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Abstract

The present thesis is primarily concerned with the application of the functional
renormalization group (FRG) to spin systems. In the first part, we study the
critical regime close to the Berezinskii-Kosterlitz-Thouless (BKT) transition
in several systems. Our starting point is the dual-vortex representation
of the two-dimensional XY model, which is obtained by applying a dual
transformation to the Villain model. In order to deal with the integer-valued
field corresponding to the dual vortices, we apply the lattice FRG formalism
developed by Machado and Dupuis [Phys. Rev. E 82, 041128 (2010)]. Using
a Litim regulator in momentum space with the initial condition of isolated
lattice sites, we then recover the Kosterlitz-Thouless renormalization group
equations for the rescaled vortex fugacity and the dimensionless temperature.
In addition to our previously published approach based on the vertex expansion
[Phys. Rev. E 96, 042107 (2017)], we also present an alternative derivation
within the derivative expansion. We then generalize our approach to the O(2)
model and to the strongly anisotropic XXZ model, which enables us to show
that weak amplitude fluctuations as well as weak out-of-plane fluctuations do
not change the universal properties of the BK'T transition.

In the second part of this thesis, we develop a new FRG approach to
quantum spin systems. In contrast to previous works, our spin functional
renormalization group (SFRG) does not rely on a mapping to bosonic or
fermionic fields, but instead deals directly with the spin operators. Most
importantly, we show that the generating functional of the irreducible vertices
obeys an exact renormalization group equation, which resembles the Wetterich
equation of a bosonic system. As a consequence, the non-trivial structure
of the su(2) algebra is fully taken into account by the initial condition
of the renormalization group flow. Our method is motivated by the spin-
diagrammatic approach to quantum spin system that was developed more
than half a century ago in a seminal work by Vaks, Larkin, and Pikin (VLP)
[Sov. Phys. JETP 26, 188 (1968)]. By embedding their ideas in the language
of the modern renormalization group, we avoid the complicated diagrammatic
rules while at the same time allowing for novel approximation schemes.
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As a demonstration, we explicitly show how VLP’s results for the leading
corrections to the free energy and to the longitudinal polarization function
of a ferromagnetic Heisenberg model can be recovered within the SFRG.
Furthermore, we apply our method to the spin-S Ising model as well as to the
spin-S quantum Heisenberg model, which allows us to calculate the critical
temperature for both a ferromagnetic and an antiferromagnetic exchange
interaction. Finally, we present a new hybrid formulation of the SFRG, which
combines features of both the pure and the Hubbard-Stratonovich SFRG that
were published recently [Phys. Rev. B 99, 060403(R) (2019)].



Chapter 1

Introduction

1.1 Overview

The purpose of the first chapter is to lay the foundation for the main part
of this thesis. We start with an introduction to the renormalization group
in Sec. [I.2], where we present an overview on its historical development as
well as on its main concepts. In Sec. we then give a short primer on
the imaginary-time formalism, which will be a central building block in the
development of the spin functional renormalization group in Ch. 3]

The second chapter is devoted to the Berezinskii-Kosterlitz-Thouless
(BKT) transition, whose main features are illustrated in Sec. in the
context of the two-dimensional XY model. After introducing the Villain
model as well as several of its dual representations in Sec. [2.2] we show in
Sec. how the functional renormalization group can be applied to the dual-
vortex representation. The explicit derivation of the Kosterlitz-Thouless flow
equations within the vertex expansion is given in Sec. [2.4] while in Sec.
we present an alternative derivation based on the derivative expansion. We
then generalize our approach to the O(2) model (Sec. and to the strongly
anisotropic XXZ model (Sec. , where we study the influence of amplitude
and out-of-plane fluctuations on the BKT transition.

Finally, Ch. [3]is concerned with our work on the spin functional renor-
malization group (SFRG), which we briefly motivate in Sec. 3.1 We then
construct the pure SFRG and apply it to the spin-S Ising model in Sec. [3.2
We end this section by discussing several possibilities for the initial condition
of the renormalization group flow in quantum spin systems. In Sec.
we develop an alternative formulation of the SFRG and illustrate that this
Hubbard-Stratonovich SFRG is closely connected to the spin-diagrammatic
approach of Vaks, Larkin, and Pikin (VLP) [1H3]. We demonstrate the method
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4 1. Introduction

by rederiving some results of VLP as well as by calculating the critical tem-
perature of the spin-S quantum Heisenberg model. We conclude the chapter
by developing a hybrid version of the pure and the Hubbard-Stratonovich
SFRG in Sec. 3.4

Note that throughout the thesis we will set kg = h = 1 to simplify the
notation. Unless specifically stated otherwise, we will also assume (discrete)
translational invariance in time and space.

1.2 Renormalization group

1.2.1 Historical overview
Perturbative renormalization

To understand the origins of the modern renormalization group, one has
to go back to the early days of quantum field theory. This discipline was
born 1927 when Dirac formulated a quantum theory of electrodynamics
(aptly called quantum electrodynamics by him) by coupling the electric
current density to a quantized version of the electromagnetic field, which he
described as a system of quantized oscillators [4]. Within a leading-order
perturbative calculation, this theory enabled Dirac to explain the phenomenon
of spontaneous emission as well as photon scattering processes, resonance
fluorescence, and non-relativistic Compton scattering of photons by electrons
[5]. It quickly turned out, however, that higher-order terms are always riddled
with infinities [6], since the corresponding Feynman diagrams involve closed
loops which correspond to ultraviolet divergent integrals over arbitrarily high
momenta. Nevertheless, as the leading-order results were good enough for
the experimental accuracy at that time, it was possible to ignore this issue
for a while [5].

Being unsolved for almost twenty years, a new impetus to tackle the
problem of the ultraviolet divergences came from the experimental results
of Lamb and Retherford, who showed that the 2S;/5 and the 2P,/ states of
hydrogen correspond to different energy levels [7]. While the Dirac equation
predicted these states to be exactly degenerate, they found that the 2S, ), state
has a slightly higher energy with AE &~ 4.37 x 107%¢eV (Lamb shift). Shortly
after this observation had been discussed at the Shelter Island conference in
1947, Bethe managed to derive the Lamb shift by taking the interaction of
the electron with the radiation field into account and effectively introducing
an ultraviolet cutoff of the order of m.c? [8]. Since most of the effect is due
to photons of lower energy, the relative error of his result was below two
per cent. About two years later, Kroll and Lamb [9] as well as French and
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Weisskopf [10] managed to improve on this by calculating perturbatively the
exact contribution to the Lamb shift up to lowest order in e?/kc. Although
these authors managed to arrive at a finite result by subtracting the divergent
terms, the methods to achieve this were “clumsy and unreliable” [5]. It was
only through the work of Tomonaga, Schwinger, and Feynman that a reliable
way of dealing with the infinities emerged, winning them the Physics Nobel
prize in 1965; their approaches were subsequently unified by Dyson [11]. In
essence, the idea consists of introducing counterterms at each order of the
perturbative expansion in such a way that all infinities are cancelled; most
importantly, the exact form of these counterterms can be fixed in quantum
electrodynamics through a finite number of experimental measurements, which
allows to calculate higher-order contributions to electromagnetic effects in an
unambiguous way [I1]. This method of perturbative renormalization marks
the beginning of the modern renormalization group and will be described in

more detail in Sec. [1.2.2]

Renormalization group

Although it was now possible to calculate observables like the Lamb shift
or the g-factor of the electron perturbatively to a high precision, the situ-
ation was not really satisfying. On the one hand, there was evidence that
the meson coupling constantsE] are of order unity, while on the other hand
even in quantum electrodynamics there are domains in momentum space
where the effective coupling can grow to infinity, making non-perturbative
considerations necessary [14]. An important step in this direction was made
by Stiickelberg and Petermann [15] [16], who found that finite renormalization
transformations of scattering-matrix elements form a Lie group and thus obey
differential equations. Seemingly unaware of their work, Gell-Mann and Low
[17] independently considered scale transformations in QED and showed that
the electromagnetic coupling changes with the energy scale according to a
differential equation, which in modern parlance is known as a beta function.
These ideas were further developed by Bogolyubov and Shirkov [14]; the title
of their paper “Charge Renormalization Group in Quantum Field Theory’
marks the first appearance of the term renormalization group (RG).

)

Wilsonian RG

While these works resulted in useful techniques to analyze quantum field
theories, their importance was not recognized for many years. The renormal-

!The concept of quarks was only developed more than a decade later in 1964 by
Gell-Mann [12] and by Zweig [13].



6 1. Introduction

ization group only seemed to provide information about the large-momentum
regime; however, asymptotic freedom had not been discovered yet, so that
the general consensus at this time was that all quantum field theories are
strongly interacting in the short-distance limit. Without a good alternative
to perturbation theory, it thus seemed that the renormalization group merely
allowed for discussing, but not calculating, the asymptotic behaviour of quan-
tum field theories in a physically uninteresting regime [I§]. It was only in the
beginning of the 1970s that Wilson provided a conceptual framework for the
renormalization group and thus revolutionized the way we think about the
scale dependence of physical theories [I9-22]. In a seminal work [19] 20], he
cast Kadanoff’s “block spin” transformation [23] of an Ising ferromagnet into
a differential form and subsequently generalized the approach to momentum
space (see Sec. for details). This allowed Wilson to connect the renor-
malization group to second-order phase transitions and to analyze the critical
regime in a simple way.

Moreover, his work not only provided an extremely powerful technique to
describe criticality in condensed matter systems, but it also had a significant
impact on the interpretation of quantum field theories by comparing them
with condensed matter systems. Since these systems are usually formulated
on a lattice, the inverse lattice parameter 1/a acts as a ultraviolet cutoff. It
is thus natural to interpret it as the energy scale where the model ceases
to be meaningful; e.g., the Heisenberg model can only be expected to give
a reasonable description of real magnetic materials at length scales much
larger than a, while at shorter length scales it has to be superseded by a
more fundamental theory. In this sense, the Heisenberg model constitutes an
effective theory to describe the low-energy physics of the real material. By
applying this point of view to quantum field theory, we see that the standard
model should really be interpreted as an effective model; it constitutes the low-
energy limit of some yet unknown physics. The necessity of introducing a finite
ultraviolet cutoff Ay that was hitherto seen as unphysical is easily explained
by this: Ag just represents the energy scale where the standard model ceases
to be valid. Insisting on sending Aq to infinity thus corresponds to the (rather
bold) claim that our theory is valid at arbitrarily high energies. Furthermore,
this point of view explains why the standard model is renormalizable (see
Sec. for details) [22, 24].

In addition to these conceptual points, Wilson also indirectly contributed
to the discovery of asymptotic freedom in non-Abelian gauge theories by
Gross and Wilczek [25] and by Politzer [26] by reviving the renormalization
group formalism [I8]. This led to the rehabilitation of quantum field theory,
which was seen as suspect due to the apparent inevitability of a diverging
coupling constant in the ultraviolet regime [27]. With respect to condensed
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matter physics, a very impressive practical contribution was Wilson’s solution
of the Kondo model using a formulation of the RG that combines its formal
aspects with numerical calculations (today known as numerical renormaliza-
tion group), which allowed him to arrive at quantitatively accurate results
[28, 29]. While Anderson, Yuval, and Hamann [30] and Anderson [31] had
previously succeeded in describing the weak-coupling regime of the Kondo
model, Wilson’s approach also covered the strong-coupling as well as the
intermediate regime.

Functional RG

As mentioned above, Wilson’s original idea [19] of implementing the renormal-
ization procedure was based on Kadanoff’s “block spin” transformation [23],
where one groups nearby spins into so-called blocks and treats these blocks
as single effective spins by averaging over their constituents. In practice,
however, it is usually better to work in momentum space and to successively
eliminate degrees of freedom whose wavevector lies inside a given interval;
technically, Wilson realized this by dividing the momentum space into finite-
sized spherical shells [20]. Shortly after the publication of Wilson’s ideas, it
was realized by Wegner and Houghton [32] that by making the momentum-
space shells infinitely thin, one can derive an exact functional differential
equation (Wegner-Houghton equation) that describes how the effective action
of the model evolves with respect to the cutoff A. Conceptually, this was an
important result; unfortunately, the momentum shell procedure can lead to
technical complications due to the non-analyticity of a sharp momentum cutoff
[33]. A significant improvement was made about ten years later by Polchinski,
who formulated the renormalization group using functional integrals and
introduced a general momentum cutoff [24]. Again a decade later, Wetterich
[34] brought the functional renormalization group (FRG) into its modern
form by introducing the average effective action. Defined as the Legendre
transform of the generating functional of the connected Green functions, it
generates the vertices that are irreducible with respect to the cutting of a
single propagator line. Its behaviour under an infinitesimal change in the
cutoff is given by the Wetterich equation, which nowadays usually constitutes
the starting point for practical calculations in bosonic or fermionic systems
133].
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1.2.2 Perturbative renormalization
Introduction

To shed more light on the technical details of perturbative renormalization, we
will in the following demonstrate the concept by means of a simple example.
As already mentioned in Sec. [I.2.T] the idea consists in renormalizing an ill-
defined perturbative expansion via the introduction of suitable counterterms.
Following Ref. [35], we consider an unspecified theory depending on a free
parameter gg, which we will call the bare coupling constant. We further
assume that we are interested in calculating some function F(x), which
corresponds to an observable like a correlation function or the cross section
of a scattering process. Expanding this function in powers of gq results in the
general expression [up to a trivial redefinition of F(x)]

F(x) = go + g5 Fi(x) + go Fa(z) + O(gp).- (1.1)

The point is now that the coefficients in this Taylor expansion can be diver-
gent; in practice, these divergences usually result from loop diagrams that
correspond to ultraviolet-divergent integrals. A simple example is given by
the integral

© dk

Fi(z) =« A= (1.2)
which exhibits a logarithmic divergence as is common in renormalizable
theories like the standard model. While the expansion (|1.1)) is then obviously
pathological, this does not necessarily mean that a perturbative expansion
of F(x) is impossible; it might just be the case that expanding in the bare
coupling go is problematic. We therefore measure F(x) experimentally at
a single point = p and use the data to define the renormalized coupling
constant ggr,

F() = gr. (1.3)

In order to replace the bare coupling constant in Eq. (1.1]) by the renormalized
one, we first have to ensure the existence of the expansion ((1.1)) by regularizing
it. In general we thus write

Fu(z) = go + 9o Fa(®) + goFas(z) + O(gp), (1.4)

where A is an auxiliary parameter that deforms our theory such that all
coefficients F ; are well defined and we recover the original theory for A — oo.
A simple choice would be

A dk A+z
Fpi(z) =« ; k+x—aln< " ), (1.5)
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where A acts as an ultraviolet cutoff. Note that in practice it is often
advisable to use other schemes like dimensional regularization that preserve
the symmetries of the theory at hand.

First- and second-order correction

Since the expansion (|1.4]) is well defined, we can now start the renormalization
procedure. Since to leading order

Fa(z) = go + O(g5), (1.6)
we directly see from condition that
90 = gr + O(g). (1.7)
Up to this order it is trivial to take the limit A — oo so that
F(z) = gr + O(g2). (1.8)

The next-to-leading order is more interesting. Defining dog as the subleading
term in the expansion

go = gr + 029 + O(Q%); (1.9)
we can write
Fy(x) = gr + 629 + gpFaq(z) + O(gp). (1.10)

To fix the counterterm dog, we set x = p and again make use of condition (|1.3])
to find

029 = =g Fa1 (), (1.11)

which immediately yields
Fa(z) = gr + g& [Faa(z) = Faa(w)] + O(gg)- (1.12)

For the specific case (1.5 we can write this as

mm—%+ﬁmﬂﬁjgﬂ+mﬁx (1.13)

which is still well defined in the limit A — oo,

F(z) = gr + gialn (;‘) +0(gd). (1.14)
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General remarks

Note that it is only possible to remove the cutoff in our second-order re-

sult (1.12)) if the limit
AR(z,p) = lim [Fa(2) = Faa(p)] (1.15)
exists for all x. This is not always the case; a simple counterexample is given
by
k
k+a’

which diverges linearly. Setting p = 0 for simplicity so that our condition (|1.3)
becomes

Fyi(z) :a/lAdk (1.16)

F(0) = gr. (1.17)
we find that

Fya(x) = Faa(p) = (0 — 5U>O‘/1A dk (k+ xk

)k +p)

Although the linear divergence has been weakened to a logarithmic one, we still
cannot remove the cutoff. This is only possible if our theory contains another
free parameter that we can then use to get rid of the remaining logarithmic
divergence. Generalizing this point to higher orders in the perturbative
renormalization, we find that there are two main possibilities: on the one
hand, it might turn out that a finite number of free parameters is sufficient
to remove, order by order, all divergences that appear. In this case we say
that the theory is renormalizable; a specific example of this behaviour is
quantum electrodynamics, where only two parameters (mass and electric
charge) have to be renormalized [I1]. On the other hand, it is possible that
divergences in higher-order terms can only be removed by introducing an
ever increasing number of free parameters. Since this necessitates an infinite
number of experimental measurements to fully define the theory, we say that
it is non-renormalizable. It therefore seems rather fortunate that the structure
of the standard model is such that the theory is renormalizable; however, as
we will see in Sec. [[.2.3] this follows naturally from a Wilsonian point of view.

(1.18)

1.2.3 Wilsonian renormalization group
Setup

While the Wilsonian RG is related to the perturbative renormalization as
discussed in the previous section, it differs significantly in appearance as
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O % O % O
l decimation l
@ @ @

\ rescaling /

Figure 1.1: Schematic representation of Wilson’s RG procedure in real space.

well as in its interpretation. The basic idea is to start from a microscopic
model and to iteratively eliminate degrees of freedom. A single iteration of
the Wilsonian RG consists of two steps: first we eliminate a subset of the
degrees of freedom by integrating over them or by taking a partial trace
(decimation). Intuitively, this has the effect of “zooming out” of the system.
After the decimation has been performed, we then rescale all length scales
such that the lattice parameter has again the original size. This rescaling
is important since it makes it possible to encounter fixed points, where the
system is invariant under the combined action of decimation and rescaling.
A graphical representation of this procedure is shown in Fig. [I.Il While
it is possible to perform the decimation and rescaling steps in real space
(known as Migdal-Kadanoff RG [36, [37]), it is usually more efficient to work
in momentum space. More explicitly, let us assume that we are interested in
calculating the partition function [33]

2(g) = [ Dlple 59, (1.19)

where S|y, g] is the action of the system under consideration. Here we have
collected all coupling constants into the vector g, while ¢ is a superfield that
can comprise both bosonic and fermionic degrees of freedom. Furthermore, we
perform an initial averaging over all microscopic fluctuations whose wavevec-
tors k are larger than the UV cutoff Ay [29]. In real space, this corresponds
conceptually to dividing the system into regions of the size (27/A¢)” and per-
forming a statistical averaging over these regions. We thus rewrite Eq.
as

A
Z(g) = /0 " Dlig] e Snoleonal, (1.20)
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where the functional integral

[ piel = [ Dl (1.21)

by definition only involves fluctuations whose wavevectors fulfill |k| < A,.
On a technical level, this can be done by separating the superfield ¢ into a
long-distance part gof\o and a microscopic part gpf\o,

p(k) = oy, (k) + @5, (k). (1.22)

Here ¢(k) are the Fourier components of the superfield ¢ and we use a sharp
cutoff to realize the scale separation,

v, (k) = ©(No — |K[)e(k),

oo (k) = O(|k[ — Ao)p(k). (1.23)
The important point is that Eq. (1.20)) implicitly defines
e oléiy o) = [ plg]e~Sieal, (1.24)
Ao

where Sy, 05, 9a,] characterizes our model at the microscopic scale Ao.

