes a rotation of 1 by the angle . In eq. (4.129) we have kept L’ fixed



64 Chapter 4 Competition of Antiferromagnetism and d-wave Superconductivity

R
Rt
N
S

R
R
R

Figure 4.8: In (a) the normalized momentum dependence of the rhs of the flow
equation for the fermionic coupling for p/t = —0.4, ¢ = 0 and T'/t = 0.5 is shown.
The normalized d-wave form factor is shown in (b).

and subtracted the same contribution after a rotation of 90 degrees of the
space-like components of L. For instance, the antiferromagnetic channel is
subtracted in this way. In figure 4.8 (a) the rhs of eq. (4.129) is presented on
the initial scale as a function of 1 where we set I' = (0,7). There is a good
qualitative agreement with the d-wave form factor displayed in figure 4.8 (b).
Therefore, we describe the momentum dependence of the rhs of eq. (4.129)
by a product of two d-wave form factors fy(21)f;(2l') multiplied by a single
fermionic coupling. We fix the momenta 1 and 1’ and derive a flow equation for
this single fermionic coupling which is independent of the external momenta.
The effect of the other box-diagrams, see figure 4.5, is neglected in this first
estimate.

The flow of this d-wave channel fermionic coupling can now be treated by
the method of rebosonization. It enters the modified flow equation for the
Yukawa coupling (4.99) of the d-boson. For the rebosonization contribution of
the Yukawa coupling of the d-boson we finally obtain with the above declared
choice of external momenta (K} = —K3 = L and Ky = —K4 = L)

k&Mi\Bk (L, L',—L,—L"

fa(21) fa(21) ’

(kORh2)™" = m? (4.130)

where the momentum dependence of the fraction cancels approximately as it
should. Here we choose 1 = (7,0) and I’ = (0,7) and the explicit result is
presented in appendix C.
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4.7 Numerical Results

We now turn to the numerical analysis of the flow equations we have derived
above. The differential equations were integrated with the program Serge®
which is built on a standard, adaptive Runge-Kutta-like routine [60]. We have
studied our truncation over a wide range of the chemical potential p. In the
following, until stated otherwise, we set the initial coupling of the Hubbard
model U/t = 3.

At first we have considered a simpler truncation where we have neglected
fluctuations in the d-wave channel and also have neglected the flow of 4, and
Co- In figure 4.9 the pseudo-critical temperature 7). of antiferromagnetism is
displayed as a function of the chemical potential ;, whereas we have set in
(a) ' =0 and in (b) ¢//t = —0.1. As expected for a bipartite lattice, see the
discussion in section 2.3 and eq. (2.15), the pseudo-critical temperature in
(a) depends only on the absolute value of the chemical potential. The value
of T,. is well below a mean field critical temperature, see [40, 41, 44, 43].
The endpoints of the solid line in figure 4.9 (a) are defined by the fact that
for larger values of |u| the bosonic quartic coupling becomes zero or negative
in the renormalization flow before the bosonic mass vanishes. In case of a
negative bosonic quartic coupling a transition to the symmetry broken regime
is discontinuous and the expectation value of corresponding bosonic field jumps
discontinuously to a finite value in the renormalization flow. However, the
bosonic potential is not stable anymore in our truncation and one has to extend
the truncation. For a discussion of the broken phase at half-filling, see [25, 40].
In figure 4.9 (b), where t'/t = —0.1, the lattice is not bipartite anymore and the
solid line is not symmetric with respect to reflections yp — —pu. Particularly, the
maximum of the curve is shifted towards a finite value of y and furthermore,
it is not symmetric about this maximum. The endpoints of the solid line are
defined analogously as in 4.9 (a). Moreover, T}, is lower for a finite ¢’ as in
the case of vanishing ¢’. A finite ¢ lowers the ratio of the fermionic interaction
term to the fermionic kinetic term which gives rise to a lower value of T),..

Figure 4.10 is based on both antiferromagnetic fluctuations and fluctuations
in the d-wave channel. We set ¢ = 0 in the following and the resulting picture
again is symmetric under the transformation g — —p. The solid line near
i = 0 shows the pseudo-critical temperature 7). of antiferromagnetism, the
dashed line at larger values of |u| shows T}, of d-wave superconductivity. In the
region of the solid line we have neglected the flow of 7, and (,. The inclusion of
fluctuations in the d-wave channel reduces 7. of antiferromagnetism and this
effect becomes stronger for increasing absolute values of the chemical potential

5The computer code Serge was written by E. Bick, D. Féthke, F. Héfling and C. Nowak in
Heidelberg.
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Figure 4.9: Pseudo-critical temperature 7)./t with neglected d-wave fluctuations.
In (a) it is ¢’ = 0, note the symmetry with respect to the transformation y — —u as
expected on a bipartite lattice. In (b) it is ¢/t = —0.1.

|pe|, compare with 4.9. The endpoint of the solid line at finite p indicates
the end of the region where the transition to the symmetry broken region is
continuous in the renormalization flow. Again this is reflected by a negative
quartic bosonic coupling ), in the renormalization flow whereas the mass of
the a-boson stays positive. In figure 4.11 (a) a typical flow of several couplings
for p/t = —0.1 and T'/t = 0.1367 is presented. It defines one point in the solid
line of figure 4.10. The mass parameter of the a-field decreases and hits zero
on a finite scale kggp. On lower scales k < kggp it increases slightly driven
by the bosonic contribution to the flow. A better truncation for the bosonic
potential enlarges this effect. The mass parameter of the d-boson stays finite.
In addition the flow of the quartic coupling and the Yukawa coupling of the
a-boson are displayed. Here, the quartic coupling )\, stays positive at low
momentum scales. The flow of the Yukawa coupling h, is rather weak but its
influence makes the largest part of the difference between a mean field critical
temperature [40, 41, 44, 43] and T),.. However, for larger values of |u| the
coupling h, flows to considerably lower values. In figure 4.11 (b) the situation
is reversed and one point in the dashed line of 4.10 is exposed. Here, the
mass of the d-boson decreases and hits zero on a finite momentum scale kggp.
Subsequently it increases slightly in the renormalization flow also driven by
bosonic contribution to the flow. In this case, the mass of the a-boson stays
positive. Furthermore, one sees very clearly that at first antiferromagnetic spin
fluctuations generate a finite coupling hy and particularly, this finite coupling
hq drives the flow of e.g. m2 and \g. The quartic coupling A4 of the d-boson
stays non-negative which also holds for arbitrary p.