Decimation and rescaling

We are now in a position to define the decimation step of the RG procedure
as

Ao

e_SA[@X7gA] — /

D[gp] e—SAO[S@;OM‘]AO]7 (125)
A

where we integrate over all fluctuations with wavevectors inside the momentum
shell A < |k| < Ag. All that is left to do is to properly rescale all variables.
We therefore introduce the rescaled wavevector

k = bk, (1.26)

where b = Ag/A > 1 is the step size of the RG transformation. In quantum
systems we should also rescale the frequency as

& = bw, (1.27)

where z is the dynamical critical exponent [33]. The rescaling of the superfield
@ consists of two parts,

(k) = b2\ Zyo (). (1.28)
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Here D, is called the canonical (or engineering) dimension of ¢, which can be
easily derived by a dimensional analysis. The second factor v/Z; arises due to
interaction effects and is related to the anomalous dimension [33]. Finally, we
express the action Sy[¢y, ga] in terms of the rescaled variables such that is
has the same form as before the decimation step, which implicitly defines the
rescaled coupling constants g,. We can therefore summarize the combined
effect of decimation and rescaling as the RG transformation

gr = R(b; ga,)- (1.29)

However, since there is nothing special about the ultraviolet cutoff Ay, we
can write this in the more general form

g =R(b:9), (1.30)

which relates the coupling constants g at some scale A to the couplings
constants g’ at the lower scale A’ = A/b. In general, R(b;g) is a complicated
nonlinear function of the coupling constants. However, since a single RG
transformation with the step size ” = b'b is by construction identical to two
successive transformations with the step sizes b and ', we know that the
functions R(b; g) fulfill the semigroup?| property

R(V'b; g) = R(V;R(b; ). (1.31)

Fixed points and universality

An important characteristic of the RG transformations R(b; g) is the existence
of fixed points,

g = R(b:g"). (1.32)
Since the correlation length ¢ is rescaled as

£ = (1.33)

S

under a single iteration of the Wilsonian RG and we require ¢ = €ata
fixed point, it follows that there are exactly two classes of fixed points.
One possibility is that the correlation length vanishes (¢ = 0); we then

2Since the Wilsonian RG involves the averaging over short-distance fluctuations, the
transformation g, cannot in general have an inverse; in this sense, the term renormalization
group is a misnomer. Note that this argument does not apply to the modern FRG, where
one introduces a regulator that depends continuously on the cutoff.



14 1. Introduction

say that the fixed point is trivial. More interesting are critical fixed points
where the correlation length diverges (£ = 0o). These are encountered at
a continuous phase transition, where fluctuations occur on all length scales.
Setting g = g* + 0g and linearizing

0g' =g — g =R(b:g) - R(b;g") = R(b;97)0g + O(3g%) (1.34)

thus allows us to gain information about the critical regime by studying the
quadratic matrix R(b; g*). In particular, it enables us to study the flow of
the coupling constants close to the fixed point, which is closely related to the
critical exponents that characterize a continuous phase transition [33]. On a
technical level, we consider linear combinations of the coupling constants,

Uy =V 0G =D V0i00s, (1.35)

where the v, are left eigenvectors of R(b; g*). As a consequence, the scaling
variables u, do not mix under the linearized RG transformation (1.34). Using
the semigroup property of the R(b; g), it is also straightforward to show that
the eigenvalues A, (b) corresponding to the v, can be written as

Ao (b) = b¥e, (1.36)

where the (in general real-valued) exponents y, are independent of b. We
thus arrive at the linearized flow equation of the scaling variables [33],

8luoz = Yala + O(“Z)? (137)

where we have parametrized b = e!. Since u}, = 0 at the fixed point, the sign
of y, determines the qualitative behaviour of the flow of the scaling variables.
For y, > 0 the associated scaling variable is called relevant, since it grows
under the RG transformation. On the other hand, irrelevant scaling variables
are related to a negative y,. In the special case of y, = 0, the behaviour of the
scaling variable is determined by the higher-order corrections in Eq. ;
this corresponds to marginally relevant and marginally irrelevant scaling
variables, respectively.

As we will see in Ch. [2] this classification is directly useful for practical
calculations as it allows us to study the critical regime by retaining only
the relevant and marginal couplings. Furthermore, from a conceptual point
of view, this shows how the phenomenon of universality’| arises: while a
microscopic model might depend on a large (possibly infinite) number of

3Universality refers to the fact that physical systems can exhibit the same critical
behaviour although their underlying microscopic models are different.
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coupling constants, it usually turns out that only a small number of them
are relevant or marginal. In the critical regime close to a critical fixed point,
almost all coupling constants flow to zero so that the macroscopic behaviour
of the system can be characterized by a small number of parameters. With
respect to quantum field theory, this also explains the renormalizability of the
standard model by considering it as the long-distance limit of a more general
theory [22]: since non-renormalizable couplings (i.e., irrelevant couplings with
respect to an infrared fixed point) are strongly suppressed in the low energy
regime, they can be neglected in this limit without significantly affecting
the predictive power of the model. The seemingly fortunate fact that the
perturbative renormalization procedure allowed to obtain finite results from
quantum electrodynamics thus emerges in a natural way.

1.3 Imaginary-time formalism

In the following we will shift the focus away from the renormalization group
and consider the imaginary-time formalism, which is also known as Matsubara
formalism [38]. Since the functional renormalization group for spin operators
as presented in Ch. [3] is formulated in terms of imaginary-time ordered
Green functions, it seems appropriate to give a short introduction to this
approach. The advantage of the Matsubara formalism is that it facilitates
actual calculations by treating the statistical Boltzmann factor e ?# and
the time-evolution operator e~ on the same footing. More specifically, in
Sec. it will allow us to write down the flow equation of the generating
functional of connected spin correlators in a simple way. However, since
experimentally only real times are relevant, results within the Matsubara
formalism do not directly correspond to observables. In the present section,
we will therefore motivate this approach by showing how imaginary-time
ordered Green functions are related to physical quantities.

1.3.1 Experimental motivation
Linear response theory and retarded Green functions

In condensed matter physics, one is often interested in the response of a system
to external perturbations driving it out of equilibrium. While working with
many-body systems far from equilibrium is in general difficult, it is in many
cases sufficient to assume weak perturbations and to linearize around the
equilibrium state. This is achieved within linear response theory. As we will
see, the corresponding response functions (magnetic susceptibility, thermal or
electrical conductivity, etc.) are instances of retarded Green functions, which
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have a direct relation to imaginary-time ordered Green functions. Consider
the Hamiltonian

H=Hy+V(t), (1.38)

where Hj is the time-independent Hamiltonian of the system under consider-
ation and V' (¢) is a weak perturbation of the form

V(t) = Bf(t). (1.39)

Here B is a quantum-mechanical operator and f(¢) is a scalar function
modelling the external force acting on the system. We are thus interested
in the effect of the time-dependent perturbation V(¢) on an observable A.
Assuming that V' (¢) is turned on at the time o, we define

A (A1) = (A(t)) = (Alto)) , (1.40)

where the time evolution of A is in the Heisenberg picture of the perturbed
System,

A(t) = 10 A(tg) e =t0), (1.41)

while the expectation value (...) refers to the unperturbed system. It turns
out that we can expand A (A(t)) perturbatively in V(¢), which to leading
order results in

AA@) & i [t (A® BE) ) = [dCEe)r@). (142

Here we have defined the response function
Glp(t,t) = —i0(t — ') ([At), B(t)]) . (1.43)

which is known as the retarded Green function. Since the time evolution is
now in the Heisenberg picture of the unperturbed system,

A(t) = eHolt=10) Aty ) e~ Holt=to), (1.44)

GE  is independent of the perturbation V(¢) and can be evaluated fully within
an equilibrium Calculation.ﬁ The retarded Green function thus has direct
physical relevance as it tells us how the system will react when it is slightly
driven out of equilibrium, but it also has a clear microscopic interpretation in
terms of the operators A and B.

4Conversely, this implies that static and dynamical properties of quantum-mechanical
systems are intrinsically linked to each other: while for a classical system it is possible to
treat the statics and the dynamics separately, this is in general not the case for quantum-
mechanical systems unless all operators commute with each other [39].
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Spectroscopy and spectral function

Another fundamental quantity in condensed matter physics is the spectral
function p, which is related to the elementary excitations of the system. To
give an idea of its physical relevance, consider a photoemission spectroscopy
experiment, where we shine light with frequency v on a metallic surface and
measure the photocurrent I,(v) of emitted electrons with momentum p and
energy €,. In a simplified description, we can express the photocurrent as
[40, 41]

Lp(v) = 21 3 | Myl prlep — v), (1.45)

where the exact form of the matrix elements M, depends on the electron-
photon interaction. Since one can usually approximate M, as a constant
[40], the non-trivial functional dependence is encoded in [41]

pe(w) = 5 3 Bl cx | B} e P56 — (B, — B, (1.46)

where |E,) = |E,(N)) is a simultaneous eigenstate of both the Hamiltonian
H and the particle number operator N, while E, = E,(N) — uN with the
chemical potential p. The form of pg(w) is essentially dictated by Fermi’s
golden rule [42], where the fermionic annihilation operator ¢, appears in the
matrix element as the incoming photon removes an electron with momentum
k from the system. The delta distribution ensures conservation of energy,
while the Boltzmann factor

efﬁEn efﬂ(En(N)f/J')

Z  Tr|e BH-uN)]

(1.47)

results from the finite temperature of the system. Besides the experimen-
tal relevance of pg(w), its Fourier transform also has a simple microscopic
interpretation,

/ dwe pip(w) = {ch(0)ex(t)) - (1.48)

We can therefore use pg(w) to connect microscopic calculations on the theory
side to experimental line spectra. However, as we will see in Sec. [[.3.2] a
more convenient quantity to work with is the spectral function

pe(w) = (™ = ¢)pr(w), (1.49)
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where the sign of ( = +1 is usually chosen depending on whether we work with
bosonic or fermionic operators. In general, we define the spectral function as

pap(w) = ;’7 Z (En| B|Ep) (En| AlEy) e_ﬁEn(e/Bw —()0[w — (En - Em)]a
| (1.50)

where A and B are arbitrary operators. For example, the choice A = BT = ¢,
is connected to the single-particle correlator in Eq. and describes
photoemission spectroscopy as discussed above, while A = Bt = ¢,cp refers
to a microscopic two-particle correlator and corresponds to Auger electron
spectroscopy. We can also write the spectral function in terms of correlators,

/ dwe™ ' pap(w) = 2mpan(t) = ([A(t), BO)_.), (1.51)

where the ¢ subscript refers to the commutator or anticommutator, respec-
tively. Comparing this expression with Eq. (1.43]) shows the close relationship
between pap and G, which in frequency space takes the form

/d’ pas() (1.52)

w—w 410"

1.3.2 Wick rotation and Matsubara Green function

As we have seen in the previous subsection, the retarded Green function G% 5
and the spectral function p,p are central objects in the study of condensed
matter systems, since they connect microscopic quantities like single-particle
correlators to experimentally accessible observables. In the end, both can be
expressed through correlators of the form

(A(t)B(0)) = ;Tr[ BUH=N) A(1) B (0)]:;& e MM Ae= B |
(1.53)

where we have defined the grand-canonical Hamiltonian H = H — u/N. How-
ever, these real-time correlators at finite temperature are unfortunately in-
convenient for practical calculations. An important technical point is that
Wick’s theorem, which tells us how to decompose time-ordered correlators of
a non-interacting system, is only valid at T'= 0 in the real-time formalism.
In the context of the present work, the main obstacle is that the real-time
formalism does not allow for an efficient formulation of the spin FRG devel-
oped in Ch. 3] To circumvent this problem, we analytically continue the time
variable ¢t in Eq. to the complex plane. The correlator is then well
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defined as long as Im(t) € [—3,0], since H = H' is bounded from below. For

convenience, we write t = —i7 and choose 7 € [0, 5], which is known as Wick
rotation [43]. We can now introduce the Matsubara Green function
Gip(r,7") = = (TA(T)B(") (1.54)

where the time evolution is in the imaginary-time Heisenberg picture,
A(T) = T Ae™ M7 (1.55)
and the time-ordering symbol 7 sorts later times to the left,

A(T)B(1'), T> 7,

B(m)A(T), T1<T7. (1.56)

TA(T)B(T") = {
More specifically, Eq. (1.54)) refers to the bosonic Matsubara Green function,

which corresponds to ¢ = 1 in Egs. ((1.49)—(1.51)). While it is easy to define
GAL for general ¢ = 41, we will in the present thesis only need the bosonic

form since spin operators on different lattice sites commute. The Matsubara
Green function is the main object of interest in the imaginary-time formalism.
We first note that it is well defined as long as —f3 < 7 — 7/ < 8 and that it
obeys the Kubo-Martin-Schwinger boundary conditions,

Gip(8,7") = Gi(0,7), (1.572)
Gi(1, 8) = Gi(7,0), (1.57D)

which follow from the cyclicity of the trace. As a result, its Fourier transform
B ,
G (i) = / dre“T G (7, 0) (1.58)
0

is defined on the countably infinite set of (bosonic) Matsubara frequencies
wp, = 2mn/f with n € Z. It turns out that the Matsubara Green function
in frequency space has a direct connection to the spectral function from the
previous section via

M ¢ o / AB(W,)
Gaplivy,) = /dw ER— (1.59)
Together with
[ dwpante)| = (14, )] < o, (1.60)

it follows that we can analytically continue GY5(iw,) — GY5(iw) to the
entire upper and lower half-plane, i.e., Im(iw) # 0. Note that in the common
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case where pap(w) acts as a probability distribution, the resulting function
GALL (iw) can be identified with the Stieltjes transform of the spectral function.
We also observe that, according to Eq. (L.59), G4 (iw) is holomorphic and
vanishes for |iw| — oo along any straight line in the upper or lower half-
plane. These two conditions can be used in actual calculations to identify
the correct analytic continuation of G4 (iw,) [44]. Comparing the spectral
representation of G5 with Eq. (1.59)), we see that we can recover the
retarded Green function via

Ghg(w) = GAy(w +i07). (1.61)

Furthermore, using Eq. ((1.59) we can also express the spectral function asﬂ

pan(w) = % (G (w +10%) — Gl (w — i0h))]. (1.62)
We thus find that the knowledge of the analytic continuation of the Matsubara
Green function gives us direct access to physically relevant quantities, which
justifies the use of the imaginary-time formalism.

For completeness, we should mention that there is an alternative to the
Matsubara approach called Keldysh formalism, which is especially useful in
non-equilibrium situations (see, e.g., Ref. [45]). While it leads to a more
complicated theory due to an artificial doubling of the degrees of freedom,
it has the advantage of dealing directly with real-time Green functions. As
a consequence, it avoids the additional step of analytically continuing to
the real-frequency axis, in contrast to the Matsubara formalism. Since the
analytic continuation of G4 (iw,) is an ill-posed problem if the function is
only known at a finite number of points to a finite precision, the Keldysh
approach can be advantageous in situations where only numerical methods
are feasible [46]. Due to the analytical nature of the present thesis, however,
it is for our purpose more efficient to work completely within the Matsubara
formalism.

°For real pap(w) we can simplify Eq. (1.62) as pap(w) = —%Im [GﬁB(w)]. This is a
general form of the well-known fluctuation-dissipation theorem, as it connects a correlator
(fluctuation) to the imaginary part of a response function (dissipation).



Chapter 2

FRG approach to the
Berezinskii-Kosterlitz-Thouless
transition

2.1 Motivation

In the beginning of the 1970s, it was well known that long-range order through
the spontaneous breaking of a continuous symmetry is not possible at finite
temperature in one and two dimensions. This fact, which is formalized in
the Mermin-Wagner theorem [47], is due to the increasingly strong effect
of fluctuations in lower dimensions resulting from the massless Goldstone
mode. The discovery of the Berezinskii-Kosterlitz-Thouless (BKT) transition
was therefore completely unexpected as it constitutes a finite temperature
continuous phase transition in a two dimensional system with continuous
symmetry, something that was believed to be impossible due to the absence
of long-range order. The solution to this apparent paradox is that the
BKT transition does not break any symmetry, but is instead driven by
topological defects. This possibility was first realized by Berezinskii [48] 49]
and was developed further by Kosterlitz and Thouless [50, [51], whose correct
description of the nature of the phase transition won them the Physics Nobel
prize in 2016 as it highlighted the importance of topological concepts in the
description of condensed matter systems.

21
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Figure 2.1: (a) Schematic representation of the XY model. The unit-length
spins (arrows), parametrized by their polar angle 6, interact via a nearest-
neighbour interaction J (shown in red for the center spin). (b) Configuration
of the XY model with two topological defects. The vortex on the left has a
vorticity of ¢ = 1, while the antivortex on the right has a vorticity of ¢ = —1.
Together they form a vortex-antivortex pair with vanishing vorticity.

2.1.1 Introduction to the XY model

One of the original examples [48, 50] for a system exhibiting a BKT transition
is the two-dimensional classical XY model with the Hamiltonian

HXY = —JZSZ CSitp = _JZCOS(9i+u — 91) (21)
[N [y

It consists of unit-length spins s; = e, cos 0; + e, sin 0; located at the sites r;
of a square lattice with N sites and lattice spacing a, which interact via a
nearest-neighbour interaction J > 0 (see Fig. ) The subscript 7 + p refers
to the lattice site r; + a,, where the vector a, connects nearest-neighbour
lattice sites in the direction u € {x,y}. Since J is positive, it is obvious
that the ground state of the system is ferromagnetic and thus spontaneously
breaks the U(1) symmetry of the Hamiltonian. On the other hand, for
T > 0 the Mermin-Wagner theorem tells us that spontaneous symmetry
breaking of a continuous symmetry is not possible in two dimensions [47].
Naively, this seems to exclude a classical continuous phase transition since
long-range order is forbidden at any finite temperature. In order to understand
why this conclusion is in fact wrong, it is useful to consider the continuum
approximation of the system, which allows us to rigorously introduce the
notion of topological defects in the XY model. Expanding the cosine in
Eq. to second order and taking the lattice spacing a to zero yields (up
to a constant term)

J
g =5 / &2r (V0)? (2.2)



2.1. Motivation 23

where 6 = 6(r) is now a scalar field. This allows us to split the phase field ¢
into a spin-wave part 0%V and a vortex part 6",

O(r)=60"(r)+6%(r), (2.3)

where 6Y(7) is a local minimum of HS&* and 0% (r) is the so-called spin-wave
deviation from it. This results in

J
cont __ 2 Sw 2 v 2
HXY_E/dr[(VH )+ (Vo) (2.4)
where
j{dr Ve =0, (2.5)
?{d'r - V6" = 2nq. (2.6)

Here the integration is over an arbitrary closed contour and ¢ is the integer-
valued vorticity. Topological defects with ¢ > 0 are called vortices, while
antivortices have ¢ < 0. For illustration, Fig. shows a sample configura-
tion of a vortex-antivortex pair with ¢ = +1 on a lattice. Note that vortex
and spin-wave degrees of freedom are decoupled in the Hamiltonian (2.4)).
Retaining only the spin-wave part (which amounts to ignoring the periodicity
of the phase), one can show that for all 7" this results in an algebraically
decaying spin-spin correlation [51],

(si-8;) ~ |y |71/, (2.7)

While spin waves are thus ultimately responsible for destroying any long-range
order at low temperatures, they only result in an analytic contribution to the
free energy and can therefore be neglected in a qualitative description of the
BKT transition. For this reason, we will in the following concentrate on the
effect of vortices in the system.