The just now described picture can be viewed as a competition between
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Figure 4.10: Pseudo-critical temperature as a function of the chemical potential
for antiferromagnetism (solid line) and d-wave superconductivity (dashed line).

the two different instabilities, the tendency towards antiferromagnetism or
d-wave superconductivity. Close to p = 0, and indicated by the solid line,
antiferromagnetic fluctuations prevail and the system becomes unstable in the
antiferromagnetic channel. Whereas, for sufficiently large chemical potential
the system becomes unstable in the d-wave channel. The pseudo-critical tem-
perature of d-wave superconductivity has a maximum at |u|/t ~ 0.28, see the
dashed line. For larger values of |u| the dashed line decreases since the fluc-
tuations are suppressed by the chemical potential. This is seen qualitatively

Figure 4.11: In (a) it is u/t = —0.1 and T/t = 0.1367, the decreasing solid line
displays m?2 which hits zero while m? stays much larger. In (b) with u/t = —0.4
and T/t = 0.104, the situation is reversed. m? indicated by the solid line hits zero
whereas m? stays much larger.
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already in a mean field calculation, see e.g. [40, 41]. However, the increase
of T). in the d-wave channel up to ||/t ~ 0.28 is remarkable. In this range
antiferromagnetic fluctuation generate a strong coupling in the d-wave channel
and the corresponding Cooper instability still prevails. The coupling in the
antiferromagnetic channel is also large, indicated by the fact that the mass of
the a-field decreases to small values. In this intermediate regime the system
decides at comparatively low temperatures which instability prevails. How-
ever, a better treatment of the frequency dependence of the bosonic popagator
is expected to lower the value of T).. Between the solid and the dashed line
we have omitted a small region of chemical potential. In this region one has to
extend the truncation since on this level of truncation it is not clear whether
a continuous transition into the symmetry broken regime of d-wave supercon-
ductivity or a discontinuous transition into the symmetry broken regime of
antiferromagnetism comes first in the renormalization flow. This issue may
be clarified by the inclusion of further higher fermionic operators which corre-
spond to bosonic interactions in our language. For instance, a term ~ a-ad*d,
see eq. (4.17), couples the two species of bosonic fields and is expected to be
important in this intermediate regime.

Moreover, the location of this intermediate region depends on the value of
the coupling U of the Hubbard model. If we set U/t = 2 this region is shifted
to |u|/t &= 0.06 which is considerably lower as for U/t = 3, compare with figure
4.10. The tendency, that a decreasing value of U shifts the boundary between
the antiferromagnetic and the d-wave superconducting instabilities to lower
values for |u, has also been found in [15].



Chapter 5

Kosterlitz- Thouless Transition to
d-wave Superconductivity

In chapter 4 we have demonstrated how a coupling in the d-wave channel is
generated by antiferromagnetic (spin wave) fluctuations in the two-dimensional
Hubbard model within our bosonized functional renormalization group frame-
work. Particularly, the competition between fluctuations in the antiferromag-
netic and the d-wave pairing channel has been studied. Close to half-filling,
which here corresponds to vanishing chemical potential, the antiferromagnetic
channel becomes critical. Sufficiently away from half-filling the different topol-
ogy of the Fermi surface does not promote antiferromagnetic fluctuations and
the antiferromagnetic channel is far from being critical. However, these fluc-
tuations are still present and cause the creation of a coupling in the d-wave
channel. Once such a coupling in a Cooper-pair channel has been created,
and in addition there are no other instable channels, there is a temperature
(pseudo-critical temperature 7},.) below which the fermionic coupling in the
Cooper-pairing channel diverges in the renormalization flow. Concretely, we
have detected this divergence by a vanishing of the mass parameter of the
d-boson on a finite scale in the renormalization flow. The resulting pseudo-
critical temperature 7}, is displayed over a wide range of chemical potential in
figure 4.10.

This chapter is devoted to a study of the phase transition to d-wave super-
conductivity within a simplified model which is characterized by the presence
of a coupling solely in the d-wave pairing channel. The emergence of such
an effective model on lower scales in context of the Hubbard model is well
motivated by the results presented in chapter 4. Here, we concentrate on
the temperature dependence of d-wave superconducting order by means of the
functional renormalization group with partial bosonization. In particular, the
phase transition from the high temperature “symmetric phase” to the low tem-
perature superconducting phase is studied. As characteristic features we find
(i) essential scaling as the critical temperature T, is approached from above,
(ii) a massless Goldstone mode for T' < T, leading to superfluidity, (iii) a tem-
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perature dependent anomalous dimension 7 for ' < T, (iv) a jump in the
renormalized superfluid density at T, and (v) a gap in the electron propagator
for T' < T, which vanishes non-analytically as T — T, [26].

The features (i)-(iv) are characteristic for a Kosterlitz-Thouless (KT) phase
transition [61, 62, 63] which is a natural candidate for a universality class with
a global U(1) symmetry. Actually, while in the infinite volume limit the “bare”
order parameter vanishes in accordance with the Mermin-Wagner theorem [64],
a renormalized order parameter [65] spontaneously breaks the U(1) symmetry
for T' < T,, leading to an infinite correlation length for the Goldstone mode.
Vortices arise as topological defects for T" < T,.. In the Hubbard model the
fermionic excitations (single electrons or holes) are an important ingredient for
driving the transition. Finally, coupling our model to electromagnetic fields
the photon acquires a mass through the Higgs mechanism while the Goldstone
mode disappears from the spectrum, being a gauge degree of freedom. Super-
fluidity is replaced by superconductivity. Recently, various experimental data
have been interpreted as signatures of KT phase fluctuations [66, 67, 68, 69].
The direct relation between real high temperature superconductors and the
two-dimensional Hubbard model is difficult, however.

5.1 Effective Model for d-wave Superconductivity

The problem of d-wave superconductivity in the Hubbard model can be sepa-
rated into two qualitative steps in the renormalization flow. In the first step
the fluctuations with momenta |p? — p%| > A? (with pr on the Fermi-surface)
have to generate a strong effective interaction in the d-wave channel. This
phenomenon has been discussed in chapter 4. It has also been observed in
other renormalization group studies [15, 18|, the d-wave coupling also being
triggered by spin wave fluctuations and in various other approaches, see e.g.
(70, 71, 72], too. The second step, involving momenta |p? — p%| < A? for the
fermions and p? < A? for bosonic bound states, has to deal with a situation
where the d-wave channel coupling dominates. We only address here the sec-
ond step. We find that the universal behavior in the vicinity of the critical
temperature is dominated by effective bosonic fluctuations and becomes inde-
pendent of the microscopic details. This justifies our approach with a single
coupling )\i at the scale A in the d-wave channel, even though this remains, of
course, only an approximation. The prize to pay is that )\i is only an effective
coupling — its relation to the parameters ¢ and U of the Hubbard model is
expected to depend on 7" and the chemical potential .

We emphasize that we obtain a KT-like phase transition within a purely
fermionic model. The effective bosonic degrees of freedom arise as composite
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fields — we do not start from a bosonic effective theory. The transition from a
fermionic to a bosonic description is a result of the renormalization flow. The
complete decoupling of the fermionic degrees of freedom for the description of
the critical behavior is a non-trivial result which only holds for a sufficiently
large critical temperature 7. For T, — 0 interesting modifications reflect the
different universality class of a quantum phase transition [73, 74, 75, 76, 77].
Several new features are directly related to the dominance of fermionic fluc-
tuations sufficiently away from the critical region: We find that the critical
temperature 7. is below the pseudo-critical temperature 7). where the effec-
tive interaction strength for the electrons diverges. On the other hand, the
temperature range 1T, < T" < T, is strongly affected by fluctuations of com-
posite bosons. For the transition to d-wave superconductivity we find that 7,
is actually rather near to 7),.. This contrasts to the transition to antiferro-
magnetism for g = 0 where 7, has been found substantially below 7). [25].
Other fermionic aspects concern the relation between the gap in the electron
propagator and the superfluid order. We also find a quantitatively important
finite size effect which modifies the essential scaling for T" — T,.. Again it is
dominated by the fermionic fluctuations.

Our starting point is an action with nearest and next-nearest neighbor hop-
ping on a two dimensional square lattice with an attractive interaction in the
d-wave channel

TH] = 01(Q)(iwg + eq — 1)1 (Q)
Q

_)\i Z 5K1+K27K3+K42fd(k1_k2)

Ki,....Ky

x2fa(ks — ka) ] (K3) 7 (Ka) ¥ (Ka) ) (K1) - (5.1)

We apply the concept of partial bosonization and employ the following trun-
cation for the effective average action?