2.1.2 Role of vortices in the BKT transition

There is a simple argument in favor of a finite-temperature phase transition
in the XY model. Consider a vortex with vorticity ¢ centered at » = 0. Its
minimum energy configuration can be parametrized with the polar angle ¢ of
T as

0" (r) = qp, (2.8)
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so that
v q
V0¥ (r)| = e (2.9)
From Eq. (2.2]) we see that the energy of this configuration is given by
J 2 R 1 R
HY = —/d27“ (q) = q27TJ/ dr— = ¢*nJIn —, (2.10)
2 r o T 70

where r( is the radius of the vortex core (which of the order of the lattice
spacing) and R is related to the system size. Obviously, H" diverges in
the thermodynamic limit where R — oco. However, at finite temperature
we should actually consider the free energy. Since we have roughly (R/rq)?
possibilities to place the vortex core in the system, we can approximate the
free energy shift that results from introducing a single vortex as

o 5 2 2

2 2 2
AF = H — TS ~@riln 2 1t — (q ) _ T) TEREY
To

While AF > 0 at low temperatures, we see that for sufficiently high temper-
atures the system energetically favors the creation of a single vortex. This
argument thus indicates a phase transition at the critical temperature

w.J
27
above which free vortices and antivortices with |q| = 1 appear. Below T, topo-

logical defects are only possible in the form of bound vortex-antivortex pairs
(cf. Fig.[2.1b), which at large separations d have the energy [cf. Eq. (2.10)]

T, = (2.12)

HP" = 2¢%7.J In L (2.13)
To

The intuitive picture (cf. Fig. is then as follows: close to zero temperature,
only tightly bound vortex-antivortex pairs arise. Increasing the temperature
also increases the average size of the pairs, up to a point where the largest pair
is broken up, which results in free vortices and antivortices. Note that our
simple derivation of T, above neglected the effect of having a finite number
of vortex-antivortex pairs in the system. Since smaller pairs can lead to the
screening of larger pairs, it facilitates the breaking of vortex-antivortex pairs
and thus reduces the critical temperature. While it is possible to take this
effect into account within a mean-field approach, we will not cover this here
since we are mainly interested in the critical behaviour close to the BKT
transition, where a mean-field approach will inevitably break down. In order
to correctly describe the critical regime, we will in the following turn our
attention to RG approaches.
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Figure 2.2: Intuitive picture of the BKT transition. (a) At low temperatures,
the vortices (red dots) and antivortices (blue dots) only appear as bound
pairs, which grow in size with increasing 7T'. This dimerized behaviour of the
topological defects results in an algebraically decaying spin-spin correlation,
parametrized by the temperature-dependent anomalous dimension 7(7"). Due
to the corresponding infinite correlation length &, we call this phase quasi-
long-range ordered. (b) Increasing the temperature beyond T, breaks up the
vortex-antivortex pairs and allows (anti)vortices to move around freely. Since
this allows for much more efficient screening, the correlation length & becomes
finite and the system is in the disordered phase.

2.1.3 Kosterlitz-Thouless real-space RG

Originally, the critical regime of the BKT transition was studied by Kosterlitz
and Thouless within a real-space RG approach. Close to 7; = 7/2 and g, = 0,
the resulting flow equations [51H53] are equivalent to

6@ = (2 — W/Tl)gl, (214)
Ut
8[7'[ = 877'(" (215)

where [ is the scale parameter (given by the dimensionless lattice spacing in
Ref. [52]), 7 is related to T'/J and g, is proportional to the vortex fugacity,
whose initial condition depends on 7'/.J in the XY model. The corresponding
flow diagram is shown in Fig. [2.3] We see that for sufficiently small g, and 7
(which translates to small 7'/.J in the XY model), the flow terminates at a
line of Gaussian fixed points where g, = 0; this case corresponds to Fig. [2.2a.
The behaviour changes as soon as we cross the separatrix; while g; will still
initially decrease, it diverges for [ — oo. This implies that the system is in
the high-temperature phase in Fig where free vortices are energetically



26 2. FRG approach to the Berezinskii-Kosterlitz-Thouless transition

0.05 \\L—///
0.04
0.03

)
0.02

0.01

0.00
0.990 0.995 1.000 1.005 1.010

Tl/%

Figure 2.3: Flow diagram for the BKT transition in the neighborhood of
7 =7/2,79; = 0, as described by the flow equations and . To the
left of the separatrix (red line), the system flows into the line of Gaussian
fixed points (green line) at ¢, = 0,7, € [0,7/2], which corresponds to the
quasi-long-range ordered phase at low temperatures. The disordered phase
at high temperatures is found to the right of the separatrix, where the flow
finally escapes to large ¢, and 7;. (Figure reproduced from Ref. [54])

allowed, leading to a finite correlation length &(T') of the form [52]

Tec

E§T) ~ VT (2.16)

T—Te

where C'is a non-universal number (C' & 1.5 in the XY model). Since the
singular part of the free energy F' behaves as

-2

F(T) ~ €3(T) (2.17)
above T, we find that the BKT transition is of infinite order in the Ehrenfest
classification.

Note that the KT flow equations and have been derived
in the limit of small ¢;, which amounts to a very large, negative chemical
potential of the vortices. In the XY model, this assumption is not strictly
fulfilled: as we have noted at the end of Sec. the density of vortices will
be finite at the BKT transition, so that we cross the separatrix at a finite g;.
However, while this will certainly affect the numerical value of non-universal
quantities, it does not change the universal behaviour of the phase transition.
A good example of this fact is the discontinuous behaviour of 7, for I — oo
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Figure 2.4: Experimental data on thin “He films for the discontinuity of the
superfluid density ps(7T") at the phase transition as a function of the critical
temperature T,.. The solid line corresponds to the theoretical prediction in
Eq. (2.19). (Reprinted figure with permission from D. J. Bishop and J. D.
Reppy, Phys. Rev. Lett. 40, 1727 (1978). Copyright 2019 by the American
Physical Society.)

at T, [55],

o ln@h—) - n&:)} -+ (218)

In superfluid *He, we can identify the large [ limit of 7, with py(T)/(m?T),
where ps(T") is the superfluid density and m is the mass of a helium atom [56].
While neither T, nor ps(7,) are universal quantities on their own, Eq.
implies that the jump of the superfluid density at the phase transition is
always proportional to T,

ps(Tc_) = *szc' (2'19)

As can be seen in Fig. the predicted universal behaviour is reproduced very
well in experiments on thin “He films [57], which corroborates the theoretical
description of the BKT transition by Kosterlitz and Thouless [51], 52]. Good
agreement with theory is also seen in experiments on arrays of Josephson
junctions [58] and in ultracold gases [59-61].
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2.1.4 Previous FRG approaches to the BKT transition

As we have seen, Kosterlitz and Thouless correctly described the nature of
the BKT transition. However, they used a rather uncommon real-space RG
approach, which is not easily generalized to more complicated systems. It
would therefore be desirable to reformulate their approach using a standard
momentum regulator within the modern FRG formalism. This was first
attempted by Grater and Wetterich [62], who studied the O(N)-symmetric
linear ¢ model in two dimensions within the derivative expansion. For
N = 2, they generally found good agreement with the characteristics of
the BKT transition; for instance, they estimated the anomalous dimension
as n(T.) ~ 0.24, which is very close to the exact result of 1/4. In spite of
that, their theory does not actually predict a phase transition at all, but
rather a well-defined crossover: at low temperatures, they only found a line
of quasi-fixed points with a large, but finite correlation length. Although
the FRG flow almost stops at these quasi-fixed points, the finite mass of the
amplitude mode very slowly decreases until the high-temperature regime is
reached.

The same behaviour was found in subsequent FRG approaches to the
two-dimensional O(2) model, which also employed the derivative expansion
[63-65]. While Jakubezyk, Dupuis, and Delamotte [64] managed to fine-tune
the momentum regulator separately for each T' < T, such that they encounter
a line of true fixed points, yielding an accurate description of the universal
jump of the superfluid density [cf. Eq. (2.19))], this fine-tuning is only justified
if one assumes a priori that the O(2) model in fact involves a BKT transition.
However, as discussed in the paper by Jakubczyk and Metzner [65], it seems
possible that the amplitude fluctuations in the O(2) model do in fact reduce
the BKT transition to a well-defined crossover: since the FRG calculations
yield an exponentially large correlation length in the low-temperature region,
it would be hard to distinguish from a truly infinite correlation length in
numerical simulations or in experiments.

In another recent FRG approach to the O(2) and the XY model in
D = 2, Defenu et al. [66] decoupled the amplitude and phase fluctuations
by hand. This enabled them to first solve the flow of the amplitude part
and use it as input for the phase part; the latter is then solved with the
help of the Kosterlitz-Thouless flow equations, which they do not derive
within the FRG. While they generally find good agreement with BK'T physics,
similar to the previous FRG approaches [63H65], it seems unsatisfying not to
consider amplitude and phase fluctuations simultaneously. Furthermore, they
directly used the Kosterlitz-Thouless flow equations of the phase part, thus
circumventing the problem of deriving them within the FRG formalism.
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Our work in the present chapter thus serves two purposes: First, we show
how to rederive the Kosterlitz-Thouless flow equations fully within an FRG
approach, using a standard Litim cutoff in momentum space. In Sec.
we present the derivation within the vertex expansion and afterwards show
an alternative route via the derivative expansion in Sec. 2.5 Secondly, we
generalize our approach to the O(2) model in Sec. , where we include weak
amplitude fluctuations and show that they only lead to irrelevant additional
couplings. Finally, in Sec. we consider weak out-of-plane fluctuations and
find that do not spoil the BKT transition either.

2.2 Villain model and dual transformations

2.2.1 Villain approximation

Since we are interested in the physics of the XY model described by the
Hamiltonian (2.1)), we would like to calculate the partition function

2 dez 1 cos ;
Zxy = H </0 27?) 7 Lin (A“el), (2.20)

i

where we have defined the dimensionless temperature
T=T/J (2.21)
as well as the lattice derivative
A0 =00y —0;. (2.22)

Since the cosine terms in the partition function (2.20) make it difficult to
work directly with Zyy, we employ the Villain approximation [67],

1 cos ) ad A 01—271'71, 2
er30) 5 Ry(1/r) Y0 exp [‘< S (1/7) - ]

Ty =—00

(2.23)

To determine Ry and 7y, we first expand both sides in a Fourier series,

1/7'

i Ii(1/7) cos(l6;) ~ Ry (1/7) Z Brv (1012 cos(16;), (2.24)

l=—00 l=—00

where the [;(z) are modified Bessel functions of the first kind,

2m
Ii(x) = 217r/0 d e cos(16). (2.25)
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Demanding equality for the two lowest Fourier coefficients [ = 0 and [ = 1
then results in

o Do(@)
Tv(z) = 2In T(2) (2.26)
Ry (z) = Ip(z) TVQZ;) (2.27)

Intuitively, Eq. amounts to a second-order expansion of the cosine
around all its minima. This respects the periodicity of the cosine, which
is crucial for the existence of the high-temperature phase due to vortices
(cf. Sec.[2.1.1)). Contrary to popular knowledge, the Villain approximation
becomes exact in the limit of low as well as high temperatures [68]. Dropping
the constant prefactor due to Ry, we arrive at the partition function of the
Villain model,

Zvinain = [ | (/0% C;i) 1T ( i ) exp [_ 3 (AHQQ;V_GQ/T;W)Z . (2.28)

{ (A7 Njp=—00 (7

In the remainder of this section, we will derive several alternative representa-
tions of Zyiaim via exact duality transformations. To simplify the notation,
we will from now on write 7 instead of 7, (1/7).

2.2.2 Current representation

We start by replacing the n;, variables in Eq. (2.28]) by another set of integers
piu With the help of the identity

io: ef(x727rn)2/(27') — /L i ef‘rp2/27ipm’ (229>
n=-—o0o 27 p=—00
which follows as a special case from the Poisson summation formula [69]

i f(z —2mn) = 217T i e P /_O:o dz'e?” f(z') (2.30)

n=—o0o p=—00
by setting f(z) = e~*/(7). This results in

Zvinain = [ | (/027r C;?;) 11 ( > ) exp [— > (;pfu + ipiuA/ﬂi)

(7 Pip=—00 (7

Y

(2.31)
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where we have again dropped a constant prefactor. In order to get rid of the
0; field, we rewrite [55]

N [N A
where we have introduced the lattice divergence

A-p;= Z(pzp — Diuu)s (2.33)

0

so that p; = (p; .+, piy) can be interpreted as a current-like degree of freedom.
This allows us perform the 6; integrals,

ZVillain = H ( Z 5A~pi,0) 67%2““1)’2”; (2.34)

(N

which has the effect of enforcing a local constraint of vanishing lattice diver-
gence at each lattice site.

2.2.3 Dual-vortex representation

We have thus arrived at a representation of Zyj.i, that is formulated purely in
terms of discrete degrees of freedom. This is an important step, since we know
that the BKT transition is driven by vortices, which are discrete quantities.
However, the constraint of vanishing lattice divergence is inconvenient for
actual calculations. It is more efficient to take it into account automatically
by expressing p;, as the lattice curl of another field [55, [70} [71],

piu - Z GMVAVmi+M7 (235)

where €, is the Levi-Civita symbol and the integer field m, lives on the dual
lattice (see Fig.[2.5). Up to a constant prefactorﬂ the partition function now
reads

ZVillain - H ( Z ) e_sdual[m]7 (236)

i m;=—00

!The partition function (2.36) is actually divergent, since wg—o = 0. This is due to
the transformation (2.35)), which only depends on differences of the m; field. Strictly
speaking, we should therefore fix the value of m; at an arbitrary lattice site. However,

since this choice does not affect the physics, it is more convenient to sum over all possible
configurations, which results in Eq. (2.36)).
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Figure 2.5: Schematic representation of the physical lattice (blue dots), the
dual lattice (green dots), and of the related fields. The conserved currents
pip (red arrows) flow between sites of the physical lattice, while the m, field
defined in Eq. lives on the dual lattice. (Figure reproduced from
Ref. [54])

where the dual-vortex action is given by

T
Sdual[m] 2 Z A mz = Zwk; ’mk|2 . (237)
i, k

Here the Fourier components of the m; field are defined as

—RTim,, (2.38)

my =

e
so that for the dimensionless dispersion we find

wr = 47(1 — ) (2.39)
with

= ; > cos(kua), (2.40)

the nearest-neighbour structure factor on a square lattice. The simple form
of Squai[m] will make it an ideal starting point for our FRG approach.
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2.2.4 Coulomb-gas representation

Nevertheless, let us perform one more duality transformation on Zyijai, to
obtain the Coulomb-gas representation, as it will show the relation of the m;
field to the physical vortices. We therefore introduce an auxiliary continuous
field ¢; and an integer field ¢; by writing

ZVillain = H (/_ deZ Z ) efgzi,u(ﬁu@)?f%ri Zl qidh‘. (241)

gi=—00

The equivalence to Eq. (2.36) can be seen by using the distributional form of
the Poisson summation formula ([2.30)),

Yo oePm = N §(¢p —m), (2.42)
q=—00 m=—o0o
so that the ¢; integrals become trivial due to the delta distributions. On the
other hand, we can first perform the Gaussian integral over ¢;, which yields
(up to a constant factor)

ZVﬂ]ain == H ( Z ) 5 <Z ql> e_%Zij Vij‘liij_ (243)
i qi=—00 3

Here the delta distributionﬂ ensures charge neutrality of the system and the
interaction Vj; is defined as

272 ik-(ri—r;) w/a w/a ik-(r;—rj)
v, = 20 3 S a? / dk, / b, (2.44)
—7/a

N k0 Wk —7/a Wk

where the latter expression refers to the thermodynamic limit. Since wy =~
7a?k? for small momenta, it is obvious that the integral in Eq. (2.44]) is
infrared divergent. This behaviour is due to the finite on-site interaction

(2

)2 1
N k0 Wi

which diverges for an infinite system. We therefore introduce the regularized
interaction V;; by subtracting the problematic on-site term,
~ 27)2 eik~(ri—rj) -1
Ty = Vig— Vp = &0 ,
N k-0 Wk

(2.46)

2The appearance of the delta distribution without an enclosing integral is due to the
divergence of the partition function (2.36)) (cf. footnote [1)). In practice, we can thus
interpret it as a Kronecker delta.
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which is still well defined in the thermodynamic limit. The partition func-
tion (2.43) is unchanged under the replacement V;; — V;,

ZVillain = H ( i ) d (Z %) 6_%2” Vijqiq]', (2.47)

7 qi=—00

as the additional term in the action
1w~ 1 Vo 2
5 Z VijQin = 5 Z VijQi% - ? (Z %) (2-48)
1) 1) 7

vanishes due to the enforced charge neutrality. Comparing the large-distance
behaviour of the regularized interaction,

Vi~ —1In (""_”') , (2.49)

a

with the energy of a vortex-antivortex pair [cf. Eq. (2.13))],

HY = 2¢°7] In ('” . |> , (2.50)
To

we see that we can interpret the partition function as describing a
system of interacting (anti)vortices, where ¢; gives the vorticity of a topological
defect at the lattice site r;. Since we can equally interpret the g; as interacting
electrical charges in two dimensions, the form of Zyj.m, in Eq. is also
called Coulomb-gas representation. We thus find that the m; field in Eq.
is related to the physical vortices by a duality transformation; therefore, we
refer to the m; as dual vortices.

2.3 FRG on the dual-vortex model

2.3.1 Technical preliminaries

Before we apply the FRG to the dual-vortex representation of Zvinain,
let us first give a technical overview of the definitions we will use and the
resulting exact relations. We consider a general deformation S of the full
action Squa1, which depends continuously on the cutoff A via a regulator R).
The generating functional of the scale-dependent connected Green functions
G, is then defined via

NG =H< 5 )S—SA[mHZihimi, (2.51)

7 m;=—00
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Taking derivatives of G, with respect to the source field h; yields the scale-
dependent connected Green functions of the integer field m;; e.g.,

OnGalh] = (mai)y , = maalh], (2.52)
On,;0n,Galh] = <mimj>)\7h - <mi>>\,h <mj>,\,h ; (2.53)

where the scale- and source field-dependent expectation value of an arbitrary
functional F'[m] is defined by

L (anoi:oo) o= ml+Y, heme )
L (55— ) e SIS ham

(Flml), = (2.54)

Inverting the relation between the h; and the m, ;[h] allows us to introduce
the generating functional of the irreducible vertices I') as the subtracted
Legendre transform

) = 3 il = Gyl = 5 X Rl el (259)

k

so that the irreducible vertices are defined by

TV (ks k) = Oy, Oy, Tl . (2.56)
Since the full action Sgua[m] is parity symmetric with respect to the field m;,
we assume that the regulator R) is chosen such that this also holds for the
deformed action Sy[m]; as a consequence, all irreducible n-point vertices with
n odd vanish identically. It is easy to show that I'y[m] obeys the Wetterich
equation

ohI'x[m _! Z 2 aA{%A(k) ; (2.57)
k F _xlm] + Ra(k)
where
F(f,;c,k/ [m] = 0, 0, LA ] (2.58)

Differentiating the Wetterich equation twice then yields the flow equation of
the two-point irreducible vertex,

TP (k ZGA \(k,—k,q,—q). (2.59)
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Here G, is the single-scale propagator,
Ca(k) = — [GA(K)]* OrRA(K), (2.60)

which depends on the propagator

Galk) = — 3 etrm) S onGalhl], = [Ty + Ra(k)] . (261)

N = -0
ij

The exact flow equations of higher-order irreducible vertices are derived
analogously by taking derivatives of the Wetterich equation; the irreducible
four-point vertex, e.g., flows according to

a}f (k1,k2,k3,k4 QNZG)\ (k1,k2,k37k4,q,—Q>

-5

Gi(q kl, k2, q,—q — ki1 — k2)Gr(—q — k1 — k)

x T\ (q + ko + koo, —q, kg ea) + (Ko < k) + (K 4 k)| (2.62)

A graphical representation of these flow equations up to sixth order is shown

in Fig. 2.6

2.3.2 Initial condition within the lattice FRG

We are now in a position to set up the FRG. As mentioned above, we will work
within the dual-vortex representation of the Villain model [see Eq. (2.36])],
where the dual-vortex action is given by