P = 3 0H(Q) (iwg + cq — Q)

Q
+ 37 (Q)i29% + AlaP)dQ) + Y U(d)
Q

X

Y dkgre2fia—q)

K?Q?Ql

x (@ (K) (@) (Q) — d(K ) (Q)vT(Q) (5.2)

'In this chapter we drop the subscript d in some parameters, e.g. m?, A, Z, n. There
should be no reason for confusion since there is only one type of bosonic field present.
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We approximate the effective potential by a quartic polynomial

] om0+ 8% (SYM)
U(d)—{ Sa(5— G (SSB) (5.3)

with 0 = d*d. Here (SYM) is used as long as the minimum of U is located at
¢ = 0, while the regime with spontaneous symmetry breaking (SSB) is char-
acterized by non vanishing dy = d{dy. The order parameter dy determines the
size of the gap in the fermion propagator A(q) = |2f4(2q)dy|. The generalized
couplings Z, A, m?, §, and Ay depend on k. At the scale A our truncation is
equivalent to the fermionic action (5.1) provided

_ 9 1 3
m/t_ki/t’ Ao =0, Z=A=0, (5.4)
as can be seen by solving for d as a functional of ).

We use the same regularization scheme as in chapter 4, see section 4.2, and
will follow the flow until a physical scale k,;, where k‘;hl corresponds to the
macroscopic size of the experimental probe. (In practice, our choice k,,/t =
1079 = 72073 corresponds to a probe size of roughly 1 cm.) For T' < T, we
find a non vanishing superfluid density dy(k,,) and therefore a non-vanishing
gap A, while dy(k,, — 0) = 0.

The flow equations for the couplings are already derived in section 4.5. Nev-
ertheless we shortly present the flow equation for the effective potential. Sim-
ilar as in egs. (4.105) and (4.106) with eq. (D.25) for o = 0 the effective
potential in (SYM) flows as

2T (0T, T d?
) - T [,

Tk -7 (271-)
k Pk(— M2 4+ 2\
i a_de(Q)[ d(kQ)_l_m _+ Aad] ——, (5.5)
Q [P3(Q) +m? + 2Xa0][Fy (—Q) + m? + 2Xa0] — A30?
where
1
_ AY 2
Vs 2T, \/(Eq ,LL) + A (Q) )
PHQ) = iZwp + Ald*? + RY(Q) . (5.6)
For the mass parameter and the bosonic quartic coupling this yields
_92 0 By 62
8km = —8kUk(5)|5:0, 8k>\d = —8kUk(5>|5=0 : (57>

) 029
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Figure 5.1: Flow of (k) for T/t=(0.037,0.0369 ,7./t,0.0365 ,0.036) with 7./t =
0.03681 and ¢/t = —0.1,X( /t =5/8, pu/t = —0.6.

The fermionic fluctuations generate frequency and gradient terms for the
bound state bosons (SYM regime), see eqs. (4.124) and (4.123) respectively.
There are no bosonic contributions to the flow of Z and A to this level of
approximation. The flow starts in the symmetric regime (5.3) with initial
values (5.4) and we choose A/t = 0.5. For temperatures below a pseudo-critical
temperature T}, the scale dependent mass term m? vanishes at a certain critical
scale kssp. This signals local ordering and indeed corresponds to a divergent

effective four fermion coupling S\i(k‘). Below kgsp we use the truncation (SSB)
in (5.3).

We do not consider here the region of very small 7" where interesting quan-
tum critical phenomena may occur [77]. Then classical statistics dominates the
flow for £ < T'. A typical flow in the SSB regime is depicted in figure 5.1, where
we show k = t?Ady /T for various values of T and '/t = —0.1, X/t = 5/8,
pu/t = —0.6. The fermionic fluctuations (first term in eq. (5.5)) first drive
m?(k) to zero and induce non vanishing x(k), starting from x(kgsg) = 0. For
k < kgsp the effect of the fermionic fluctuations is strongly reduced due to the
suppression with powers k/T from 0,7}, and the presence of a non-vanishing
gap A. Now the bosonic fluctuations take over and tend to reduce the value
of k(k) as k is lowered further. For the region around and on the right of the
maximum of x(k) in figure 5.1 we have already k < 7. Then the Matsubara
frequency m = 0 dominates the bosonic contributions and the system gets
reduced to classical statistics for the O(2) linear o-model. One can see this ef-
fective reduction from 241 to 2 dimensions explicitly by evaluating the bosonic
contribution in eq. (5.5) (the second term, denoted by 0,U?). Keeping only
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the m = 0 contribution the flow equation simplifies considerably

aule) = 5 [ a0 - Gew - o)

1 1
_ _ . 5.8
X{Ak2+(5—60))\d * Ak2+(36—50))\d} (5:8)

Here (k) = —%24 defines the anomalous dimension.

For a better understanding of the scaling behavior we introduce rescaled and
renormalized quantities
t? t2A t2A

UZWU’ 5275, K:T(SQ. (59)

This yields for the flow of the rescaled effective potential, now at fixed § instead
of fixed ¢,

= 8uk t2

s
implying for the renormalized field expectation value x and bosonic quartic
coupling Ay
10 0?

8kl<é = _A_dﬁﬁkuﬂ‘g:” y 8kAd = %muk\gm . (511)
The bosonic contribution to the anomalous dimension in SSB is the same as
for the linear O(2) model in two dimensions [65]

1 Nk 1

(k) = 7 (1 + 2\gk)? " dnrk +O(), (5.12)

while the fermionic contribution can be neglected.
The (-functions can be expanded in powers of (2A\gx)~!. In particular, to
leading order one finds

2
k@kn = ﬁ,i = O(/{_l) s k@k)\d = _2)\d + ;\—d + O(/{_l) 5 (513)
™

resulting in an infrared attractive fixed point for Ay. The running of k can be
mapped to the running of the coupling in the non-linear o-model for arbitrary
O(N)-models [65, 78, 79]. For N = 2 also the term ~ x~' in 3, has to
vanish, even though this is not seen in the truncation (5.2). The flow of the
classical linear O(2)-model has already been studied with much more extended
truncations [79], taking into account an arbitrary d-dependence of u(d) and
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arbitrary d-dependent wave function renormalizations, e.g. A(d). All these
functions flow quickly to a scaling form which depends only on one parameter
k. Evaluated for the scaling solution one finds to a very good approximation
for kK > ki

kOkk = [ = a|ky — /{|%@(/€* — K) (5.14)

with k. = 0.248 and a = 2.54 [79]. We will use this improved truncation for
B, for k < T/12 for the region k > ki = 0.1. This results in the solid lines
in figure 5.1, whereas the truncation (5.2) gives the dashed lines.

We define the critical temperature T, as the temperature for which the field
expectation value x just vanishes at the physical scale ky,/t = 1077, see figure
5.1. For T' < T, one finds a superfluid condensate in a probe of macroscopic
size of roughly 1 cm. The dependence of T, on the specific choice of k,, is
extremely weak. For our parameters t = 0.3 eV corresponds to 7, = 128 K
while for alternative Ai/t =1/2, 1 we find T, = 58.3, 366 K, respectively. We
also note that 7. is only mildly affected by the improvement of the truncation
(5.14).