Sdual[m] 2 Z A mz = Zwk |mk| (263)
Ty

Due to the quadratic dependence of Sgua on the integer field m;, this rep-
resentation is also known as the discrete Gaussian model [73H75]. Since a
Gaussian theory describes a trivial system of non-interacting entities, the
non-trivial aspects that are responsible for the BKT transition are encoded
in the discreteness of the m;. This prevents us from applying the usual FRG
methods, which are tailored to path integrals [33]. Instead, we will rely on
the lattice FRG formalism developed by Machado and Dupuis [76], where the
deformed action is given by

Slm] = ; 5l + R (k)] (2.64)
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Figure 2.6: Graphical representation of the exact flow equations of the
irreducible n-point vertices FE\") with n = 2 [see Eq. (2.59)], n = 4 [see
Eq. (2.62)], and n = 6 (see Ref. [72]). Solid lines denote the propagator
G defined in Eq. ( -, Whﬂe slashed solid lines represent the single-scale
propagator G given in Eq. ( The dotted vertices on the left-hand side
refer to their scale-derivative 0,\F . We have labelled the external momenta
by integers, omitting them where there is no danger of ambiguity. (Figure
reproduced from Ref. [54])

with the Litim regulator [77]
Ry(k) = (A — wr)O(\ — wy). (2.65)

Choosing this regulator has two advantages: on the one hand, it only modifies
the dispersion at long wavelengths and thus follows the intuitive picture where
we integrate out high-energy modes during the FRG flow. On the other hand,
at the initial scale

Ao = max Wy = 87 (2.66)

the dual vortices on different lattice sites are completely decoupled,

Sie[m Z Imi|* = 2 (2.67)

A

so that the initial condition reduces to a single-site problem; this is the main
feature of the lattice FRG [76]. As a result, the scale- dependent generatlng
functional of the connected Green functions introduced in Eq. (2.51]) simplifies
at the initial scale to

=0 5 o] - ()

m;=—00
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where the theta-function J3(z, q) is defined as [7§]
O3(z,q) = > ¢ =142 ¢™ cos(2m2) (2.69)
m=—00 m=1

and exists as long as |¢| < 1. We can bring this into a more intuitive form by
using Jacobi’s identity [69]

1 2 zZ
9 —7x —z /(7"35)19 ( ”/x> . 2.70
This results in
h2 27 mh;
Bl = ) 1 In¢ d 2.71
QAO[]—Ei [2A0+n N T 3<A0,yo>], (2.71)

where we have introduced the vortex fugacity at scale Ay,
yo = e 20 = g/ (47, (2.72)

In the limit of low temperatures where no vortices are present (yo = 0), the
last term in Eq. vanishes and G, [h] describes a free (Gaussian) system.
A finite value of gy, thus takes the discreteness of the m; field into account,
which reflects a finite density of vortices. At this point it turns out to be
useful to generalize our model by considering 1y as an independent variable;
the dual-vortex model is then recovered by using the relation . Since
we can show a posteriori that the universal aspects of the BKT transition
can be discussed within a neighborhood of yy = 0, we expand

95 (= Yo | = 1+ 2yg cos ) O(yp).- (2.73)
Ao Ao
The expectation value of m; as a function of the source field then reads

_ 6Gr[h]  hi 4wy . (2mh;
<mi>>\o,h:m)\o,i[h]: 5;; :)\70_ o sin N

) +O0(y3), (2.74)

so that
h)\o,i [?”h] = )\Q?rflz + 47Ty0 SiIl(Qﬂ'mi) + O(yg) (275)

As a consequence, the generating functional of the irreducible vertices [see

Eq. (2.55)] has the initial form

B 2 1 _ _
[y [m] =—Nln " + 3 > wi lme|” — 20 > cos(2mm;) + O(yg).  (2.76)
k i
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2.3.3 Continuum limit

So far we have formulated everything on a lattice, which has allowed us
to make use of the lattice FRG formalism in order to derive the initial
condition for I'y\[m]. For the discussion of the critical regime and the
derivation of the Kosterlitz-Thouless RG equations, however, it will be useful
to switch to the continuum limit, where

w = cok® + O(K*) (2.77)
with
ca, = T (2.78)
We accordingly parametrize the cutoff via
A = cp, A2 (2.79)

and rescale the regulator Ry (k) by an appropriate wave-function renormal-
ization factor cy/cy,, so that

Ru(k) = ca(A? — E*)O(A? — k?). (2.80)

Here the scale-dependent coupling ¢, is defined via the long-wavelength
expansion of the flowing irreducible two-point vertex,

TP (k) = rp + cak® + O(KY). (2.81)
Within this parametrization, the propagator is given by

Gatk) = [r9 0+ ] " = { (DTORTS SN ew

while the single-scale propagator reads

[QCAA + (aACA)(A2 — k’2)]@(/\2 — kQ)

Ga(k) = — [Ga(k)]” Oy Ra (k) = — (rs + CAA2)?

(2.83)

From simple power counting we find that r, is a relevant coupling at the
Gaussian fixed-point manifold with a scaling dimension of two, while ¢, is
a marginal coupling. This generalizes to higher-order irreducible vertices:
expanding the irreducible n-point vertex with n € Z* as

1
Yk, —k, 0., 0) = ul™ + 2™ e’k + O(kY), (2.84)
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it turns out that the couplings
uF" =18(0,...,0) (2.85)
are all relevant with the same scaling dimension, while the couplings

2 = g2 lim 2T (k, —k,0,...,0) (2.86)

are all marginal (couplings due to higher-order terms in k are irrelevant).
To derive the Kosterlitz-Thouless RG equations, we thus have to keep track
of a countably infinite number of relevant and marginal couplings. In the
following section we will do this within the vertex expansion, while in Sec.
we will present an alternative derivation within the derivative expansion by
using a generalization of the LPA’.

2.4 Kosterlitz-Thouless flow equations from
the vertex expansion

2.4.1 General strategy

For a non-trivial system like the Villain model, it is of course impossible to
keep track of an infinite number of couplings in an exact way. We therefore
start with a few remarks about the strategy that we will use in this section
and the approximations we will be making. Let us first write down the
initial condition for the generating functional of the irreducible vertices in

the continuum limit [cf. Eq. (2.76))],

B T 1 _ _
Cpglm] = —Nln 1/5 +3 > " wy, lme|” — 200 > " cos(2mm;) + O(yg)
k i

00 (2n)
0 1 _ u _on
= NFSxO) +3 S (rag + eaok?) [k + > (2/\7;)' > om + O(yp),
k n=2 1

(2.87)

where

0 T
Y = —In, /E — 2y, (2.8%a
(

TAy = ufo) = (27)*2yo,

ca, = Ta%, (2.88¢

u™ = (=1)"1(2m) 2" 2y,. (2.88d
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Since we have chosen the regulator such that at the initial scale the system
reduces to a single-site problem, we see that the expansion of I'y, in the initial
vortex fugamt amounts to an expansion of the initial value of the relevant
couplings ul A in gy, which to leading order depend linearly on the initial
vortex fugacity. This continues to hold during the flow: defining the flowing
vortex fugacity ya via

Ir'?00) = ulY) = ry = (27)%2y, (2.89)
so that ya, = yo + O(y2), the flowing relevant couplings ufn) will to leading
order depend linearly on ?A Furthermore, for n > 2 we will find that
the marginal couphngs CA which initially vanish, will to leading order be
proportional to y3. These facts will allow us to simplify the flow equations
of the relevant and marginal couplings by expanding the right-hand side to
leading order in y,, which makes it possible to solve the infinite hierarchy of

flow equations analytically. Consider the exact flow equation of the irreducible
two-point vertex,

WP (K ZGA 'k, —k,q,—q). (2.90)

From the considerations above it is clear that to leading order in y, and
neglecting irrelevant couplings, we can ignore the dependence of FXI) on the
loop-momentum q. This results in the simpler flow equation

WP (ke Z Galg)TV (k (2.91)

where we have defined
re k) =% (k,—k,0,...,0), neZt. (2.92)

Dropping all contributions which are at least of the order of 33}, we can
simplify the flow equations of the irreducible four- and six-point vertices in a
similar way, which results in [cf. Eq. (2.62))]

LK) = 3 Cala) [5T () — Gal@)T (T 0

—2Ga(k + )T} ()2 (2.93)
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Figure 2.7: Graphical re%i)resentatlon of the a%)g)rommate flow equations of
the irreducible vertices I') > ,and I'y s given in Egs. ,

(2.93), and (2.94]), respectlvely External legs Wlthout labels carry vamshmg
momentum. (Figure reproduced with modifications from Ref. [54])

and (cf. Fig. [2.6)
0T ch r<8 (k) — Ga(@)T} ()T (0)

— 6GA ()T V(O (k) — 8Ga(q + k)T (B)I'Y (k).
(2.94)

In Fig. 2.7 we show a graphical representation of these approximate flow
equations.

2.4.2 Flow of the relevant couplings

To begin with, let us concentrate on the flow of the relevant couplings ufn),

which are defined as the momentum-independent part of the irreducible 2n-
point vertices. Since all FE\%) with n € Z™ are at least of the order of y,, we
see that to leading order in the flowing vortex fugacity it is sufficient to keep
only the first term in the flow equations. This results in the infinite hierarchy

A
o™ = fuf”“), nezt, (2.95)
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where A, is given by

M Ly g et iNoe) e (1A
A — N ; A(q) - 27.‘.(7,/\ + CAA2)2 o _27TCAA[]_ + TA/(CAA2>]2
2 2
il Latl 7)) SR + O(ya)- (2.96)

- 2meaA[1+O(yn)2  27mA

Here we have used that dxcy is of the order of y%, which we will show explicitly
in Sec. 2.4.3] and we have introduced the scale-dependent dimensionless

temperature 7y,
CA

o
a2

(2.97)

T =

which is a function of the logarithmic scale parameter [ = In(Ag/A). With the
logarithmic scale derivative 9, = —Ad,y we can now write down the infinite
hierarchy of coupled flow equations of the relevant couplings as

) u(2n+2)
ouy” = 2—+0(3), nez, (2.98)
41T
with the initial condition
uly) = (=1)"*1(2m)? 2y, (2.99)

which obeys the recurrence relation ufO"H) = —(27r)2u5\2;). The obvious

ansatz of generalizing this relation to arbitrary A,
uSEr ) = —(27)2u (2.100)
is in fact compatible with the flow equations, which subsequently decouple as

i = —Zuf”’ +OGR), nezt. (2.101)

Note that relation (2.100]) or the equivalent statement

ult = (—1)" (2m) 22y (2.102)
amount to the ansatz
1
Ur(m) = — LAl _n = T + 2ya — 2y cos(2mm) (2.103)

N

for the effective potential, which we will encounter again in Sec. [2.5]in the
context of the derivative expansion. In order to derive the Kosterlitz-Thouless
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RG equations, we are mainly interested in the irreducible two-point vertex.
We therefore set n = 1 in Eq. (2.101)) to obtain the flow of the vortex fugacity,

Byn = —ZyA +O®2). (2.104)

Since y, is a relevant coupling with a scaling dimension of two, we should
introduce the rescaled vortex fugacity
(2m)2n ___uf!

i = = — 2.105
4 CAA2 27TCAA2’ ( )

which obeys the flow equation

oG = (2—m —7/7)i + O(F}). (2.106)
As we will later show that the flowing anomalous dimension
0
= 20 (2.107)
m

of the dual-vortex field my, is of the order of 77, we recover the first Kosterlitz-
Thouless RG equation from Sec. [2.1.3]

O = (2 — /1) + O(F}). (2.108)

2.4.3 Flow of the marginal couplings

The remaining step is now to solve the infinite hierarchy of flow equations of
the marginal couplings. We start by writing down the flow equation of 7,

A
Oamy = TACXL), (2.109)

which follows from the long-wavelength expansion of Eq. (2.91]). Using the
same approximation of A, as before [see Eq. (2.96)], we find to leading order
in the vortex fugacity

ao

om = A (2.110)

&y
Since the structure of the flow equations of the marginal couplings is more
complicated than in the case of the relevant couplings, let us first consider
the flow equation of CXL) in detail. From the Taylor expansion of Eq. (2.93))
we see that

A 2
Oac) = Sl = 5BRu e — 2B (uy)", (2.111)



2.4. Kosterlitz-Thouless flow equations from the vertex expansion 45

where the coefficients B} and B} are defined via

]{72 2
ZGA )Galg+k) = BR+TGBX+O(I<:4). (2.112)

Within our cutoff scheme, we can analytically evaluate them to leading order
in yy as

CL2 (A?’CA + l[\46/\61\) CL2
B _ 1 _ 0 2.113
A 2m(ra + cpA?)3 2mc3 A3 + 00, ( )
2 A3
B - A% o), (2.114)

2m(ry + caA2)* 27 AS

so that

8165\4) = — + = Az A TA T arg?, (2.115)
A

2
cg\ﬁ) 5u§\4)cg\) 1 u5\4) _ 05\6) 505\)yl
Y V.G ey T

where we have used the definition (2.105|) of ;. However, as we have mentioned
before in Sec. all 05\2”) with n > 2 are of the order of 7. This allows us
to drop the second term in the flow equation of 05\4), which thus reads

(6)
ac) = F +4nE 4+ O(). (2.116)

To get an idea of the general structure, let us also consider the flow equations
of the marginal couplings 65\6) and cf\g) explicitly. From Eq. (2.94]) we see that

A
Oncl = TACE\S) — sulu ¥ BY, (2.117)

since all other terms containing either CXL) or 05\6) are of the order of y3. With
our leading-order results for Ay and B} given above as well as the recurrence
relation (2.102), we can write the flow equation as

(8)

C ~ ~
8 = ﬁn — (4P + O(). (2.118)

Writing down the flow equation of Ff)(kz), one can analogously show that

A
) = B [ - 0PV By, (2119
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which to leading order in the vortex fugacity reads

(10)

9 = A 1 (4r)3 + O(F). 2,120

1CA p + (4m)°g; + O(7;) ( )

Comparing Egs. (2.116)), (2.118)), and (2.120])), we see that they have the form
@ C(2n+2)

0" = F + (1) )™+ O(3), (2121)

[t turns out that this expression is in fact valid for all n > 2 (see Appendix
for the explicit derivation) and thus constitutes an infinite hierarchy of
coupled flow equations. Though this system of differential equations is more
complicated than the one for the relevant couplings in Eq. , we can
solve it analogously with the ansatz

CE\Zn—I—Z) _ _<47T)205X2n)7 n>2, (2.122)
which implies
CE\2n) _ (_1)n<4ﬂ>2n74cg\4)7 n > 2. (2123)
This decouples the flow equations as
n 4T n n n—3~ ~
e —7105\2 L (1) Am) R+ OF). (2.124)

To simplify this further, it is convenient to parametrize
& = (1) (4m)2 B, n> 2. (2.125)

Inserting this into the flow equation of 05\2") and using Eq. (2.108)) to replace
O,y results in

e =1-¢ (4 + 2;) +O0(f). (2.126)
l

From this expression we readily see that ¢ is of order unity; as a result, the
cfn) with n > 2 are of the order of 72, justifying our previous approximations.
To leading order in the vortex fugacity we thus have to take care of three

independent couplings, which flow according to

oG = (2 — /7)), (2.127a)
ay;

om =5, (2.127D)
27’[

P
8 =1—¢ (4 n W) . (2.127¢)
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However, in the vicinity of the line of Gaussian fixed points at ¢, = 0 and
71 < /2, the third coupling ¢ will rapidly converge to

1
G — 2.128
Cl 4+ 27—77;—7 ( )
so that
it 3
o =—=—4+0(7). 2.129
|71 F— + O(7;) ( )

Close to the BKT transition temperature for vanishing vortex fugacity, 7, ~
T, = /2, we therefore recover the second Kosterlitz-Thouless RG equation

from Sec. 2.1.3]

~2

aym = g—l O, (2.130)
T

Solving this flow equation together with
i = (2 —m/m)5 + O(i}) (2.131)

then results in the well-known flow diagram shown in Fig. Note that
since y, is a relevant coupling, there is some freedom in defining the rescaled
coupling ;. While Eq. is unaffected by this, a rescaling of g, would
change the prefactor on the right-hand side of Eq. , which is thus
non-universal. Finally, let us point out a technical subtlety regarding the flow
equation of g;: while it is certainly consistent for general 7; to neglect the
second-order term in the vortex fugacity, this is not true for the interesting
region close to 7, = 7/2, where the coefficient of the linear g; term can become
arbitrarily small. In that case, our result in Eq. should be understood
as the second-order mixed term in a double expansion in ¢; and in 7 — 7,,
which implies that we also have to take the y]lz term at 7 = 7, into account
to be consistent. However, in Appendix we show that including the
next-to-leading-order term yields

B T\ _ &1 + 5w T\ _ B
) :(2—) (2—) 24 0. 2.132
Y T it 8(m+m)(2m + ) T gi +0(;) ( )

It follows that Eq. (2.131) is indeed correct to second order in the double

expansion in ¢; and in 7 — 7.
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2.5 Alternative derivation within the deriva-
tive expansion

2.5.1 Parametrization of I'y[m]

As we have seen in the last section, working within the vertex expansion
amounts to taking an infinite number of relevant and marginal couplings into
account and solving the corresponding infinite hierarchy of flow equations.
The analytic solution to this was helped by the internal structure of the
infinite sets of couplings {ufn)} and {cfn)}; this structure can be traced
back to the cosine term in the initial condition of ['y[m], which relates
higher-order couplings via its Taylor expansion. While we were successful in
deriving the Kosterlitz-Thouless flow equations in Sec. [2.4] it nevertheless
seems inefficient to renormalize the prefactor of a cosine function by working
with its infinite number of Taylor coefficients. We will therefore show in
the present section how we can recover the flow equations of 7; and ¢; from
the derivative expansion. This expansion strategy has been very successful
to calculate the critical exponents of O(N)-symmetric scalar models [79).
Intuitively, an expansion in gradients of the field m; is justified by the fact
that we are interested in the long-wavelength properties of the system [

We start by parametrizing the generating functional of the irreducible
vertices as

Dalm] = Y2 Un(mo) + ; 3 () (Vo) (2.133)

so that for a space-independent field configuration

La[m]| = = NUA(M), (2.134)
62T 5[] = U{(m) + ea(m)k*. (2.135)

Simgdm |

(3

Here Up(m) is the effective potential and ¢y (m) is the field-dependent wave-
function renormalization factor, whose field-independent part corresponds
to

ca(m = 0) = ¢y = na®. (2.136)

In contrast to the usual approach, it is for our purpose more convenient to
work directly with m instead of m?/2. Comparing our parametrization of

3While 'y [m] can contain non-analyticities in the physical limit A — 0, this is not the
case for finite A where long-wavelength fluctuations are suppressed by the regulator.
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['s[m] with its initial value (2.87)), we find that

Uy, () = — 1n,/41 — 2yg cos(2mm) + O(y2) (2.137)
T
ca, (M) = cp, = Ta’. (2.138)

Note that neither the local potential approximation (LPA) nor its common
improvement LPA’ (see, e.g., Ref. [33]) would be sufficient for our system,
since we know from Sec. [2.3.3| that all Taylor coefficients of ¢ (m) are marginal
and have to be taken into account. As a result, we need to compute the flow
of both Uy (m) and cp(m).

2.5.2 Derivation of the flow equations of U,(m) and
ca(m)
Flow equation of the effective potential

Let us first consider the effective potential, whose flow equation can be simply
read off from the Wetterich equation (2.57)) as

_ 1 OpRA(K)
o\U = — . 2.139
AUMM) =5 % U (m) + ca(m)k2 + Ry (k) (2.139)
Since the regulator is given by [cf. Eq. (2.80))]
Ra(k) = cA(A? — EHO(A? — k), (2.140)

it will be useful to introduce the shorthand G} as the low-momentum part
(k < A) of the propagator,

1

<[ = —
AU R = ) + fen(m) — cal K2 1 enh?

(2.141)
With the flowing anomalous dimension 7; = 0;In7; we can then write the flow
equation of Ux(m) as

2A2 1
“47r /O dax G (i, Ax) [20%cs + (D) A(1 — 2)]

B a’A\? CA m il ea\? + UY(m)
T A ep(m) — CA{2 - 2 br [ea(m) — ep] A2

x In (1 + %:i?l}i?}%) } (2.142)

AU () = —
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Flow equation of the wave-function renormalization factor

Next we evaluate the flow equation of the field-dependent wave-function
renormalization factor, which is given by

ca(m) = E lim O}

—_— . 2.143
2 k—0 5mk5m_k ey ( )

We therefore need the second derivative of the Wetterich equation with respect
to the field,

62Tz [m]
Omkdm g |

O\ G(mq)F (mk: —k,q,—q)

1

T 24

Z €N (mk—i—q)[f‘ (m,k,q,— k:—q)r.
q (2.144)

The irreducible four-point vertex is for a space-independent field configuration
given by

e 1 "
O 7,k —k, @, —) = - [UR/07) + () (8 — 4k - q+ )], (2.145)

so that

1 /(=
* tim o240 (b, kg —q) = (2.146)

As a consequence, we can write the FX” contribution to the flow equation of
ca(m) as

1 (= 2A3
fZGA ak (. k, —k,q.—q)| _ = —CACA(ZL)”’ " (m),
= T

(2.147)

where we have defined
(4) (= ' <(m A2 5
1O(m) = /0 dax (G (m, Ax) [2 = (1 — 2%)]. (2.148)
For the irreducible three-point vertex we find

O, kg, —k — @) = — [UX(m) + (F + k- g+ )y (m)] . (2.149)

%\H
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Due to the k dependence in the propagator in Eq. (2.144) we need the
derivatives

_ ca(m)gqcos ¢
0 T (m, k, q,—k — q)‘k:O =T N (2.150)
_ 2¢y (m)
2 1(3) L _ 2o
RV (m kg, ~k—q)|_ = Nl (2.151)
where ¢ is defined via k - ¢ = kq cos ¢. We thus get
~ 2 2c\(m)q cos ¢ _
00 [T, kg, — q)]"| = 2D [ g2 ).
(2.152)
2 27\ (m
o [ (3)(m k.q,—k— q)} T /E\(] ) {(24-0082 gb) >\ (m) +2UY (m )}
(2.153)

We also need the derivatives of the propagator with respect to k, which for
q < A are given by

O GV (m,k +q)| _ = —2qcos dlea(m) — ea] [GE(m, )], (2.154)
o G k+q)|_ =2[Gi(m,q)) {4q2 cos? ¢ [ea(m) — ea)* G5 (m, q)
— [ea(m) — ea] — Acy cos® ¢3(A — Q)}‘

(2.155)

Putting these expressions together, we find that the three I’X)’) contributions
to the flow of ¢y (m) read

m g [k ko]

_ CAC'A(ZT)GW 10 0m) (2.156)
—ZGA m,q) G (M, k+q)| _ 9 [TV (m, k. q,—k — q)]QkZO

_ _CACA( m) [cA(m) — cp] a®A® 19 (), (2.157)
- X Gt 82 Pk + ), [FP0m.0.q.-g)]

_calea(m )2; cA] a’A? f)(m)_C%Z;AP’ [ (m) A% + U (m)]” (G5 (m, M)

(2.158)
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where the momentum integrals are given by

1V (m) = /0 ' dva (G (m, An)* [2 = mi(1 = )] Bc'A(m>x2A2 + 2U’”(m)} :
(2.159)
1Pm) = [ daa? [GR(m, A [2 - m(1 — 0] [¢h(m)a®A? + UY (m)
(2.160)
19(m) = /0 " drz [GS (m, Az)]’ [2 - m(1 - 2?)] [eh(m)a®A? + U ()]
x [2[ea(m) = ea] 2*A* G (m, Az) — 1] . (2.161)

Putting everything together, we arrive at the flow equation

drea(im) = DN g ()AL () + Ac () [ea () — ea] AT ()

47

— 2[ea(m) — ea] NI (1) + X (m) A2 I ()
a2 [ () A% + UY ()]
[UF () + ea(m)A2)*

(2.162)

Since it is straightforward to evaluate the integrals I/(\”)(m) analytically, we
actually know the flow equation of ¢y (m) in closed form, which should be
solved together with the flow equation of Ux(m). Note that both flow
equations are exact within our ansatz for T'a[m]. By evaluating the
initial condition I'y,[m] numerically, we can therefore compute the flow of g,
and 7; without assuming that the vortex fugacity is small. However, in the
present context we are mainly interested in rederiving the Kosterlitz-Thouless
RG equations, which we will do in the following.

2.5.3 Recovering the Kosterlitz-Thouless RG equa-
tions

Flow equation of

We start with the effective potential, whose flow equation is given in
Eq. (2.142). Using the fact that cx(m) = cy + O(y3), we can expand this
expression as

aA(1—n/4)
ar 1+ A

UL () = +O0(3) = —

CL2A2 s X(ﬁl) O 2
1 - +

(2.163)
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where in the second step we have also used U} = O(yy) and n, = O(y3).
Inserting the ansatz [cf. Eq. (2.103)]

Upn(m) = I‘E\O) + 2ya — 2y, cos(2mm) (2.164)

on the right-hand side of this flow equation yields

_ T _ a’A? 9
O Ux(m) = =2y, cos(2mm) — + O(yy), (2.165)
T 47
so that
9UX(0 T
Oya = 21(2/;()2) = —;lyA + O(y3)- (2.166)

Rewriting this in terms of the rescaled vortex fugacity

_ (27m)%2y,
_ ) 2IA 2.1
B A (2.167)
then gives
ot = (2 —m/7)i + O(F}), (2.168)

in exact agreement with our result (2.108)) from the last section.

Flow equation of 7

In the same spirit we can also expand the flow equation ([2.162)) of cx(m) to
leading order in yy. With cy(m) = cp + O(y3) and Ux(m) = O(y,) we find

= O(y3 2.169
A7 o Tl2CL4A4 + (yA)7 ( )

o (i) = [Tﬂm) Loy

where we have defined 7,(m) = cx(m)/a®. From our ansatz ([2.164)) for the

effective potential it follows that
U (m) = —(27)%2y, sin(27rm) = —7a® A% sin(27m), (2.170)

so that we have to solve

(= ~2
8m(m) = Tih(::_ll) + % sin2(27rT71). (2171)
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This can be done with the ansatz

~2

n(m) = + alii sin?(2rm), (2.172)
m
which leads to
0,é o &2 =~ ~2
o + lfcl + 2@] o sin®(2mm) = av cos(4dmm) + I sin®(27m).
] Y T 27’1 47T
(2.173)

For m = 0 this simplifies to
6m = -, (2174)

while for m = 1/4 we have

4me oy 2
O =1— "L 959 _1_g <4+7T>,

Tl Y Tl
where we have inserted the flow equation (2.168) of 7;. The fact that these
flow equations of 7; and ¢ solve Eq. (2.173)) for any m justifies our ansatz for

71(m) above. All in all, we end up with a set of three coupled flow equations,

(2.175)

oG = (2 —7/n)a, (2.176a)
~ ~2
Yy
om = —— 2.176b
(s 27-1 ) ( )
2
g =1-4¢ (4 + W) , (2.176c¢)
T

which are identical to the flow equations (2.127a)—(2.127d) from the last
section where we have used the vertex expansion.

2.6 Effect of weak amplitude fluctuations on
the BKT transition

2.6.1 Including density fluctuations in the dual-vortex
model

Villain approximation of the O(2) model

Having understood how to derive the Kosterlitz-Thouless flow equations
within the modern FRG formalism, we are now in a position to assess the
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effect of weak amplitude fluctuations on the BKT transition. As already
discussed in Sec. , previous FRG studies [62H65] yielded the unexpected
result that these fluctuations become massless in the long-distance limit, so
that the correlation length is always finite and the BK'T transition is replaced
by a well-defined crossover. However, these studies did not explicitly introduce
vortices, which are known to be the relevant degrees of freedom at the BKT
transition. In the following, we will therefore analyze the effect of amplitude
fluctuations within a generalization of our dual-vortex FRG as developed in
the previous sections.
For this purpose, we consider the O(2) model with the action

U J
SWl=552 (\MIQ—a2)2+ﬁzwi+u—wi\2, (2.177)
7 N

where 1); represents a complex field on a square lattice with lattice parameter
a. We can understand Eq. as the action of a bosonic field close to a
classical continuous phase transition, where it is sufficient to retain only the
zero-frequency mode. The first term in the action is then related to a repulsive
contact interaction between the bosons with interaction strength U > 0, while
the second term represents the kinetic energy due to the finite exchange
interaction J > 0. The parameter o depends to the chemical potential and is
assumed to be positive definite, so that the interaction term has the form of
a Mexican-hat potential with radius a. The XY model corresponds to the
limit U — oo where the field can only take values on the brim of the Mexican
hat. In order to evaluate the effect of weak amplitude fluctuations, we thus
assume that U is sufficiently large; more specifically, writing the complex field
in density-phase notation,

¥y = /pie'”, (2.178)

we assume that Up?/T > 1, where p = (p;) is the expectation value of the
density field p;. On a technical level, the relation to the XY model is more
clearly seen by expressing the action in terms of p; and 6;,

U N2 J
Slp, 0] = oT i (Pi —o ) + oT %: [Pi + Pitp — 2/PiPigp c08(Oigy — 91)] .
(2.179)

In the limit U — oo, the first term fixes the density field to a constant value
so that only the phase-dependent cosine with constant prefactor remains,
while for general U we find that the density field allows for fluctuations of
the effective exchange coupling ,/pip;+,J. We thus have to generalize our
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derivation of the dual-vortex model in Sec. (2.2)) to take this additional field
dependence into account. We start with the Villain approximation

exp

9

J\/Dipi > A0 — 27n;,)?
%COS(AM@) ~ Ry, Z exp —( ® Miy)

Ny =—00 27—V,iu

(2.180)

where the coefficients now read
Rvip = Rv(\/pipisu/T), (2.181a)
T,ip = Tv(\/PiPitp/T), (2.181D)
with 7 = T'/J; the functions Ry and 7y are in turn given in Egs. (2.26]) and
227).
Dual-vortex picture with weak density fluctuations

For the next steps it will be useful to separate the phase part of the partition
function,

Zuwy =L ([ dri) Zalo

%

U 2 2J
xoxp | = o= > (pi—a?) = Xk YRy, (2182)
1 7 T,
where
2m d@ 0 A 91 — 27mz- 2
Zeff[ﬂ]:H</0 27T>H( > )exp [—Z( & v ) } (2.183)
7 U \Mip=—00 i, )

It is then straightforward to apply the same duality transformations that we
have used for the XY model between Egs. and to derive the
current representation; the fact that 7y, is now position dependent does not
pose any problem and we get

1 > 1
Zesi[p] = exp [2 > In Tv,w] 11 ( > 5A'pi70) exp [— BY er,wpfu] ’
[N i, \Pip=—00 Ty lb
(2.184)

with the lattice divergence

A D = Z(pz,u - pi—,u“u)~ (2185)

m
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The final duality transformation from the current-field p;, to the dual-vortex

field m; is given by (cf. Sec. [2.2.3])

Dip = Z GMVAVmi+M' (2186)
Inserting this into Zg[p] results in the more complicated exponent
1 9 1 9
5 O iy = —5 2 Wi D), (2.187)
Ty lb Ty lb

where /1 is the complement of i so that p+p = x+y. For a given configuration
of the density field, the spatial dependence of 7y;, breaks the translational
invariance so that the right-hand side of Eq. is non-diagonal in Fourier
space. To render the model more tractable and to make contact with our
previous work in Sec. 2.4 we introduce the relative fluctuations p; of the
density field,

pi = p(1+ pi), (2.188)
and expand our action in the density fluctuations p;. For 7y, we find

Ni + Ni 1 ~
T )+ PR P (2.189)

with the coefficients

—_ — - — 2 —_
O (P) ) (P> RO <p> - (p> . (2.190)
T

T T T T

In the expansion we have additionally approximated p;1, =~ p; in the second-
order term. This is sufficient since we are eventually interested in the leading-
order contributions due to the density fluctuations; the only reason to include
the second-order term at all is that it allows us to extend the integrals over the
density fluctuations p; to the entire real axis, which simplifies the calculations.
With this expansion of 7y, we find that Eq. becomes

1 1 1
=5 2 Vil = 5 2 M [réo) 1 pi+ 5 p§] , (2.191)
M 7
where

M; = o3 [(Aumi) + (Aumiga)?] (2.192)

N —
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In the same manner we can expand the logarithm of Ty, as

5 Z In7y,, ~ Iiv + /1(1) Z ; + IiV Z 0; (2.193)
Ty b 3
where Ii%ﬁ)) amounts to a trivial constant contribution and
(1) (2) M 2
L _Tv @ _ Tv v
Ry = W, Ry = W — <(0)> . (2194)
TV Tv Tv
Finally, we also need the expansion of Ry,
i pi 1 )
Ry~ RY + R(V”p“”;p n §R$>p§, (2.195)

with coeflicients

_ _ - =\ 2 >
- (0) - (O (E). 1= () (D). em

so that its logarithm has the expansion

S In Ry, ~ LY + 2L Z,oz—I—L( sz, (2.197)

i

where the constant Lg)) can again be neglected and

(1) (2) 0 2
LYy = Ry L = A (B (2.198)
RY RY  \RY

We then find that the full partition function of our model, formulated in
terms of the dual-vortex field m; and the density fluctuations p;, reads

Zamp = ( / dp; . _Oo)

1 1 1
X exp{ - [21@2 +upi+ oM (T\(/) + 5+ - 5 (2)/7?)]},

7

(2.199)
where the dimensionless coefficients v and v are defined as
Up? 2 5  Up®
u= T~ 2L\ — k2 ~ - (2.200)
20 Up(p—a?
b 2P UPp=0T) 2L — ki, (2.201)

T T
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Our assumption of weak amplitude fluctuations thus translates to the require-
ment u > 1. Considering the order of magnitude of the remaining coefficients,
we find that close to the BKT transition p/7 is of order unity, which thus

also holds for the T‘(/i). Regarding the coefficient v we note that
p = 1 (M) + O(u™1) (2.202)
- 2 14 (2 ) *

which follows easily from the identity (p;) = 0. Since the expectation value of
M; is at most of order unity below the BKT transition, this is therefore also
true for v.

Effective dual-vortex model

We now take advantage of the fact that the action in Eq. is quadratic
in p;, which allows us to integrate out the density fluctuations exactly. Up
to a constant prefactor, this results in the following effective theory for the
dual-vortex field m;,

7 m;=—00

o[ £)

- 2
1 ,7_(2) <U + ‘;Mz)
X exp —52 T‘(,O)Mi—i-ln(l—i—Q‘;Mi) o

(2.203)

We first note that for large M; we have

(1) 2
(2) (v + ‘5M1> +1) 2
O M; + 1n<1 + T‘/Mi) - ~ |70 (V(Z)) M;, (2.204)
2u u+ "M 21y

so that our partition function is only well defined if

(1)) 2
(0) (TV)
T — e > 0. (2.205)

%

Fortunately, this inequality is always fulfilled (this would not be true if we had
neglected T‘(/Z)). We also find that close to the BK'T transition, the left-hand
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side of Eq. (2.205)) is of order unity so that the sums over m; are effectively
cut off at M; ~ 1. This allows us to approximate our partition function by

00 7_/ 7.(1) 2 M22
Zamp:H( Z )exp[—QZMi—i—(VS) Z NE) . (2.206)

7 m;=—00 iU+ 7‘5 Ml

where the effective dimensionless temperature 7 is defined as

2

I (0) L_UTV ~ (0 2.207
T =7, + o " Vv - (2.207)

Since u > 1, we may also expand

(W)~ M (V) 2
exp | ¢ > 5 ~ 1+ . > M (2.208)
With the dimensionless coupling constant
D 2
3(r0)
g=—"—<K1 (2.209)
u

we can then write
o 7_I g )
Zamp = H Z exXp _5 Z M; 1+ E Z Mi . (2210)
In momentum space this becomes

a2 )i

7 m;=—00

g
XALH o Do Okithathes a0 Vies o o 10k MUk Mok MUty | (2.211)
41N ki1kokska

where the dispersion wy = 47'(1 — ;) is defined in analogy to Eq. (2.39)
and Vi, ks ks .k, describes the momentum dependence of the fully symmetrized

quartic interaction due to amplitude fluctuations,
1r~ ~ ~
Vkl,k2,k3,k4 = g [Vkl,k2§k37k4 + Vk17k3;k2,k4 + Vk1,k4;k3,k2} ) (2'212)

where

Z (eikl‘au . 1) (eik?au . 1) (1 + ei(kl—l—kz)-(az-l—ay—au))

pre{z,y}
% (eiks'au o 1) (eik4'au _ 1) (1 + ei(k3+k4)'(az+0y—au)) )
(2.213)

A~ =

Vk1,k2;k37k4 =
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2.6.2 Effect of the quartic interaction on the KT flow
equations

Due to the similarity of Eq. (2.211]) to the partition function (2.36]) of the
original dual-vortex model, we set up the FRG in the same way as we did in

Sec. 2.3] for our analysis of the XY model. To that end, we replace
1 1
§Zwk\mkl2 — §Z[wk—|—R)\(k)] |mk\2, (2214)
k k

where the Litim regulator is defined as
R,\(k) = C)\()\ — wk)@()\ — wk). (2215)

Here the scale-dependent prefactor initially fulfills ¢), = 1; its behaviour
during the flow will be specified later on. The initial value of the cutoff,
Ao = maxg wg, is again chosen such that the dispersion becomes constant. The
cutoff-dependent generating functional of the connected correlation functions

[cf. Eq. (2.51)] is then initially given by

5 & 5 6
Galhl — |14 9 5 v,
e’*o + 0N klkgzk:s,m ky+ko+ks+ka,0 Vi ko ks ks ST—pos STy Oy Oh—p,
o A
< [1 ( Y exp [—;m? + himi]) . (2.216)

Here we have used the fact that we may replace the Fourier coefficients of
the dual-vortex field my, by the derivative with respect to the corresponding
Fourier coefficient of the source field h_g, which allows us to pull the non-
trivial terms out of the m; sums. Reusing our earlier results and
for the second line,

>0 )\0 2 2w h2 27Thz 4
_ 20 | — [T i g )
mi;w exp [ 5 i + hlml] " exp lQ)‘O + 2y cos( y ) +O0(yy) |,
(2.217)

it is then trivial to evaluate the derivatives with respect to the source field.
Up to a constant term, we find

h? 21h; g
= L4 2 d 2 kg
g)\o[h] ;2)\0_‘_ yOXi:COS< )\0 > +4)\8N2k:|hk| ;Vk, k,q,—q
_9
ANIN

2 2
D Ok thatha ka0 Ve ko ks ks Py Py s Py, + O (4, %09, 9°).-
kikoksky

+

(2.218)
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Inverting the relation

R 5g>\0 [h]
mi= =g (2.219)

perturbatively, it is straightforward to show that the initial condition for the
average effective action [cf. Eq. (2.55))] is to first order in yy and g given by

_ G _ _
Paolm] = 5 D2 [l — 240 3 cos(2mim;)
k i
— ﬁ > Ok tkothatha,0 Vier ko s hea oy TTUksy Mlkey Mk (2.220)
: kikoksky
where

ga’
co=T10a’—7— (2.221)

Ao

and we have expanded

wr, = 7'a*k* + O(k*), (2.222)
21.2
g ga'k 4
kg—g = . 2.22
22N zq: V’@ k,q,—q Ao + O<k ) ( 3)

In analogy to our FRG approach to the XY model we now set A = 7/a?A.
Due to the g-dependent term in Eq. (2.221]), it is then convenient to define
the wave-function renormalization factor as

ch + ga®
\=—22 (2.224)
Co + o
which leads to
Ri(k) = (ca + 9o (A = k?) O (A2 - &) (2.225)
A - A )\0 . .