5.2 Essential Scaling

A specific feature of the KT phase transition is essential scaling for the tem-
1

perature dependence of the correlation length ¢ = my' = (m?/A)~= just above

TC?

mp = cexp ( _ \/C(kph)b+ — TC) . (5.15)

This scaling relation is a consequence of eq. (5.14). In order to show this we
start in a region where k* > k and integrate eq. (5.14),

K(A) p , A

/ B :a/dlnk’, (5.16)
(K — K')2

k(k) k

(5.17)

Let &(A)/ x(A)be the initial value for £ which yields to k(k,n) = 0/k(ksr) =0
where (ksg > kyn). K(A) corresponds to T, and k(ksg) = 0 corresponds to
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Figure 5.2: Essential scaling for 7' > T, with C(kp;)/t = 1075. The dots are the
numerical solution to the flow equation.

T >T.. (5.17) yields

) —2
Ke —R(A) = kK, {1 + gFLE In A}

2
1A
ke —K(A) = ke |1+ g,‘ié In—| . (5.18)
2 ksr

Now we use k(A) — R(A) = drkp = y(T. — T') where (T' > T.) and find with
=0k = (Fx — K(A)) = (ke — K(A))

1 —2 1 -2
L — [1 + 262 A} - {1 + 262 A} . (5.19)

Ry
This is equivalent to

ksr 2 2

In = — , 5.20
A om% O‘V% (Ckpn) +T — Tc)% ( )
with
Rox
Clkyn) = ﬁ o0 (ky—0). (5.21)
(1 + ki 1n ﬁ)

Using the relation £ 7' = mp = ¢ kg we obtain

MRy 2 , (5.22)

Ko ayz (C(kp) + T —T,)2
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Figure 5.3: Temperature dependence of d-wave superconducting order. We plot the
renormalized superfluid density x and the fermionic gap A(0, 5)/t. Solid/dashed
lines are based on eq. (5.14)/(5.2).

where

N

A= +m ot (5.23)

« ]{th

This yields essential scaling relation (5.15) with b and ¢ being non-universal
constants following from eq. (5.22).

The finite size correction C'(k,p) ~ (1+%I€*% In k%h)_2 vanishes logarithmically
for k,, — 0. Close to the critical temperature the omission of the finite size
correction (i.e. C(k,y, = 0)) yields to a substantial derivation from the straight
line in figure 2.

For T' > T, one finds that (k) reaches zero at a scale kgp > k,,. Continuing
the flow in the symmetric regime for kg > k > k,, yields mpr = 0.50 kgp. We
show mpg(T) in figure 5.2 (same ¢/, Af, p in all figs.) and find that essential
scaling is smoothened due to k,, > 0.

From figure 5.1 we can also extrapolate the pseudo-critical temperature 7).
This corresponds to the temperature where (k) bends over immediately after
becoming non-zero at k = ksgp and is driven to zero again more or less at
the same scale ksrp ~ kggp. In other words, 7}, corresponds to the highest
temperature for which the initial flow in the symmetric regime hits a vanishing
mass term m? and therefore a divergent effective four fermion vertex ~ m=2.
Often this temperature is associated with the critical temperature. We find
T/t = 0.0372, only slightly above the value of the critical temperature 7./t =
0.0368.

It is characteristic for two dimensions that the renormalized order parameter
k jumps at T, even though the transition shows scaling behavior. Strictly
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Figure 5.4: Critical line in the Ay — x plane.

speaking, this discontinuity only occurs for k,, — 0 whereas it is smoothened
for nonzero k,;,. The scaling solution at 7, corresponds to a fixed point s,
where (3, (k) = 0 with .(k < k4) > 0. In the region (k) < k. the flow drives
k to zero and the system is in the symmetric phase. In contrast, for k > k, the
flow can never cross the fixed point. Therefore (k) remains larger than s,
resulting in a minimal value for x in the ordered phase. For k,, — 0 this results
in a jump Ak = k. between the two phases. In superfluids x(k,,) determines
the renormalized superfluid density. The value resulting in the vortex picture
61, 62] is K, = L. Our truncation (5.14) is already parameterized in terms of
k.. In figure 5.3 we plot the value of the superfluid density x(k,;) as well as
the gap in the electron propagator A(0, 7) in a fixed momentum direction. In
the present truncation A would vanish for k,, — 0, whereas x would remain
nonzero. In order to settle this issue more precisely one would have to follow
the flow of the Yukawa coupling that we have neglected here. For ¢t = 0.3 eV
and T' = T,/2 we obtain A(0,F) = 7.7 meV.

In figure 5.4 flow trajectories for different temperatures in the \; — x plane
are plotted. The flow starts on the scale kggp which is associated with the
onset of local ordering. Per construction s vanishes for all temperatures at
kssp. However, a lowering of the scale and penetration of the broken regime
reveals two qualitatively different situations. For temperatures T" < T, the
flow trajectories approach after some fast initial running a line of fixed points.
The system is now in the scaling regime and this line ends at the critical point
associated with the critical temperature T,. For temperatures T, > T > T,
fermionic fluctuations generate a finite k. However, since k < k* during the
flow, k is driven to zero at a scale kg depending on the temperature. Compare
with figures 5.1 and 5.3.
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Figure 5.5: Temperature dependence of the critical exponent 7. The solid line is
based on eq. (5.14), the dashed line on eq. (5.2).

5.3 Anomalous Dimension

We finally turn to the anomalous dimension for 7" < T,.. For weakly inho-
mogeneous fields (low q?) the gradient terms in the effective theory (Landau
theory) for the composite bosons d take the form

P [ @A ) o). (5.21)
q

Our truncation (5.5) has not yet taken the g?-dependence of A into account:
the flow equations apply for A(k) = A(q® = 0, k). Nevertheless, the momen-
tum dependence of A can be easily inferred by noting that g also acts as an
infrared cutoff such that R% becomes ineffective for k* < g A reasonable
approximation uses O, A(q% k) = 0 A(q® = 0,k)O(k* — g?). The solution at
kpn reads for q* > k2, ¢ = Vv,

Ing

Al = At/ w= [ dika)/ (o). (5:25)
ngq

In figure 5.5 we show 7 for §/q = €® and observe the characteristic dependence
on T. As a result the static correlation function (d(r)d*(0)). decreases ~ r~"
for large r. Furthermore, Coleman’s no go theorem for free massless particles
in two dimensions [80] is avoided since n > 0. For a superconductor one
replaces in eq. (5.24) q* by —(V — 2ile|A)? with A the space components of
the electromagnetic potential. Inserting d = d this results in an anomalous
Landau theory for the magnetic field B = 0; Ay — 0, A;. Instead of the photon
mass term ~ A2 responsible for ordinary superconductivity in three dimensions
we now find a term |A|*77. This may open a window for a measurement of
the anomalous dimension.
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Chapter 6

Summary and Outlook

High temperature superconductivity is one of the most challenging problems
in condensed matter physics. A typical class of materials which show this sur-
prisingly high transition temperature to the superconducting phase are cuprate
high temperature superconductors. Of particular interest is the investigation
of their comprehensive phase diagram. A common feature of these materials
is an anisotropic layer structure consisting of CuOs layers separated by layers
containing other atoms which basically define the concentration of electrons
or holes in the copper-oxide layers. This concentration governs the physical
properties of the material drastically. At sufficiently low temperatures it ranges
from an antiferromagnetic insulator, if the number of electrons and holes are
equal in the energetically accessible band, to superconductivity with d-wave
pairing symmetry if holes (or electrons) are added. These extremes are sepa-
rated by a region of doping where a lot of different degrees of freedom seem to
play a role. However, the basic degrees of freedom and their interplay are still
unclear in this pseudo-gap regime and further experimental and theoretical
effort is needed. Particularly, it is speculated that an understanding of this
regime may be crucial with regard to an investigation of the origin of high
temperature superconductivity.

Our view is that the interlayer hopping of the charge carriers provides only
a weak coupling between the copper-oxide layers. Basic features such as the
d-wave Cooper-pairing mechanism reside in the two-dimensional copper-oxide
planes. Furthermore, the electrons are tightly bound to the core atoms and are
assumed to interact on high momentum scales only via a screened Coulomb
repulsion. Other influences such as electron-phonon interactions which may
also be responsible for the pairing are disregarded here. We consider the two-
dimensional Hubbard model as minimal microscopic model for the electrons
in the copper-oxide planes of these cuprates.

In the near future experiments with ultra-cold fermionic atoms in two-
dimensional optical lattices may provide insight into the origin of high tem-
perature superconductivity in cuprates. Under the assumption that two kinds
of fermionic atoms are present differing by generalized Spin—% projections the

81



82 Chapter 6 Summary and Outlook

system can be described by the Hubbard model for sufficiently low tempera-
tures where the atoms are confined to the lowest Bloch band. Furthermore,
the ratio (U/t) of coupling to hopping amplitude can be tuned. In particular,
a transition to antiferromagnetism or to superfluid states with e.g. d-wave
pairing depending on the parameters (such as doping) can be probed in a very
clean environment.

A theoretical approach to the two-dimensional Hubbard model is challeng-
ing. It has to deal with a situation where qualitatively different degrees of
freedom such as antiferromagnetic spin correlation and fluctuations in the d-
wave Cooper-pairing channel, which appear on different momentum scales,
require and influence each other. This interplay of different degrees of free-
dom and different energy scales hampers approaches which treat all scales at
once since they are based on the same approximation scheme on all scales. In
low dimensions, perturbation theory is plagued by infrared divergencies and
therefore it is often not applicable even at weak coupling. However, within
a renormalization group approach the fluctuations on different scales are in-
tegrated out successively starting from the highest momentum scale which
is present in the microscopic description. This fact can be used to explore
different approximation schemes on different scales.

Our approach is based on a functional integral formulation and we interpo-
late smoothly by a one-parameter family of effective average actions between
the microscopic action and the (quantum) effective action which contains the
full physical information about the system. The transition from the micro-
scopic model to the (quantum) effective action is described by an exact flow
equation for the effective average action. This flow equation is equivalent to an
infinite hierarchy of coupled differential flow equations for the 1-PI Greens or
vertex functions. Of course, this hierarchy has to be truncated somewhere in
order to make progress. In practice, various versatile approximation schemes
beyond perturbation theory exist and this method is flexible enough to apply
different approximations at different scales. Furthermore, infrared singularities
are treated properly by successively integrating out the fluctuations scale by
scale.

In most of the earlier functional renormalization group studies of the Hub-
bard model a purely fermionic language is used, and the scale dependence of
the fermionic coupling is analyzed. However, although these studies demon-
strate the power of the functional renormalization group in the context of
the Hubbard model impressively, we believe that it is advantageous to make
the interesting degrees of freedom more explicit in the formulation. Within
our approach, we partially bosonize the fermionic coupling of the antiferro-
magnetic and the d-wave pairing channel, thereby the interaction between the
fermions is mediated by bosonic fields. This is achieved by means of a Hubbard-
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Stratonovich transformation. The penetration of a symmetry broken phase is
limited in a purely fermionic language by the divergence of the fermionic cou-
pling on a finite scale in the renormalization flow. The onset of local ordering
is indicated by this scale. Particularly, this divergence is translated into a van-
ishing of a bosonic mass term in our language. The symmetry broken phase
can be studied and is indicated by a finite expectation value of the correspond-
ing bosonic field. Furthermore, higher fermionic operators which are needed to
study phase transitions are included comparatively straightforward in terms
of bosonic interactions.

Within our approach we focus on antiferromagnetism and d-wave supercon-
ductivity. On initial scale we bosonize the fermionic coupling which we set
U/t = 3 completely into the antiferromagnetic channel. In the context of high
temperature superconductivity a coupling larger than the bandwidth U/t > 8
would be more realistic. However, many of the important features of the Hub-
bard model are expected already for smaller values for U. On lower momentum
scales a coupling in the d-wave channel is generated by the antiferromagnetic
fluctuations. This coupling is bosonized by the method of scale dependent field
transformations. Antiferromagnetic and d-wave pairing fluctuations as well as
their mutual influence are studied over a wide range of chemical potential in
terms of a Yukawa-like theory with two species of bosonic fields coupled to the
fermions.

We calculate the pseudo-critical temperature 7)., which is defined as the
highest temperature at which the system enters the broken phase in the renor-
malization flow, for both instabilities. This temperature is often associated
with the critical temperature T, in the literature, but the true critical temper-
ature is still below 7,,.. More precisely, T},. defines the boundary in temperature
between flow trajectories where the bosonic mass stays finite (7' > 7},.) and flow
trajectories where the mass vanishes. For temperatures 7" with T),. > T > T,
the symmetry is spontaneously broken in the renormalization flow (below a
scale kggp) but restored at the end of the flow, while for 7" < T, the symmetry
remains spontaneously broken for k& < kggp. See chapter 5 for a more extensive
discussion.

The behavior of the system depends strongly on the chemical potential and
therewith on the topology of the Fermi surface. With restriction to nearest
neighbor hopping, a vanishing chemical potential corresponds to a half-filled
lattice with the perfect-nesting property and the system depends only on the
absolute value of the chemical potential |p|. Near y = 0 the antiferromagnetic
channel dominates and becomes instable for temperatures below 7. which
takes the highest value at vanishing chemical potential. For increasing absolute
values of the chemical potential, T}, decreases, see figure 4.10. The transition
into the symmetry broken regime is continuous in the renormalization flow up



84 Chapter 6 Summary and Outlook

to a certain value of the chemical potential |¢/|. This point is indicated by the
fact that for larger chemical potential the quartic coupling A, becomes negative
in the renormalization flow before the mass of the boson vanishes. Hence, for
|| > || a transition to the symmetry broken regime is discontinuous which
means that the expectation value of the bosonic fields jumps discontinuously
to a finite value in the renormalization flow. However, since the spontaneous
breaking of a continuous symmetry in two dimensions at non-zero temperature
is forbidden by the Mermin-Wagner theorem, antiferromagnetism at non-zero
temperature is a finite volume effect, see [25] for a discussion. In the sense of
[25] the transition to antiferromagnetism is expected to be of first order for
|l > [p].

For larger values of the chemical potential the different topology of the
Fermi surface changes the situation drastically. In particular, the d-wave pair-
ing channel rather than the antiferromagnetic channel becomes critical, see
figure 4.10. The maximum of the pseudo-critical temperature is located at
||/t = 0.28 and the transition into the symmetry broken regime is every-
where continuous in the renormalization flow. In addition the nature of the
antiferromagnetic fluctuations also changes with the chemical potential. At
vanishing chemical potential the antiferromagnetic fluctuations are commen-
surate while at finite chemical potential and for sufficiently low temperatures
incommensurate antiferromagnetic fluctuations prevail. However, in the range
of chemical potential and temperature where antiferromagnetism becomes crit-
ical, commensurate antiferromagnetic fluctuations dominate.

In the intermediate regime of chemical potential between a dominance of
either antiferromagnetic or d-wave pairing fluctuations the truncation has to
be improved. For instance, this is necessary in order to decide whether a dis-
continuous transition into the symmetry broken regime of antiferromagnetism
or a continuous transition into the symmetry broken regime of d-wave super-
conductivity in the renormalization flow are on hand. Such an improvement
can be achieved by an inclusion of higher fermionic operators, corresponding to
bosonic interactions in our language, which couples the two different bosons.