This differs from the regulator in the XY model by a g-dependent
correction, which thus also appears in the flow equations of the relevant and
the marginal couplings via the functions Ay and By (k), see Egs. and
(2.112)). However, in our derivation of the KT flow equations in Sec.
we have neglected yx-dependent corrections to these functions, so that it is
consistent to neglect g-dependent corrections as well. This leaves us with
evaluating the effect of the finite quartic interaction in the initial average
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effective action (2.220)) on the KT flow equations. In a qualitative way, this
is most easily done by considering the long-wavelength expansion

Vk1,k2;k37k4 ~ Z (kl : a’,u)<k2 : a’u)(kfi : a,,,)(k:4 : CLV), (2'226)

,uue{:c,y}

which implies that the interaction vertex Vi, k, ks k, 1S of fourth order in the
external momenta. As already mentioned in Sec. [2.3.3] this translates to an
irrelevant coupling with scaling dimension —2, which does not affect the KT
flow equations close to the line of Gaussian fixed points in a qualitative way.
To see more explicitly how this comes about, we make the ansatz that the
momentum dependence of the quartic interaction Vi, g, ks .k, does not change
during the flow. We thus parametrize the vertex as

gAa

_4'N Z 5k1+k2+k3+k4,0Vk1,k27k3,k4mk1 mk2mk3mk47 (2'227)

kikoksky

where we identify gy, = ¢. This allows us to show analytically (see Ap-
pendix for technical details) that the rescaled coupling

AN
G =50 (2.228)
T
obeys the flow equation
Ogi = —24 — An T} (2.229)

For ; =~ m/2 and ¢, < 1, the flow quickly converges to its asymptotic
behaviour

g~ =2, (2.230)
l—o00

which is independent of its initial value gy o g (see Fig. . While the flow
equation of ¢; is not affected by a finite §;, we show in Appendix that
it results in a correction to the flow equation of 7,

~2
Ui 16
87':(1—1—). 2.231
=T (143 (2.231)
However, since we can absorb this additional factor by appropriately redefining
the rescaled vortex fugacity 7, it does not affect the universal properties of
the phase transition. We thus conclude that weak amplitude fluctuations are
indeed innocuous and do not spoil the BKT transition.
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Figure 2.8: Typical flow of the rescaled irrelevant coupling g, defined in
Eq. as a function of the logarithmic scale parameter [ = In(Ay/A).
The shown curves only differ by their initial condition for g;: the upper (red)
curve corresponds to go = 0.01 (implying finite amplitude fluctuations), while
the lower (blue) curve corresponds to gy = 0 as in the XY model. Both curves
were computed by solving the flow equations (2.130), (2.131)), and
numerically with gy = 0.01 and 7" = 0.997, = 0.997/2. Clearly both flows
converge for large [, so that the initial value of §; and, as a consequence, the
presence of weak amplitude fluctuations do not qualitatively affect the BKT
transition. (Figure reproduced from Ref. [54])

2.7 Effect of weak out-of-plane fluctuations
on the BKT transition

While the effect of amplitude fluctuations is one possible way for real systems
to deviate from the XY model, it is for sure not the only one. Another evident
generalization is the strongly anisotropic XXZ model, where the classical
spins of unit length are allowed to point slightly out of the xy plane. Since the
effect of out-of-plane fluctuations on the vortices driving the BKT transition
is not a priori obvious, it is interesting to analyze this situation. We therefore
consider the Hamiltonian of the XXZ model given by

™

U 2
Hyxz = =T Y8 Sivu+ 5 3 (ﬁi - 2) , (2.232)
iyp i

which generalizes the Hamiltonian (2.1)) of the XY model. Here s; =
(sin 9; cos p;, sin ¥J; sin p;, cos ;) denotes a classical spin of unit length at
lattice site ¢ and the coupling U parametrizes the easy-plane anisotropy.

While taking the limit U — oo would result in the XY model, we will in the
following assume U/T > 1 so that weak out-of-plane fluctuations are possible.
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The partition function for our XXZ model is

Zxx7 = H (/ in) exp [; Z [cos V; 4, cos; + sin iy, sind; cos(A,p;)]

(7
U 7\ 2
D) (ﬁi—Q) ] (2.233)

where [dQ; = [T dY;sind; [;" dg; is a shorthand for the integral over the
unit sphere. In analogy to our treatment of the XY and the O(2) model, we
now apply the Villain approximation to the ¢;-dependent part of Zxxz,

J S Dypi — 2mny,)°
exp | sin 4, sinv; COS(AMQOZ')] ~ Ry, Z exp —( d in) ,
T 7 Niy=—00 27—V,iu
(2.234)
where the coefficients are given by
Ry, = Ry (sinv;y,sind;/7), (2.235a)
Ty, = Ty (sin ¥y, sind; /7). (2.235b)

Here 7 = T'/J and the functions Ry and 7y have been defined in Egs. (2.26)
and ([2.27). This results in the partition function

ZXXZ = H (/O7T dﬁz sin 7%) Zeﬂ‘['ﬁ]

U ™2 J
XeXp[_ZT : (191'—2> +T%cosﬂiﬂcosﬁi—F%lnRV,m],

(2.236)

where

Zealo) = T1 ([ 0:) T1

i (L

(ni ) exp [—(AM — 27”““)2] . (2.237)

e, 2Tvip

Again performing the duality transformations between Egs. (2.28) and ([2.34])
then yields a current representation of Z.g[t)] similar to Eq. (2.184]). We
proceed in the same spirit as in Sec. by defining

™

=
2

+ 9, (2.238)
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and expanding 7y, as well as the cosine terms to second order in ¥;, which
is certainly justified for U/T > 1. With

U2, + 02 -
Tvin =7 = L 10 (9) (2.239)
and
1 1 1
(0) (1) /
_ - == = 2.240
- (7‘> VT (7‘> ’ ( )
we find
oo +0)
Zog[V] = exp ZIDTVW H Z exp ——ZM + —ZﬁQ
(2.241)
where m; is the familiar dual-vortex field and M; is again defined as
1
M= 53 [(Aum)? + (Aymig)?] (2.242)
o

Since expanding In Ry,;, and In 7y, as well as the integral measure sinv; to
second order in ¥; only results in terms of the form 192 with coefficients of order
unity, we can take their effect into account by introducing the dimensionless
coupling

= g +0(1) > 1. (2.243)

In total we thus arrive at
(0) o
Zxx7 = / dv; Z exp [— — ZM ZAijﬁiﬁj , (2.244)
m;=—00 7,]

where the matrix elements A;; are given by
1
1
Ay = by (u = M) — - > Gjien + 0jimp) (2.245)
m

and we have extended the 7; integration to the entire real line. Since T‘(/l) is

always negative, we note that the partition function (2.244])) is well defined.
Performing the Gaussian integrals over the out-of-plane fluctuations 1; yields

00 (0)
1
ZXXZ:H< > )exp[—TgZMi—zlndetA : (2.246)

7 m;=—00
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where [A];; = A;;. Since the off-diagonal part of A does not contribute to
first order in 1/u, we may write the second term in the action as

O

Indet A = ;hl {u - T‘(/l)Mi + 0 (u_l)} =Nlnu— %;MZ + O (U_Q) )
(2.247)

which results in

7 m;=—00

o0 7_/
Up to the renormalization of the dimensionless temperature,

LA (2.249)
u

the partition function is identical to the dual-vortex representa-
tion of the XY model. Let us also consider the next-to-leading-order
correction in 1/u. In this case, the off-diagonal part of A only contributes an
irrelevant constant term, which after expanding In det A leads to a constant
rescaling of the partition function. On the other hand, the second-order
contribution from the diagonal part of A is proportional to M? and thus
depends on the dual-vortex field m;. To second order in 1/u we therefore find

Zxxz =[] ( > ) exp [_72 ZM] (1 +2 > ME) , (2.250)

7 m;=—00

where the dimensionless coupling ¢ is defined as

1))?
g= 6<T;2> (2.251)

Comparing Eq. (2.250]) with the effective dual-vortex representation (|2.210)) of
the O(2) model, it is clear that weak out-of-plane fluctuations lead to the same

effective theory as weak amplitude fluctuations do. Our discussion in Sec. [2.6.2]
about the effect of weak amplitude fluctuations on the BKT transition thus
applies directly to weak out-of-plane fluctuations. We therefore conclude that
the strongly anisotropic XXZ model also exhibits a phase transition, whose
universal properties are identical to the BKT transition in the XY model.
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Chapter 3

Spin functional renormalization
group

3.1 Motivation

In the first half of this thesis, we have exclusively dealt with classical spins
that can be described by vectors in three-dimensional Euclidean space. While
classical spin systems are conceptually rather easy to understand, they can
already lead to highly non-trivial emergent phenomena. A good example is
the XY model as discussed in Ch. 2] featuring a phase transition of infinite
order driven by vortices that themselves are emergent entities. On a technical
level, this is reflected by the various representations of the partition function
derived in Sec. [2.2] which are connected by duality transformations.

In terms of complexity and richness of physical phenomena, however,
classical spin systems do not come close to quantum spin systems, which
encompass exotic behaviour such as fractional excitations and resonating
valence bonds [80]. A quantum-mechanical spin S = (5%,5Y,5%) cannot
be easily visualized: in contrast to the Cartesian components of a classical
spin which are real numbers, the S* are operators acting on a Hilbert space.
Mathematically, they are elements of the Lie algebra su(2) satisfying the
commutation relation

|52, 8%] = ie*137, (3.1)

where €77 is the three-dimensional Levi-Civita symbol. The crucial difference
between this spin algebra and the algebra of bosonic or fermionic ladder
operators consists in the appearance of the spin component S” on the right-
hand side of Eq. (3.1)). For this reason, we cannot directly transfer the usual
construction of a path integral for bosonic or fermionic fields to spin systems.

69
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While it is indeed possible to define spin coherent states and use them to
construct a path integral formulation of quantum-mechanical spins [81], it is
rather uncommon to see this approach in actual calculations. In fact, modern
many-body techniques are often tailored towards bosonic or fermionic field
theories; this is also true for the FRG [33]. Although in one dimension the
Bethe ansatz provides a way to work directly on the level of spin operators
and wavefunctions [82], it is therefore quite common to map spin systems
to a bosonic or fermionic field theory, which is then handled by one of
the many available many-body techniques. For ordered magnets where the
low-energy excitations are renormalized spin waves, one can apply the Holstein-
Primakoff [83] or the Dyson-Maleev [84, [85] transformation and expand in
powers of the inverse spin number 1/S. This approach is unfortunately not
applicable to systems without long-range magnetic order; in this case, one may
represent the spin operators in terms of Schwinger bosons [86], [87], Abrikosov
pseudofermions [88] [89], or Majorana fermions [90H93]. While these methods
have been successfully used to describe spin systems, they all have their own
shortcomings: using Majorana fermions leads to a redundancy in Hilbert
space, whereas both the Abrikosov pseudofermion and the Schwinger boson
approach introduce unphysical states which have to projected out, which can
only be done approximately for non-trivial systems.

There is, however, another method by Vaks, Larkin, and Pikin (VLP) [1H3]
that was developed in the 1960s. While their spin-diagrammatic approach
is formulated directly in terms of the physical spin operators, it also makes
use of diagrammatic many-body techniques based on spin correlators and the
Matsubara formalism. VLP’s starting point is a generalized Wick theorem
for isolated spin operators [1, 3], which allows them to systematically expand
the irreducibleE] spin vertices in powers of the inverse range 1/ry of the
ferromagnetic exchange interaction. Although this approach is conceptually
close to the usual diagrammatic techniques for bosons or fermions and was
further developed by other people [3, 94-96], it never gained widespread
popularity, probably due to the more complicated Wick theorem for spin
operators that results in rather cumbersome diagrammatic rules.

In the present chapter, we will show how to formulate the FRG in terms
of the physical spin operators. This allows us to retain the advantages of
the VLP approach such as dealing directly with the physical Hilbert space
and being conceptually close to the more familiar many-body techniques for
bosons and fermions, while replacing the complicated diagrammatic rules by
the well-known expansion of the Wetterich equation. Although we will later

!The spin vertices are irreducible with respect to the cutting of a single line of the
effective exchange interaction.
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show that our spin FRG (SFRG) allows us to recover VLP’s 1/rq expansion
via a simple truncation of the corresponding Wetterich equation, the SFRG
by no means restricted to this approach. With the Wetterich equation being
an exact flow equation of the generating functional of the irreducible vertices,
it not only allows for novel approximation schemes, but it also enables us to
describe the critical behaviour of spin systems. Furthermore, we will in fact
formulate the SFRG for three different generating functionals of irreducible
vertices: while we can define irreducibility either with respect to the cutting of
a single spin propagator or exchange interaction line, we will also construct a
hybrid approach which combines these two notions of irreducibility by treating
the transversal and the longitudinal part of the spin correlators separately.
Depending on the system at hand, we can then choose the most suitable
formulation of the SFRG.

Finally, while we will in the present chapter mainly consider the quantum
Heisenberg model, it is straightforward to generalize our SFRG formalism to
any Hamiltonian which can be written in terms of local operators satisfying
a non-trivial algebra such as Hubbard X-operators [97]. A specific example
of this is given by our recent work on the Kondo model [98], where we derive
a generalized Wetterich equation for both the conduction electrons and the
impurity spin. Using a simple truncation of the average effective action, this
allows us to derive Anderson’s one-loop “poor man’s scaling” equations for
the Kondo model [30), BI] with an arbitrary impurity spin.

3.2 Pure SFRG

3.2.1 Derivation of the Wetterich equation for quan-
tum spin systems

In the following we will show how to construct the SFRG for the quantum
Heisenberg model, which is defined by the Hamiltonian

i %

Here the subscripts ¢ and j label the N lattice sites r; of an arbitrary
D-dimensional lattice, V;; = V(r; — r;) represents an arbitrary exchange
coupling, and hy measures an external magnetic field in units of energy. The
spin operators S; fulfill the commutation relation and are normalized
such that 82 = S(S + 1). To set up the FRG, we replace the exchange
coupling V;; by the continuous deformation VZ-?, which is parametrized by
the deformation parameter A € [0,1]. We choose the deformed exchange
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interaction such that for A = 0 the system is sufficiently simple to allow for a
controlled calculation of the spin correlators, while for A = 1 we recover the
full Heisenberg model, V3= = V;.

The A-dependent generating functional of the connected spin correlators
can then be written as

Galh] =InTr [ BHOTefo A [ hi(r)Si(r)=Va(7)] , (3.3)

in full analogy to bosonic systems [41]. Here
Ho=—hy Y 5; (3.4)

is the free part of the Hamiltonian, 7 denotes the time-ordering symbol in
imaginary time, the h;(7) are arbitrary time-dependent source fields, and

r) =L S VAS(7) (1) (35)

is the deformed interaction part of the Hamiltonian. The time dependence of
all operators is in the interaction picture with respect to Hy,

S;(1) = ™0 § e, (3.6)

Taking the nth derivative of G, [h| with respect to the source fields and setting
h;(r) = hy afterwards yields the connected n-point spin correlators; e.g., the
first derivative of the generating functional gives the local magnetic moment
at the lattice site r;,

dGa[h]
Sl' T = s 3.7
(S0 = Gy, (37)
while the second derivative generates the spin propagator,
A5 (1) = (TIS7 () S5 (7 = (SR () (S5 ())a
0°Ga[h]
= : 3.8
Ohg (T)ohs (') hehis (3.8)

Here the scale-dependent uniform field configuration h, = hye., is related to
the flowing minimum of the Legendre transform of Ga[h| as we will show later
onl While it is guaranteed that h, vanishes for A = 1 so that we recover

2Instead of evaluating the connected n-point spin correlators at h = hy, we could have
equally well defined them to be evaluated at h = 0. The advantage of the former choice,
however, is that the connected spin correlators are then directly related to the irreducible
vertices as defined in Eq. (3.23). This is easily seen from Eqs. (3.12)), (3.14), (3.21), and
; in essence, since the irreducible n-point vertices are defined as the nth derivative
of the generating functional of the irreducible vertices I'y [M] evaluated at its minimum
M = M, instead of M = 0, they depend on G [h] and its derivatives evaluated at hy.
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the physical connected spin correlators [see Eq. ], it will in general be
non-zero during the flow. Note that spin operators on different lattice sites
commute with each other, which mirrors the behaviour of bosonic ladder
operators. As a consequence, the imaginary-time-ordered spin propagator
?\%(7, 7') has the same analytical properties as the bosonic Matsubara Green
function that we discussed in Sec. [I.3] Most importantly, this implies that
we can obtain physical observables like the dynamical spin structure factor
by Fourier transforming the connected spin correlators to frequency space
and analytically continuing the Matsubara frequencies to just above or below
the real axis. From this we can already see the close connection between our
SFRG and the usual FRG of bosonic field theories.
To derive an exact flow equation of the generating functional of the
connected spin correlators, we simplify differentiate Eq. with respect to
A,

orGalh) = [ Y (on)

ij,0

0°Galh]  6Ga[h] 5G[R]
[571?(7')5]1?‘(7') 6h?(7)5hoc(7)]- (3.9)

J

This expression corresponds to an infinite hierarchy of coupled flow equations
for the connected n-point spin correlators

B 0"Ga[h]
= ST (). 0k ()

a...00 (
Ayit.ing VN1

: (3.10)

h=h,

ey Th)

which is explicitly given by

1 8
a/\ X?“ayn (T17 s 7Tn) = § /0 dr Z(a/\vz;\) [ ;x\?“a:f;? (T17 s Ty T, T)

ij,
n
+ Z SL...,m;m—i—l,...,n {Gi?“a:nmcé (Tla c ooy Ty T)Git?;ila?:;(Tm-&-h vy Ty T)}]
m=0
B _
+ /0 dr Z szla:jz(ﬁa <oy Ty 7->8AhA- (3.11)
i

Here we have introduced the symmetrization operator Si . mm+1,..n, Which
symmetrizes the expression to its right with respect to the exchange of all
labels [33]. The last term in Eq. (3.11]) arises due to the fact that the spin
correlators are evaluated at h;(7) = BA; the flow equation of hy will be
derived later on [see Egs. @D and ] A graphical representation of
the exact flow equation (]3__]—1[) is shown in Fig. |3.1

However, it is well known from FRG calculations for bosonic and fermionic

systems that it is often more efficient to work with the average effective action,
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Figure 3.1: Graphical representation of the exact flow equation of the
connected n-point spin correlator GX}ZI;.‘.“}” (T1,...,7Tn). The dot above the dia-
grams represents the derivative d, the red slashed lines denote the derivative
81\\/;? of the deformed exchange coupling, and the flowing magnetic field hy
is symbolized by a crossed circle. (Figure reproduced with modifications from

Ref. [09])

which generates all vertices which are irreducible with respect to the cutting
of a single propagator line [33] [79, 100]. We therefore introduce the generating
functional of the irreducible spin vertices, I'y[M|, which we define in the
usual way as the subtracted Legendre transform of the generating functional

Galh],

B 1 r8
TA[M] = /0 dr S hi(r) - Mi(r) — Galh] — 5/0 dr 3" RAM(7) - Mi(7).
7 i
(3.12)
Here the regulator
RS =V, -V} (3.13)

is defined such that it vanishes at A = 1 and the source fields h;(7) appearing
on the right-hand side of Eq. (3.12) are to be understood as functionals of
the local magnetization M;(7) by inverting the relation

_ 6Galh]

M;(7) = <Si(T)>A,h (3.14)
The first derivative of I'y[M] with respect to the local magnetization M;(7)
thus reads

oLy [M]

L) = )~ S M) (315)
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while the Hessian matrix I'\[M] of I'y[M] can be written as
§°T [ M|

5Mia(7)5Mja' (")

= |G '[h] — Ry

[CAIM ) i g = TiG (7,75 M) =

aiT, ol jT

(3.16)

aiT,a’ jT!