The temperature dependence of d-wave superconducting order is studied
within a simplified model characterized by a coupling solely in the d-wave
channel on lower momentum scales. For the phase transition from the high
temperature symmetric phase to the low temperature superconducting phase
we find essential scaling of the correlation length as the critical temperature is
approached from above, a temperature dependent anomalous dimension and
a gap in the electron propagator for temperatures below the critical tempera-
ture. These features are characteristic for a Kosterlitz-Thouless phase transi-
tion which is a natural candidate for a universality class with a global U(1)-
symmetry in two dimensions. Importantly, this picture emerges directly from
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the renormalization flow, and it is not necessary to include vortex configura-
tions explicitly as proposed in earlier work to describe the Kosterlitz-Thouless
behavior.

In summary, we have demonstrated how competing instabilities and symme-
try broken phases in the Hubbard model can be addressed by the functional
renormalization group with partial bosonization. However, our truncation can
be further improved in various ways. A first step might be an improvement
of the projection prescription onto the coupling in the d-wave channel which
better accounts for the momentum dependences. The inclusion of other chan-
nels such as the s-wave, the extended s-wave pairing channel, and the charge
density channel would also be desirable. Moreover, a study of possible sponta-
neous breaking of the point group symmetry of the square lattice by a (d-wave)
Pomeranchuk instability [81, 15] would be interesting within our approach. Ad-
ditional higher fermionic operators, which correspond to bosonic interactions
in our formulation, can be included very efficiently. In this way a coupling be-
tween the different bosonic fields can be included. This may help to shed some
light on the intermediate regime between antiferromagnetism and d-wave su-
perconductivity in the phase diagram of the two-dimensional Hubbard model.
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Appendix A

Conventions and Notation

This part of the appendix is supposed to summarize the most important con-
ventions and notations. We use natural units with A = ¢ = kg = 1. Fields
are indicated by a " over the symbol (1,4, d, . ..) while the " is omitted for the
corresponding expectation values (¢, a,d,...). However, there is subtlety in
notation since the effective potential is a function of invariants under symme-
try transformations of the expectation values, e.g. U(q,d), with a = %a - a,
0 = d*d. The minima of the effective potential in broken phases are denoted by
a node, e.g. «y, dyg. For composite objects like fermion bilinears we introduce
a ~ over the symbol (5 =), a = lar, .. ).
We define generalized positions and momenta by

X = (77 X)v Q = (wQ?q)a QX = wQT +x-q. (Al)

The Matsubara frequencies are defined as wg = (2n + 1)7T for fermions and
Qg = 2nnT for bosons with n € Z, respectively. Generalized sums and delta
distributions are defined as follows

— ﬁd _ T o [ d2q
S fey yery [ S
X 0 x Q n=-—00"_
(X —X')=6(1 — 7")oxxr
5(Q — Q) = Bpn(27)*5(q — q). (A.2)
We measure all components of X and () in units of the lattice distance a, i.e.
X — ax, q — q/a, they aquire therefore the same canonical dimension. Here

we set a = 1. All functions are periodic in 27 in the space-like momenta.
Fourier transforms are defined for local fields as

DX) =Y (@), X)) =) PH(Q)e N, (A.3)
Q Q

for the fermionic fields and similar for bosonic fields.
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Appendix B

Matrices for Computation of 1-PI
Vertex Functions

Both the calculation of the one-loop correction to the vertex functions and the
derivation of the flow equations for the couplings are based on the matrices
Py, 73(75 and F or parts of them. We summarize these matrices and also
often used abbreviations in this part of the appendix.

With the ~over the symbol P we mean

Py(P) = Py(P) + M2 with M2 = {Zﬁ ; 2_Ag;s)|+5 ichc?la:o, Sggj\g B
where 6 = d*d. In SSB it is 0 = dy. In the presence of the regulator it is
P}(P) = Pj(P) + Mj = Py(P) + RE(P) + Mj. (B.2)
Further we use
N (P) = B (P)P (= P) = (A + 27a0)°6° (B:3)

which is the determinant of the d-boson part of the propagator matrix. For
the fermion part with vanishing a-field («« = 0) we define a generalized square
of the inverse propagator

NP(P) = PV (P)PF (—P) + A (p), (B.4)

where A%(p) = 4h%(2p)d defines the square of the gap function.
d
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We decompose I'® into I'® =P + F. It is

(Pa(Pl)(sij‘FMg’ij)(s(Pl—P2)
<;\~d d*d* Py(=P1) )§(P1—P2)
Py(P1)  Aqdd
P(Pl, PQ) - - . —PF(—Pl)(Sag(s(Pl—Pg) 5 (B5>
—2hq(2P1) d*eqgd(P1—P2) +f_la(0)[a~0'T]a55(P1—P2—H)
Pp(P1)3ap6(P1—P2) _
ha(Ofaclagb(P—Pa—T)) 2P deapd(Pi=F2)
with M2, = [m2 + (o — a0)|0;; + Aaia , i, j = 1,2,3.

j\a [a‘éa(Pl —P2)5ij +da; (P1 —Pz)aj +ai5aj (P1 —P2)]

+Aa Y[ 3 0a(K)-da(PL—P2—K)§;j+6a; (K)da; (PL—Py—K)) 0 0
K
20y d*6d* (Pa—P1) 20g4[d*8d( Py — Pa)+dsd* (Pa—P1)
0 g 3 8d* (K)dd* (Pa— P1—K) + 32 6d* (K)6d(K+P1—Py))
f(P17 P2> - - K K
2/\d[d*§d(P1—P2)+d6d* (P2—P1) B 2Mqd 5d(P1—P2)
0 + 32 6d* (K)Sd(K+P1—P»)) g 3 6d(K)dd(Pr—Pe—K)
K K
;La(Pg)’lbf;(Pg—Pl—l-H)O'-ya 0 —QBd(PQ—Qpl)ea-\,’lb,y(Pl—Pz)
—ha(P2) 0 anthy (P1—Pa—I1) 2hg(2P1—P2)ear % (P2—P1) 0
—ha(=P1)Y% (Pa—Pi+1)o ha(=P1)o gy th (P1—P2—TI)
0 —2hq(2P2—P1)eg % (P2—Pr)
2ha(PL—2P2)egytn (PL—P2) 0 . (B.6)
~ —2hq(Pr+P)6d" (Pa—Pr)eagp ha(P1 jpz—n)wa(Pl—Pz—H)'UT]aﬁ
—ha(P1—Py—1I)[0a(Py —PQ—H)‘O']QB 2hq(P1+P2)déd( Py —Pz)eag

In the symmetric regime concerning antiferromagnetism (o = 0), eq. (B.5) simplifies to

(Pu(P)+m2) 5,5
Xgd*d* Py(—Py)
PPy, Py) = (aien 5o) 5(Py— Py). (B.7)

—2hq(2P1) d*eap —Pr(=P1)dag
Pr(P1)oap  2hq(2P1)deqs

06

suoI1dUN X9 |d-T 40 uoineindwor) Joj seouiely g xipuaddy



For the expansion of %STr {5k In(P+ F )} in powers of the fields, we need the inverse of P(P;, P»):

-1
(Pa(P1)+m§) dij 0 0 0 0
_ Agdd_ Pg(=Pp)
: 0 NuPD Ng(PL) 0 0
— _ Py(Py) Agdtd* —
PP, P) = 0 e e 0 0 §(P—P). (B.8)
2hg(2P) d Pr(—P1)
0 0 0 J\(fiF(Pll) €ap z\?F(ﬁl) ap
0 0 0 —Pp(Py) s —2hg(2Py)d"

Np(Pp) aB Np(P) B

Pr (P, 1) can be obtained simply by adding the regulator functions to the inverse propagators, see eqs. (4.37) and
(4.31).

16
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Appendix C

Explicit Flow Equations

In this chapter we provide all flow equations within our truncation and regu-
lator scheme.

The functions 51, 11, Fi23, G, g, and h are defined in appendix D.

.....

C.1 Effective Potential

5 N AK2T

k T2 == 712
Kima = =5 TonTyizz 5L
he()(kRT)T [T dPp o
AT / GnpEn =) (©1)
k —m
with
A k% 4+ m?
=t 2
“TN\ Z.nTy (©2)
- o 5A'e pP+m
and =, = ;Tpk’ =3 = k;#
< NAKT Vo Aak*T
koL, = 112042 2 ML
o Tz o)~ Ty i)
_53(0)(k8ka)T /’T d’p (tanh=; — tanh =,
217, —r (2m)? (51— E,)3
EQ + 51<El - Eg) tanh El _ El - EQ(El — Eg) tanh EQ (C 3)
(21 — Z3)3 cosh? 5, (21 — Z4)3 cosh? 2, Y
where =y = %’i”
~ \B _ EaAasz XaﬁaAasz
(k‘@k%) = _QWIZSB(Q) -+ 102WIZS6(CI,)
M A KT
_174WIZSS(CL) . (04)
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94
_ r o hS(0) (kO T,)T /” d’p [ tanh=; — tanh =,
kO a = ¢ 6— C.5
(kO ‘5:0) ATT . (2n)2 (51 — Sa)° (C.5)
- _ =1 — = _ =2 -
(21 —Z9)3cosh™ =y (E; — Z5)3 cosh™ =
6Z5 + 3(Z2 — Z2) tanh Z; + 22,(E, — Z5)? tanh® Z;
(21 — E3)% cosh? 5,
62 — 3(2] — B3) tanh B + 255(Z; — E,)” tanh® =y
(El — 52)5 COSh2 EQ )
(kWG )F _ h&(0) (ko Ty)T /’f d’p (22 + =5 + 25, (Z; — Zp) tanh =4
Fhals—o 277 . (2m)2 (21 — Z2)5 cosh® 2,
_351 + 252 - EQ(El - Eg) tanh EQ
(El — 52)5 COSh4 EQ
1
{1522 + (21 — Z2) tanh 2 [63, + 9%,

a (El — 52)7 COSh2 El
+2(El - EQ)(251 + 52) tanh El + El(El - 32)2 tanh2 El} }
1
+ {152, + 25} - 62,23 + 45}
(21 — )7 cosh? 2, ! ! 2 2
— %) (95, + (6 + E2)Z, — 25,22 + =2) tanh 52}

(C.6)

tanh=; — tanh =
15— .
(51— %)
For bosonic contributions of the d-boson we present the flow equations with
both linear and quadratic frequency dependence of the inverse bosonic propa-

gator. With linear frequency dependence the flow equation for the mass is
. 2AgAgk?
k o) i )
(kOkmy) (2 Za2T Sa(ar), (C.7)

where
A ]{22 = 2
_ AT g (C.8)

N T,

With quadratic frequency dependence it is
2AgAqk*T

~2\B _ )
(kakmd) = 7(271_7_‘)4232 ]ZS5<042) y
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where
Agk? +m3
= 2 T 1
N\ Zp@nT) (C.10)

T(k@ka) /7r d2p
T - (27)?

(kom3)" = hi(2p)Fi(Z1) - (C.11)

A2 A K2
(27 Z4)3T?

YaAqk?
(2w Z4)?T

(kM) P = 1i{8S3(c1) + 2S5 (a) }

—6 [Z'SQ(O[:[) s (012)

with linear frequency dependence of the inverse bosonic propagator, and

N2AKPT
(27T)6Z3,

YaAgk*T

korha)” =1 JafZdh 2
(kdka) 0 (2nT)4 22,

[Z‘S6(Oé2> —6 ]Z'S5(Oé2) y (013)

with quadratic frequency dependence.

(kDA = _T(/;%Tw /_ " (%2 h4(2p) Fa(Z)) . (C.14)

(kowya)" =

T(k@ka) /ﬂ d2p 76 3—45% 3
h;(2 +
ATy ), (2m)? (2P) 224 cosh? 2, Z2cosh’ Z;
_3tanh51)

=5
2\—11

(C.15)
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C.2 Kinetic Terms

kO, Aa = - E _ 3) < -
’ 4Ty ) @R (BEi-E)? (51— Sy cosh®E,

=3 tanh =Z; — tanh Eg)
2= = =
(21 — =3) cosh” E3 21— 23
._1 tanh = =3 — 1 2A Eg tanh Eg —1
_ 2= + = = 2=
(21 — =3) cosh” =5 =23 cosh” =5

2B? tanh Z3(1 — 223 tanh =3) 2B%=, }

EiT(k@ka) /'7T dzp 2B? 4+ A(
(

—_

(.:1 - Eg) COSh2 Eg (El - Eg) COSh4 Eg

hiT(k@kfc) /’T d*p op3( _ 3 tanh Z; — tanh =3
4Tk2 _r (2m)? (E1 —E3)!

(21 — Z3) tanh Z5 — 1 2tanh® =3 — 1/ cosh? =3
(21 — Z3)3 cosh? =5 ) (21 — Z3) cosh® = )
tanh Z; — tanh =3 N (21 — Z3) tanh =5 — 1)
(2, — Z5)3 (2, — Z3)2 cosh? =4

tanh =, — tanh = 1
+B( apn s TR _)} (C.16)

(21 — =3)? (21 — Z3) cosh® =

—6AB<

where

—(t — 2t' cos py) cos(p, + k) B— —(t — 2¢' cosp,) sin(p, + k)

A—
Tk Tk

(C.17)

The flow equations kA, can be obtained from eq. (C.16) by setting k=0
and Ok =0

kOpZ, = —

(k‘aka)hi/W d*p G(2,,55)— (E1—55)(EF1(E1) —EaF1(5n))
8m2TT? | (2m)2 | T (21 — 5,)2 + n2
272(Z2; — Z5)(tanh Z; — tanh =)

=
—
—_
—

(21— E2)2 +72)2

} (C.18)

RET(kOWTy) [T d2 1 ,
koL Aq = d ( i k)/ ];2{——Fl(il)(Bcospl—SmZPl)

16¢2 e i
= B . 9 ,
—WFQ(:l)B(E cos p; — sin® py) (2t + 4t’ cos ps)
k

1
—i—ﬁFg(_l)B sin? py (2t + 4t cos py)? } (C.19)
k
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kOpZq = —(

ko, Ty) /7r d*p 2 tanh =

_— 2
273 (2m)? al p)cosh2 = (C-20)

—T

based on eq. (4.124), or alternatively based on a discrete prescription

ko, ™ d’p - 2=2 tanh = 2tanh =
]{iakZd: _( 8k k)/ P 2(2p){ 1 tan 1 an 1

AT ) (2m)? E1+ ()% E+E)

C.3 Yukawa Couplings

5 _ T(kKWTy)h} /’f d’p G(Z,,Z,)
ha

ATy = (2m)* P¥(p)
s [ e -2)
ATE (A k2 +m2)? ) (2)? e k?
xO(k* — p*t*)g(Ey, Eo)