Here G '[h] is the inverse of the spin-propagator matrix in the presence of
the source fields,

/ (SQQA[h]
Gulh]l . . =G (1,7 h) = ; , 3.17
[ A[ Hom',a 5T A,z](T T ) (Sh?(T)(Sh]a (7_/) ( )
and R, is the regulator matrix
A
[RA]aiT,a/jT/ = 0a,ar0(T — T/)Rij' (3.18)

Differentiating Eq. (3.12) with respect to the deformation parameter A,

replacing dr\Ga[h| by its flow equation (3.9)), and using the relation (3.16) we
then find

OATA[M] = ; Te {(4[M] + Ra) " 03Ra} (3.19)

However, since I'\[M] will in general have a minimum at a finite scale-
dependent uniform field configuration M;(7) = M) = Mye, that is implicitly
defined by

oI'A[M]
O M (7)

=0, (3.20)
M=M,

we should actually consider the shifted generating functional

Ta[n] = TA[My + 7], (3.21)

where 1;(7) = M;(7) — M, measures the distance to the minimum of the
average effective action. Together with Eq. (3.19) we thus arrive at the
Wetterich equation [34] for quantum spin systems,

. 5F
OAL'A[n] = OALAIM]|pp sz, 4 + / Z(gnA

:iTr{(f‘X[n]—FRA 8ARA} /Z

This flow equation is formally identical to the Wetterich equation for bosonic
systems [33], which can be traced back to the identical analytical properties of

AMA
STA[n
oz (7

(3.22)



76 3. Spin functional renormalization group

imaginary-time-ordered spin correlators and bosonic Matsubara Green func-
tions as already mentioned above. We note that our derivation of Eq.
makes no mention of path integrals at any point, in contrast to the usual
construction of the FRG in terms of complex-valued or Berezin integrals [33].
The fact that the derivation of exact FRG flow equations does not depend on
a path-integral formulation was already noticed by Pawlowski [101] and was
subsequently applied to classical spin systems and bosonic quantum lattice
models [76, T02-106].

It is now straightforward to derive the infinite hierarchy of flow equations
for the irreducible vertices

Fean "Iz [m]

N T SN e | I .

by expanding Eq. (3.22)) around n = 0. Of special interest is the first-order
coeflicient since it yields an exact flow equation for the flowing magnetization
MAa

B , ~ , _

/ dr Z f\zij(T,T YOA My
0 ~ "
j
- / dn / dry Y G (m, )T (7). (3.24)

112,01 02

Here we have defined the single-scale propagator

R ) = = [Galha] (aRa) Galhal] (3.25)
and we have used that the irreducible one-point vertex vanishes by construc-
tion. Together with Eq. (| - this fact also allows us to connect the flowing
magnetization M) to the flowing uniform field configuration h;(7) = h, via

hy = Z R M. (3.26)

As a consequence, the derivative yha appearing in Eq. can be directly
expressed through the flow equation of Mjy.

Finally, let us point out a subtlety in our formalism that is related to
the appearance of the equal-time combination S;(7) - S;(7) under the time-
ordering symbol [see Egs. and ] Writing the scalar product in
terms of the fundamental spin operators,

Si(r) - 8;(7) = 57 (7)57 (1) + §/(7) 5] (7) + 57 (7).55(7), (3.27)
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it is clear that the operators commute with each other so that there is no
ambiguity regarding their time ordering. However, in practice it is often
useful to express ST and SY in terms of the spin ladder operators

1
St =
V2

Rewriting Eq. (3.27) in terms of S} and S;” we now have to introduce an
infinitesimal shift,

(S% +iSY). (3.28)

Si(t)- S;(r) =S (r+ Oi)S;(T) + S, (m+ Oi)S;r(T) + 87 (1)S5(7), (3.29)

where both choices of 01 and 0~ are equally valid. While the formal appearance
of the Wetterich equation (3.22) stays unchanged, the regulator matrix is
now given by

[Ra] = baad(r =7 = 0F)RY. (3.30)

aaT,o jT!
Note that in the quantum Heisenberg model we can circumvent this subtlety
by redefining the deformed exchange interaction VZ} such that V2 = 0, since
spin operators on different sites always commute with each other and an on-
site interaction only amounts to a constant shift in the Hamiltonian. However,
as the SFRG formalism is not restricted to the Heisenberg model and similar
subtleties can also appear in a more complicated fashion, it will be instructive
to consider the general case of a finite on-site interaction. We will come back
to this point in Sec. where we explicitly evaluate the flow equations of
the quantum Heisenberg model.

3.2.2 Initial condition of isolated spins in the Ising
model

As the construction of the SFRG given above is rather technical, let us
demonstrate the main concepts by considering the spin-S' Ising model,

H= —; S ViySE8E —hy Y S5, (3.31)
i 7

Since all S} operators commute with each other, we can neglect their time
dependence; for example, the generating functional of the connected spin
correlators then reads

Galh*] =InTr ¢~BHo (3T ST-W) , (3.32)
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where

1
Vi = =5 2 Vi SiS;. (3.33)
i

For simplicity, we choose the deformation scheme V;é\ = AVj; where the
deformed exchange interaction initially vanishes, Vé\:o = 0. Our SFRG
formalism then corresponds to the lattice FRG for classical spin systems
developed by Machado and Dupuis [76], which we have already used in Ch.
to study the BKT transition. At A = 0, calculating Ga[h?*] reduces to a

single-site problem that can be solved analytically,

Golh*] = > InTr [P0t hSE] = 5™ B (B(ho + B7)), (3.34)
where
. [sinh [(S +1/2)y]
B(y) =In l Sinh(y/2) ] . (3.35)
Taking the first derivative of Gy[h?*] then results in

where

1 1 1
b(y) = B'(y) = (S + ) coth KS + ) y} — —coth (y) (3.37)
2 2 2 2
is the well-known Brillouin function. Higher-order connected spin correlators
are derived analogously by successively differentiating the Brillouin function,
d"Golh7] _
G ) = 22 s, e 8 BT (B(he + B2)). 3.38
0,11-.4”[ ] 8(ﬁhf)” 1,12 1,in (6( 0 z)) ( )
To derive the initial condition for the average effective action I'y[M?], we
need to invert the relation (3.36) between M7 and h}, which amounts to
finding the inverse function to b(y). Unfortunately, it is not possible to invert
the Brillouin function analytically for general spin ' [I07]. Nevertheless, we
may expand ['y\[M?] in a Taylor series around its minimum at M3, which is
determined by the condition

OLA[M7]

M*=M3?
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To simplify the following calculations, we set iy = 0 and assume that there
is no spontaneous breaking of the rotational symmetry so that M7 = 0. We
may then expand the average effective action as

z — 1 n z z
IN/AEDS Nl > ket oD (e, k)M M, (3.40)
n=0 """ ki..kn

where

Mg => e ™ riNy? (3.41)

are the Fourier coefficients of the local magnetization M7. By taking deriva-

tives of the exact relation (3.16) and setting M7 = 0 afterwards, we can
express the irreducible vertices FE\") through the connected spin correlators
G&m) with m < n. Since we know the connected spin correlators at A = 0

from Eq. (3.38), this allows us to derive the initial condition Fén) for the
irreducible vertices. For example, the irreducible two-point vertex is initially
given by
1
re (k) = ALl (3.42)

where b’ = S(S +1)/3 is the first derivative of b(y) at y = 0, Vj is the Fourier
transform of the exchange interaction, and we have used the notation

I5 (k, k') = 0T (K'). (3.43)
Let us here also write down the irreducible four-point vertex,

bl//
U5 (Ko, Ky, ks, k) = _5k1+k2+k3+k4,ow, (3.44)

where b = [1 — (25 +1)*]/120 is the third derivative of the Brillouin function
at vanishing external field.

3.2.3 Critical temperature of the spin-S Ising model
within the vertex expansion

As a simple way to quantitatively compare our SFRG with established meth-

ods, we will in the following compute the critical temperature 7T, of the

spin-S Ising model with nearest-neighbour interaction on a D-dimensional
hypercubic lattice within the vertex expansion. Its Hamiltonian is given by

H=-VY 557, (3.45)
(i)
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where we sum over all dlstlnct pairs of nearest neighbors. Since T, is de-
termined by the condition T'¢ A 1(0) = 0, we have to evaluate the flow of

the irreducible two-point vertex. In the simplest approximation we replace
FE\?)(kz) ~ F[()Q)(k:), which according to Eq. (3.42)) yields the mean-field result

S(S+1)
3

Too = V|Vo| = 2DV (3.46)

for the critical temperature, where Vo = Vi—g = 2DV . We can improve on
this result by considering the exact flow equation of the irreducible two-point
vertex,

aAFA Z G'A —-q,q, ka k)a (347>

which can be derived by expanding the Wetterich equation ([3.22)) in the usual
way [33]. Here we have introduced the single-scale propagator

Ga(k) = —G3(k)OrRA(K), (3.48)

which is defined in terms of the regularized spin propagator

Ga(k) = ! (3.49)

T (k) + SR (K)

and the regulator
Ry(k) = (1 —A)V. (3.50)

The irreducible four-point vertex that appears in Eq. (3.47) obeys the exact
flow equation

aAPXl) (k17 k27 k:37 k4) = 2?\7 Z GA(q)FS\G)(_q7 q, kla k27 k:37 k4)
q
B Sk1 ko;ks, k4ZGA )( q,q — ki1 — ks, k1, ko)Ga(q — ki — k)
X FE\)(—Q + k1 + ka2, q, k3, k), (3.51)

which in turn depends on the irreducible six-point Vertex We close this
infinite hierarchy of flow equations by approximating F by its initial value

©) b(5) (b///)z
Lo” (k1 k2, k3, Ky, ks, k) = Ok 1kot-ks+hatks+ko,0 [— )" + 10 (b’)71 ,
(3.52)
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Figure 3.2: Graphical representation of the exact flow equations and
of the irreducible vertices Ff) and FXL), respectively. The dot over
the diagrams denotes the derivative da, the colored circles symbolize the
irreducible vertices Fg\n), solid lines represent the regularized spin propagator
Ga(k), and slashed solid lines represent the single-scale propagator G x (k).
Note the formal similarity to the flow equations of the irreducible vertices in
the dual-vortex model as shown in Fig. [2.6]

where b™ is the nth derivative of b(y) at y = 0. A graphical representation
of the flow equations and is shown in Fig. 3.2 To keep the
calculation simple, we also replace the flowing irreducible four-point vertex
by its zero-momentum part. This has the advantage that the momentum
dependence of the irreducible two-point vertex, which we there parametrize
as

TP (k) = Sy — AV, (3.53)

does not change during the flow. The resulting set of coupled flow equations
reads

8AZA = 5\/_ zq: GA(q)FSf), (354)

OATS) = j@cA(q) T —6 (1) Gata). (3.55)
where

ey VR _ 1

Gnlk) = (XA — BAVR) Calk) = XA — BAVL (3:56)

and the exchange interaction Vj can be written in terms of the nearest-
neighbor structure factor v, for a D-dimensional hypercubic lattice with
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lattice parameter a,
1 D
Vie=Voye with v, = ) > cos(kia). (3.57)
i=1

It is straightforward to solve these flow equations in the thermodynamic limit,
where the momentum sums are replaced by integrals over the first Brillouin
zone. While it is not possible to evaluate the integrals analytically in higher
dimensions, it is straightforward to calculate them numerically for various
values of AVy/%, and interpolate the result. This allows us to integrate the
flow equations of ¥, and FS{I) efficiently for any value of the spin S.

The results for the critical temperature 7, at various values of D and
S are shown in Table and Table [3.2] respectively. We find good quan-
titative agreement with the accepted results, except for D = 2 where our
truncation incorrectly predicts T, = 0. This can be understood by noting that
our truncation strategy amounts to an expansion of the effective potential
Upn(M?) = TA[M?]|,;-_jz- up to the sixth order in M?. While fluctuations
of the magnetization ‘field are suppressed in higher dimensions, they can be
rather strong in one and two dimensions where our truncation overestimates
their effect. This can be seen explicitly for the special case S = 1/2, which
was studied numerically by Machado and Dupuis within the local potential
approximation [76]. Taking the full effective potential into account, they
obtain a finite T, for D = 2, while their prediction for D = 3 is of a similar
accuracy as our result.

3.2.4 Critical temperature of the spin-S Ising model
within the 1/D expansion

While the vertex expansion as discussed above yields in general quantitatively
good results for T, it becomes increasingly difficult in higher dimensions to
compute the momentum integrals on the right-hand of the flow equations
to a sufficiently high accuracy. In this section we will therefore develop an
alternative approximation strategy, which has the additional advantage that
it is almost fully analytical. The basic idea is to use our SFRG formalism to
generate an expansion of the irreducible two-point vertex in powers of 1/D,
which we can then use to compute the critical temperature. Let us again
write down the exact flow equation of Ff)(k),

ALY (k) = —— L
M = gy 7 [I'Y(q) + BRA(a)]

(3.58)
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T./T, for S =1/2

D vertex expansion benchmark rel. error / %

1 0 0 0
2 0 0.57 -
3 0.744 0.752 1
4 0.839 0.835 0.5
) 0.880 0.878 0.3
6 0.904 0.903 0.2
7 0.920 0.919 0.1

Table 3.1:  Critical temperature T, in units of the mean-field result T,y
for the spin-1/2 Ising model on a D-dimensional hypercubic lattice with
nearest-neighbour interaction. The second column refers to our results from
the vertex expansion which have been computed by numerically solving the
flow equations and , while the third column shows the accepted
results [TO8-IT1].

T,/T. for D =3

S vertex expansion benchmark rel. error / %

1/2 0.744 0.752 1
1 0.805 0.799 1
3/2 0.823 0.814 1
2 0.830 0.820 1
3 0.837 0.826 1
S 0.843 0.832 1

Table 3.2: Critical temperature T, in units of the mean-field result T, for
the spin-S' Ising model on a cubic lattice. Analogous to Table [3.1], the second
column refers to our results from the vertex expansion, while the third column
shows the accepted results [109, [112].
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To leading order in 1/D we can replace both Ff) and I’S{l) on the right-hand
side of Eq. (3.58)) by their initial condition, so that

0,70 (1 ﬂfo Uy W

5 +O0(D7?). (3.59)
e\

Since it is easy to see that for any integer n > 0 we have

2n

Z (7,1 = Z [ Zcos k;a ] =0(D™"), (3.60)
Z )Pt = (3.61)

q

we can expand the denominator as

b/
N (k) = AU Lo ) 0! Zv (1+2B8AK'V,) + O(D™?)

Ab/// 2

=~ D~? 62
2(0)3D +O( ), (3.62)

where we have introduced the dimensionless parameter
/ TcO

g=pbVy = ?sgn(Vo). (3.63)

Eq. (3.62) is then easily integrated to

" .2

1
I (k)= = |1 =g — ——>—+O0(D?)]. 3.64
A—l( ) b Yeg 4(6,)2D + ( ) ( )
Since this function is of quadratic order in g, it is trivial to calculate its roots
and we can immediately write down the resulting expression for the critical

temperature,

T, 1
To 2

‘b///’
1 1— . 3.65
o 269
As can be seen from Table , Eq. (3.65)) is quite accurate in higher dimensions,
but it also yields qualitatively correct results for lower dimensions, especially
for D = 2 where it predicts a finite 7,. Our result (3.65) works equally well
for arbitrary spin S, as can be seen from the comparison in Table [3.4]

It is straightforward to extend our 1/D expansion of the irreducible two-
point vertex beyond the first-order result (3.64)); the explicit calculations can
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D T./ T for S =1/2 rel. error / %
O(D™Y) O(D™%) O(D™3) benchmark O(D™') O(D™?) O(D73)

1 - ; ; 0 ; ; ;

2 050 ; ; 0.57 12 ; ;

3079 0.740 ; 0.752 5 2 ;

4 0.85 0.839 0.832 0.835 2 0.5 0.4

5 0.89 0.880 0.8782 0.8778 1 0.3 0.04

6 0.908 0.9041 0.9032 0.9029 0.6 0.1 0.03

7 0.923 0.9198 0.9193 0.9192 0.4 0.06 0.01

8 0.933 0.9310 0.9308 0.9307 0.3 0.04 0.01

9 0.941 0.9395 0.93931 0.93926 0.2 0.02 0.005

10 0.9472 0.9461  0.94595 0.94593 0.1 0.01 0.002

Table 3.3: Critical temperature 7T, in units of the mean-field result T, for
the spin-1/2 Ising model on a D-dimensional hypercubic lattice. The second
column refers to the leading-order result from the 1/D expansion,
while the third and fourth columns refer to the higher-order truncations of
the irreducible two-point vertex in Eqgs. and , respectively. The
accepted results are shown in the fifth column as a comparison [T08HITI].
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S T./Ty for D =3 rel. error / %

O(D™) O(D™%) benchmark O(D™') O(D7?)

1/2 0.79 0.740 0.752 5 2
1 0.85 0.806 0.799 7 1
3/2 0.87 0.826 0.814 7 2
2 0.88 0.834 0.820 7 2
3 0.88 0.842 0.826 7 2
00 0.89 0.849 0.832 7 2

Table 3.4: Critical temperature 7, in units of the mean-field result T, for
the spin-S Ising model on a cubic lattice. Analogous to Table the second
column refers to the leading-order result from the 1/D expansion, while
the third column refers to the next-to-leading-order truncation (3.66)). The
fourth column shows the accepted results [109] 112].

be found in Appendix [B.I} To next-to-leading order we find a momentum-
dependent contribution of the order ¢® and a momentum-independent term
of the order ¢*,

b///g2 (b/”>2’7k93 (b(5) 4 12[)/()/”)94 B

/F(z) =1 — _ _ _ D 3 )

VT (k) RS T {W)2D  24(b)iD? pwyppz TP
(3.66)

Setting Fgal(k) = 0 and solving for g, we find that an instability first occurs
for vy, = sgn(Vp). This signals a phase transition to a ferromagnetic or to
a Néel state, respectively, where T, is the same for both cases as it should
be. Since Eq. is of quartic order in g, it is still possible to express T
analytically: the results for various value of D and S are shown in Table 3.3
and Table Finally, expanding Ffil(O) to third order in 1/D yields

2 3 4 4 5 6
) B Cig®  Cag®  C3g°  Cug® Csg°  Cgg
VTR (0)=1-g+ D D2 D2 D3 D3 D3

+O0(D™), (3.67)

where we have assumed V[ > 0 since this does not affect the critical tempera-
ture. The spin dependence is encoded in the coefficients C;, which take on
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positive values of order unity and are explicitly given by

b///
C] = _W’ (368&)
(b///)Q
= .68b
Cy 24(H)" (3.68b)
bO) 4+ 1208
O — — 3.68
3 2P (3.68¢)
b///b(5) _ 36(b/)3b///
C, = 3.68d
! 192(0)> (3.68d)
b/b///b(5) _ (b///)3 + g(b/)Q(b///)Z
Cs = 181 , (3.68¢)
o™ + 30"5) + 36(6)%0) + 800 (1) + 360(b)*p"
6 = — . (3.68f)
384(b')5
For example, setting S = 1/2 results in
L) ¢ ¢ g bt g4 »
O =194 o5 =G Y ipr “aaps aps aps TOP )
(3.69)

For a given choice of D and S' it is then trivial to find T, by calculating the
roots of Eq. numerically. The resulting 7. for S = 1/2 and various
values of D, which corresponds to the lowest positive root of Eq. , is
shown in Table 3.3