+T(k5ka)7La /7T d’p hi(p)
e )= 2m)? Pi(p)

T  Agk*h, /7r d*p p*t? 2 2,2

- 2 —na(1 — =)0 (k? — pt

T} (Agk? +m3)* J-n (27T)2( =T e )

xhg(P)g(E1,Zs) - (C.22)

G(El7 EQ)

@%d(zq) = (kdkha)" fa(2q)
_ 3T (kO Ty ) hah? /7r d’p fa(2a+ QP)F (qurp—W)
AT} . (2m2 Prp) N 2T

3T A ]{?2Bdil2 g dzp p2t2
. - 2 — N 1 JE kz _ 2t2
AT} (Aa/{:2 + mg)z /_,T (2%)2( Ta( L2 ))@( p-t)

X fa(2q + 2p)h(£(12+%) . (C.23)
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w _ a2 T(ROTE) [T dp 1 - = -
W= Mg | o e O )+ AE))
W, T [T &%  kOR:p)
+h/ a2T2 /_ﬂ_ (27T) ( )2Pk( )

><{2g E1,Z9) + h(Z1) + h(~2)}

(C.24)
In the following it is
— &prom) N )
== d Zy=>"——"~. C.25
LT o, MY T g (C-25)
3- T d? ~ 1 T 2422 — 55)?
KOk __hi/ pzkak{ = S 2 47T2+ = ~2)2
8 %) (2m)* " L Pk(p)Pl(p — m) 2m°T}; 72 + (51— =)
tanh =; — tanh =,
X = =
=1 — D9
1 T
+— S (C.26)
Pk(p)2 2m2T}} cosh” =,
3T (ko T, d? 1
(kORAY)F <7k5k>h/ LD S—
82T, —r (2m)* | PE(p)Pk(p — )
2+ 2(2) — )2 1 S =
2(m2 + (21 — Z2)2) =1 — Zp \cosh®?Z;  cosh? 5,

_'_71'2(51 — Eg)(tanh El — tanh Eg)
(72 + (T; — 5,)2)°

+3(7T +2(Z; — E2)%) tanh =, — tanh52]

2(m2 + (51— 52)?)

4 1 2—Egtanh52}.

= =
=1 T =2

C.27
Pk(p)? cosh? =, ( )

3Thi [T d% p?
R0XD)" = Sts | A2 = (1= 7))l — b

x{ 1 72+ 2(2; — Z5)? tanh 21 — tanh =,
Ph(p)2Pk(p —7) 72 + (51 — Es)?

2
2) Z1— 5

1 1
+—= 5 } . (C.28)
P%(p)3 cosh” Zy




Appendix D
Useful Formulae

D.1 Spinor Matrices

The calculation of the flow equations involves an evaluation of products of

spinor matrices. This appendix is supposed to provide some helpful relations.
The group GL(2,C) consists of all complex 2x2 matrices. A convenient

basis is the identity plus the three Pauli matrices in standard representation

o (1 0\ . (0 1\ , [0 —i s, (1 0
a—<01,a— Lo 7=\, o ,and o’ = 0 _1 . (D.1)

They obey the well known (anti)-commutation relations®
{0,067} =267, [0% 07] = 2ié?*c" | and o' = (6))1 = ()", (D.2)

where i = 1,2,3. We introduce a condensed notation o* = (0% o), * =
(06 —0o), € = ic? and the metric g, = diag(1, -1, -1, —1). It holds

(0")ap(0u)rs = 2€0v€35, and eot = ((7”)T6, (D.3)
from which we obtain

Uéﬁafﬂ; = 04805 — 2€a1€55

olod = oV +ieFot
olole" = —o’ (D.4)
e(o)le = o'
ale(c")T = —3e.

and

(0°07)as(070" )45 = 5556 — 3Savsss
(0'07)as(0"07 )y = Tarisp + 9Sayes » (D.5)

!Summation over repeated indices.
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where S and T are the projectors on spin singlet and spin triplets in a two
spin—% particle state, respectively. They are

1
Sarips = 5(5aﬁ5v5 — 0,3045)

1
Tomos = 5(0apdns + 0yp0as) - (D.6)
In addition it is
o ) 1
tr(c" o™ - 0")ag ay, - - a,, = 2"+1(§a -a)". (D.7)

D.2 Integrals

Due to our regularization scheme for the bosons, the following integral with
case differentiation appears:

L= [ = Fe - v, (D3)

with ¢ = 1,2 depending on the scale. Note, that the scale is in units of the
hopping parameter ¢.

e i=1 corresponds to 0 < k < km:

o [* x?
L = (%)2/0 dra(2 — ma(1 — 7))
= T, (D.9)

e i=2 corresponds to 7w < k < V2

L, = 4= %

, (D.10)

+ (cotd)(2—ma(1 —

with
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D.3 Matsubara Sums

Here we introduce shortcuts for all Matsubara sums.

1 7 tanh(%7)
S1(@) :Zx2+(2n+1)2 2z (D-11)

nez

2

SQ(CL’):Z( 1 :Zx2—n2—2inx_ ™ (D.12)

(n2+22)2  sinh*(7z)’

1 10 73 coth(rx)
1 18 mcoth(ma) D.1
) r; (in + )3 205" sinh?(rz) o
1 7 coth(7z)
Silx) =) — i (D.14)
nez
- 1 1 0, mcoth(rz) m?
55(37) = Z m = —%%54 - 23 + 21’2 Sinhz(ﬂ'l’) ’ (D15)

nez

1 10
S0 =2 G~

nez
_ 3mcoth(mz) w2z (3 + %ﬂxgoth(wx)) | (D.16)
8x° 825 sinh”(7x)
1 10
S:(x) = __1 9%
() T;Z (22 + (2n + 1)2)? 22 0x '
7 tanh(%7) 2
4a? 822 cosh?(Z2) (D-17)
1 1 0
5@ =2 Gy T
nez
_ bmceothmz N 572 + 43z coth(mx) + 3mia? coth? ()
- 1627 1626 sinh?(7x)
4
(D.18)

2474 sinh* (1)’



102 Appendix D Useful Formulae

So(x) = % __ 104 (D.19)

= n?+ 22 8zdr °
35mcothme  7(5 + 4wz coth(mz))
12829 9626 sinh* ()
N 72(105 + 907z coth(rx) 4+ 4072x? coth?(rz) + 87323 coth® (7))
38428 sinh? ()

Y

B 1 19, 72+ cosh(27x))
S10() = Z (in+ )% _5%53 ~ 3sinh?(rz) (D-20)

_ mwceoth(mz) — w*(1 + 27w coth(mz))
N 43 422 sinh? ()

(D.21)

D.4 Abbreviations

The here defined functions often appear in fermionic one-loop calculations.

tanh x 1
Fz) =
1(7) x cosh?z’
tanhx 2z tanhax — 1
Fo(z) =
2() a3 * r2cosh’z
Fy(z) tanhz  tanh®z tanh z 1 1
) = — — — ,
s 423 cosh?z  xcosh’z  2cosh*z  422cosh?z
tanh x
(a) = 20T
tanh z — tanhy
g(z,y) = pr— ,
F —yF
Glay) = THI=V0W), (D.22)

In the fermionic part of the flow equation for the effective potential (4.106)
the function

1 —,
Yela, §) = Q—Tk\/[luoﬁ,l — €l +ey/ €4+ 2h2a]” + 4h3(2q)0 (D.23)

is used, where

fa=—p+eq+eg, (D.24)
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with

€q = —2t(cosq, +cosq,) and e, = —4t'cosq, cos gy . (D.25)
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