Comparing the behaviour of the different truncations in Table [3.3|for small
D, it seems plausible that our expansion of the irreducible two-point vertex
is asymptotic; to nth order in 1/D, the prediction for T, seems to be reliable
as long as D > n. Note that, despite its formal appearance, our approach is
not identical to a high-temperature expansion of FE\QLI; truncating the 1/D
expansion after the nth order with n > 1, we find that the coefficients of
the terms up to ¢"*! coincide with the high-temperature expansion, while
the higher-order terms up to ¢?" have a different coefficient. This seems to
result in nicer analytic properties: comparing with the work by Butera and
Pernici who have computed T, for the spin-1/2 Ising model by expanding
the spin susceptibility in a high-temperature series up to the 20th order and
subsequently applying a generalization of the Padé approximant method [I11],
we find that our result for 7,, which follows simply from calculating the roots
of the sixth-order polynomial in Eq. , lies just outside their error bars
for D = 10.
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3.2.5 Choice of the initial condition for quantum spin
systems

Isolated spins

Let us now come back to the more general SFRG formalism for quantum spin
systems. An important point that we have not touched upon so far concerns
the existence of the Taylor expansion of the average effective action I'y[M]
around its minimum. Since I'[M] is defined as the subtracted Legendre
transform of the generating functional of the connected spin correlators
Galh], we have to express the source fields h;(7) as a functional of the
local magnetization M;(7) by inverting relation . According to the
implicit function theorem, this requires that we can invert the spin-propagator
matrix Gy [h] defined in Eq. (3.17)). For practical calculations, however, we
also require that the Taylor expansion of I'y[M] around its minimum at
M;(1) = My is well defined. Together with Eq. (3.15)), this leads to the
stronger condition that the spin-propagator matrix Gy = Galhy = VM,
is invertible. To show that this condition may be violated, let us consider a
deformation scheme where we start with isolated spins, Vié-\zo =0, so that

Golh] = In T [e—ﬁHOTefoB dTZi’““)'Si“)] , (3.70)
where

is the free part of the Hamiltonian. Due to the rotational symmetry around
the z axis, the spin-propagator matrix has the form

f\ng (7'> 7',) jS\?ij (Ta Tl) 0
0 0 ffij(T, )

However, since S? commutes with H,

it is obvious from Egs. (3.4) and (3.6) that the longitudinal part of the
propagator is initially time independent, G§7%;(7,7') = G§7;, which implies

that the determinant of G( vanishes. To get a better understanding of this
point, we introduce the spin ladder operators

1
St = —2(550 +iSY) (3.74)



3.2. Pure SFRG 89

as well as the notation
GSY(K,K') = (K + K")GS (K), (3.75)

where K = (k,iw) is a collective label for momentum and Matsubara fre-
quency, 6(K) = SNk w0, and

, 8 8 . o
Gy (1, —K) = [ dr [ar S ek anl () (3.76)
ij

is the Fourier transform of the spin propagator. We can then write

GL(K) 0 0
GA(K) — 0 G,y (K) 0 , (3.77)
0 0 G (K)
where obviously
Gi (K) =G, (—-K). (3.78)

In the local limit of isolated spins, the transversal and the longitudinal part
of the spin correlator are given by

GO

h—iw’ 0

Gy (K) (K) = 0(w)b'(Bh), (3.79)
where h = ho+ho and §(w) = 36,9. While G~ (K) has a non-trivial dynamics
due to the external magnetic field which breaks the rotational invariance,
G (K) vanishes for finite frequencies so that its inverse diverges. As a result,
we cannot use the local limit of isolated spins as an initial condition for the
pure SFRG formalism developed above. In the following, we will therefore
discuss several other initial conditions that do result in well-defined irreducible
vertices. Note that in Sec. B.3] we will derive an alternative formulation of
the SFRG based on a Hubbard-Stratonovich decoupling of the exchange
interaction; this will allow us to define a generating functional of irreducible
vertices which is still well defined in the local limit of isolated spins.

High-temperature expansion

While we cannot turn off the exchange interaction completely within the
pure SFRG formalism, we can instead tune it to a very small but finite
value. We can do this in a systematic way by expanding the connected spin
correlators of the full Heisenberg Hamiltonian in a high-temperature
series. One possibility to generate this series is to choose the deformation
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scheme V;é\ = AVj; and to solve the infinite hierarchy of flow equations in
Eq. (3.11)) iterativelyﬂ Introducing the notation

DAY (K, K') = 6(K + K)T{ (K') (3.80)
for the Fourier transform of F?{‘f{j (7,7'; My), setting ho = 0 so that
D3 (K) = ba,ola(K), (3.81)

and assuming a nearest-neighbor interaction on a D-dimensional hypercubic
lattice, we find that the irreducible two-point vertex is to leading order given

by

0 2 10|y 1 -4, 202D
Paci(K) + Vi & ’O[ g ( Ll %ﬂ—i— 0 P

s ' Tan e T 5 (1w
(3.82)
where we have again used g = SV'V;. Taking the limit ¢ — 0 in Eq. (3.82),
we recover the local limit of isolated spins where the finite-frequency part of
the irreducible two-point vertex diverges. Analogous to I'y(K), we can also
expand higher-order irreducible vertices in a high-temperature series. For

example, the leading behaviour of the irreducible three-point vertex with
S =1/2 is given by

€a1a2a352D2
294<1 - 7’61)(1 - 7k:2)<1 - 7’63)

X (w1 — wa) (w2 — ws)(ws — wi) + Yk wWows(we — ws)

Filzafag(Kl, KQ, Kg) ~ (S(Kl + K2 —|— Kg)

+ Yy ws (w3 — wy) + Yrswiwo(wy — wQ)}, (3.83)

where €4, 4,04 15 the three-dimensional Levi-Civita symbol with €,,. = 1. We
can then use Eqs. and as an initial condition for the pure SFRG
as developed in Sec. [3.2.1]

Note that both I'y—; (K) and {232 (K, K, K3) as given above diverge
for vanishing momentum and finite frequency, since the definition of
the structure factor implies yx,—o = 1. This is not an artifact of our truncation,
but rather a property of the quantum Heisenberg model, which results from
the fact that the total magnetization in z direction is conserved,

lz S?, H] = 0. (3.84)

3In practice, it is more efficient to employ the Hubbard-Stratonovich SFRG formalism
and calculate the irreducible vertices introduced in Sec. [3.3]in a high-temperature series,
which we can then use to derive the high-temperature series of the connected spin correlators.
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As a consequence,

S G r) =TS OTGEN ~SENSE) 655)

ij

is time independent, so that
G**(k =0,iw) N/ dT/ dr’ Ze“” ™ GZZ (r,7") (3.86)

vanishes for w # 0. We thus conclude that, strictly speaking, the Taylor expan-
sion of the average effective action I[M] around its minimum at M;(7) = My
does not exist in the quantum Heisenberg model. However, since the point
k = 0 has Lebesgue measure zero in the thermodynamic limit, this should
not lead to any problems in practical calculations.

Spin dimers

Another possibility to obtain a non-trivial dynamics for the longitudinal part
of the spin correlator consists in coupling each spin S; in the Heisenberg
model to an auxiliary spin T;,

1
i i i
while coupling the source field h only to the S; spins,
gA[h] — 1n TI, |:6_5H0T6foﬁ dT[Zi hi(T)~Si(T)—VA(T)]:| ’ (388)

where the free part of the Hamiltonian is now given by

— I8 T, —he > 57 (3.89)

We can then use a deformation scheme VA where the exchange interaction
between the S; is initially turned off completely,

Vaoo(T) = ——ZVA 08;(1) - S;(t) =0, (3.90)

so that the system decouples into IV isolated spin dimers which can be treated
analytically. In the simplest case we set hg = 0 and S =T = 1/2, so that the
spin propagator reads

S(w)J?+ (P —1)J
2(eB7 4+ 3)(J? + w?)’

Go(K) = (3.91)
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where we have used the notation
G (K) = 60,0 Ga(K) (3.92)

for rotationally invariant systems. It is easy to invert this result, which yields
the irreducible two-point vertex

2(eP7 + 3)(J? + w?)

S(w)J?2 + (eP) —1)J
Note that it is important that we have not coupled the source field h to the
T; spins in Eq. (3.88). The reason for this is that the determinant of the

full spin-propagator matrix including both S; and T; vanishes due to the
conservation of the total spin length,

[(Si +T)°, Ho} =0, (3.94)

(3.93)

so that the corresponding irreducible vertices, containing information about
the correlations of both the S; and the T; spins, would not be well defined.
The existence of the irreducible two-point vertex thus depends on the
fact that S; on its own does not commute with H.

It is straightforward to compute also higher-order irreducible vertices
which appear in the flow equation of I'y(K). For example, the connected
three-point spin correlator is given by

G81a2a3(K1, K, K3) = Ea1a2a35(K1 + Ko + K3)( - w1 05w2’05w3’0)
(eﬂ‘] — 1) (wl — w2)(w2 - w3)(w3 - wl)
e 5 3)( 1 u2) (2 + ) + )
3 J? + 2w}
5 l
+ ; (wl+1)4(eﬂJ + 3w (J2 +w?) |’

(3.95)

where the delta functions in front take priority and we identify ws = wy. Due
to hg = 0, we can then express the irreducible three-point vertex via the exact
relation

G2 (— Ky, — Ky, —Ko)

Fa1a2a3 K, Ky, K 3.96
(K, Ko, K) = Go(—K1)Go(—K2)Go(—K3) (3.96)
as
L2 (K, Koy K3) = €ay00050 (K1 + Ko + K3)(1 — 64, .00w,.00ws.0)
2(e?7 4+ 3)2(wy — wy) (w2 — w3)(ws — w1)
(eﬁJ _ 1)2J2
3 2 BJ 3 2J J2 3 2

+ ) 6(wir) (ef7 —1)2(efT — 1 + BJ)uwy

=1
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Note that for 5J < 1, Eq. resembles the high-temperature result
with D = 1 if we neglect its momentum dependence and identify Vy = v/2.J.
In this limit of a weak intra-dimer coupling, the spin-dimer approach thus
results in simpler initial conditions for the irreducible vertices than the high-
temperature expansion discussed above. However, the added complexity
in the high-temperature expansion might be beneficial in some situations,
because the momentum dependence of the irreducible vertices is generated
by the physical exchange coupling. Furthermore, it is conceptually trivial
to generalize the high-temperature expansion to arbitrary spin S by using
the generalized Wick theorem [I} 3]; in contrast, calculating the irreducible
vertices for a spin dimer while keeping one of its spins general is conceptually
more demanding.

Coupling the spins to a bath

The spin-dimer approach relies on the fact that the coupling of an isolated
spin S; to an auxiliary spin 7T; results in a non-trivial dynamics of the spin
S;, which leads to well-defined irreducible vertices. More generally, we can
couple the isolated spins to any system which results in an invertible spin-
propagator matrix of the S;. A well-known toy model for such a configuration
is the spin-boson model, where a single spin is coupled to a bosonic bath
[113, 114]. Another famous example is the Kondo model, where a single
magnetic impurity is coupled to a fermionic bath of conduction electrons
[31, IT5]. It is then natural to insert a momentum-dependent regulator in
the fermionic propagator and to generalize the SFRG to include fermionic
degrees of freedom. A recent application of this approach is given by our work
in Ref. [98], where we derive a generalized Wetterich equation for the Kondo
model within the SFRG, which we then solve in a simple approximation to
recover the one-loop “poor man’s scaling” equations for an arbitrary impurity
spin [31].

XY model

As discussed in the beginning of Sec. we cannot invert the spin-
propagator matrix of an isolated spin in an external magnetic field. From
Eq. we see that the transversal part has a non-trivial dynamics due to
the external field, while the longitudinal part of the spin propagator is time
independent so that det Gy = 0. We can avoid this problem by coupling the
source field h only to the transversal part of the spins,

gA[hx’ hy] — InTr eiﬁHoTefoﬁ dT[Zi h'“i”(T)Sg”(T)—I—Zi h?(T)SZJ(T)—VA(T)] : (398)
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where the free part of the Hamiltonian is still given by

However, since our SFRG formalism requires that the right-hand side of the
flow equation of Gy[h*, h¥] can be expressed in terms of derivatives of this
generating functional, VA (7) now has to be independent of the longitudinal
part S7 of the spins. This condition is naturally fulfilled in the quantum XY
model

H = Z Vij [S787 + SYSY] = ho P (3.100)

]

where

= ZVA [S7(1)S5(r) + SY(r)SY(T)] - (3.101)
Since the spin-propagator matrix now has the form

G (K) 0
Gi(K) — ( A 0 GK*(K)) : (3.102)

it is still invertible if we turn off the exchange interaction completely as long
as ho # 0, which can be seen from the initial condition

_ b(Bh)

h—iw’

(3.103)

Only at the end of the calculation one may then take the limit hg — 0. This
approach has been employed by Rangon to describe the spin-1/2 quantum
XY model in two and three dimensions [106]; while that work relies on the
mapping of spin-1/2 operators to hardcore bosons, it should be straightforward
to generalize it to arbitrary spins by using our SFRG formalism.

3.2.6 Overview and future applications

Let us at this point summarize the main points of the present section on
the pure SFRG. In Sec. [3.2.1] we have shown that the Legendre transform of
the generating functlonal of the connected spin correlators obeys an exact
flow equation that is formally identical to the Wetterich equation for bosonic
degrees of freedom. Our derivation of this flow equation is formulated directly
in terms of spin operators, without any mapping to bosonic or fermionic
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fields. The non-trivial su(2) algebra is fully taken into account via the initial
conditions of the RG flow.

As a demonstration of our method, we have then applied the pure SFRG
formalism to the spin-S Ising model on a D-dimensional hypercubic lattice,
which allowed us to derive quantitatively accurate estimates for the critical
temperature. Due to the more complicated initial conditions for quantum
spin systems as discussed in Sec. [3.2.5] a generalization of this procedure to
quantum spin systems is cumbersome within the pure SFRG; in the next
section, we will present an alternative formulation of the SFRG to deal more
efficiently with this problem.

A first application of the pure SFRG to a non-trivial quantum system is
given by our recent work on the Kondo model in Ref. [98], where we derive a
generalized Wetterich equation that describes the conduction electrons as well
as the impurity spin. Using a standard Litim cutoff in momentum space, we
show how to derive the one-loop scaling equations for the anisotropic Kondo
model within a simple truncation of the infinite hierarchy of flow equations.
In contrast to the unconventional T-matrix renormalization in Anderson’s
“poor man’s scaling” approach, we use the language of the modern FRG which
allows for a significantly simpler derivation. Moreover, it is straightforward to
generalize our SFRG approach to keep track of the electronic self-energy, which
contains information about the spatial distribution of the charge density in
the vicinity of the impurity spin. Within a cutoff scheme where the electronic
bandwidth initially vanishes, the SFRG can also be used to study the strong
coupling regime.

Another interesting problem is the application of the SFRG to frustrated
spin systems. For the specific example of the I'-Heisenberg-Kitaev model,
a possible line of attack within the pure SFRG is to start with decoupled
dimers, since in this case the initial conditions of the irreducible vertices are
well defined as shown recently by Arnold [116]. The interdimer interaction
can then be turned on continuously during the flow. While this approach
seems promising, we have not worked out a concrete implementation yet.

3.3 Hubbard-Stratonovich SFRG

3.3.1 General formalism

In this section we will develop an alternative SFRG formalism, which con-
ceptually relies on a Hubbard-Stratonovich transformation that decouples
the exchange interaction between the spins. Working with the generating
functional of the connected correlation functions of the Hubbard-Stratonovich
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field, we will find that its Legendre transform is well defined even in the local
limit of isolated spins. Moreover, the corresponding irreducible vertices have
a direct relation to the spin-diagrammatic approach of Vaks, Larkin, and
Pikin (VLP) [IH3]. This allows us to recover their results within our SFRG
formalism with its comparably simple diagrammatics, while at the same time
making it straightforward to improve on their work.

Amputated connected spin correlators

We start by defining the generating functional of the amputated connected
spin correlators Fp[M] as [33]

eFAM] [667{0765 Jodr 3 VAIM(T)48:(r) M5 (1) +85(7)] ’ (3.104)

where

Hy=—he Y S7. (3.105)

From Eq. (3.104) we immediately see that F,[M] is related to the generating

functional of the connected spin correlators by

1 8
FalM) = 5 [ ar SSVAMI(r) - My(r) + Ga[ S VM), (3.106)
i J
which allows us to express the amputated connected spin correlators
B " Fa| M|
COM () .. OME(T,)

FKz}“oz;; (7—17 ce 7Tn)

(3.107)

M=M,

in terms of the more fundamental connected spin correlators. Here we have
expanded Fx[M] around the scale-dependent uniform field configuration [cf.
Egs. (3.118) and (3.122))]

— 1 1
Va(k=0) Vai(k=0)

] ha, (3.108)

where hy is the flowing minimum of the Legendre transform of Fx[M] which
we will define in Eq. 3.115.E| To derive the flow equation of Fx[M] and

4Note that the definition of M and hy in Sec. is not compatible with the definition
in the present section; e.g., Eq. implies that My vanishes for A = 1, while in the
pure SFRG it flows to the physical magnetization. However, since one either works within
the pure or the Hubbard-Stratonovich formalism, this should not lead to any confusion.



3.3. Hubbard-Stratonovich SFRG 97

to get a better intuition for the amputated connected spin correlators, it is
helpful to decouple the exchange interaction V;;‘ via a Hubbard-Stratonovich
transformation,

D D e B o - Maoa — - PaSa
nn_ D18 E Rl Lt ot gy [e-to o T a5

f D[¢] 67% 2aar [Vxl]aafd)&d)&'
(3.109)

Here V! is the matrix inverse of the exchange-interaction matrix

[Vialsar = [Val = o d(T — TV} (3.110)

aiT,a’ jT!

and we have introduced the superindex & = {a, i, 7} with
B
S [ary. (3.111)
& 0 i

We can thus interpret the amputated connected spin correlators as the
connected correlators of the Hubbard-Stratonovich field ¢4z = ¢$(7), which
mediates the exchange interaction between the spins. As a consequence, the
amputated connected two-point spin correlator plays the role of an effective
interaction,

FE(K) = Vi (k) + Va(k)G (K)Va(K), (3.112a)
Fy~(K) = Vi(k) + Va(k)Gy™ (K)Va(k), (3.112b)

where again S = —5(SF £iS}) and we have used the notation
FO(K,K') = 0(K 4+ K')F'(K) (3.113)

for the Fourier transform of F| f\“j‘]/ (7,7"). In the limit A — 1, we can identify the
relations (3.112a)) and with Eqgs. (16a) and (16b) of Ref. [, so that
F#,(K) and FyZ,(K) are indeed identical to the effective interaction in the
spin-diagrammatic approach of VLP. To compute the flow of the amputated
connected spin correlators, we need the flow equation of F,[M]. We therefore
differentiate Eq. with respect to A to obtain the Polchinkski equation
21

_ S2FAIM)  0FA[M]6F\[M)]
= 1
OAFA[M] = 5 > [aAVA L&, [5Md6Md’ - SMy Mgy

1
+5T [Vaou Vi (3.114)
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Irreducible vertices

Analogous to the construction of the pure SFRG in Sec.[3.2.1], we now introduce
the subtracted Legendre transform ®,[h] of the generating functional of the
amputated connected spin correlators,

Du[h] = 3" M — FA[M[h]] - ; > [Ra]  haha (3.115)

where the local magnetization Mz = M (7) is to be understood as a functional
of the source fields hg = h{'(7) by inverting the relation

IFA| M|
hg = ———, 3.116
OMsg ( )
and the regulator matrix R, is defined as
Ry=V;'-V (3.117)

where V = V,_; is the bare exchange-interaction matrix. On a technical
level, ®,[h] is the generating functional of the vertices which are irreducible
with respect to the cutting of a single (effective) interaction line. This is to be
contrasted with ['y[ M| as defined in Eq. (3.12)), which generates the vertices
that are irreducible with respect to the cutting of a single propagator line.
To derive the flow equation of ®,[h], let us consider its first few derivatives.

In full analogy to Eqs. (3.15)) and (3.16]), the first derivative reads

54 [h] _
oh = Ma- > [Ra] e, (3.118)

d/

whereas the Hessian matrix ®’[h] is given by

7 (52@/\[’7’] 1
[(pA[h’Hdd’ = 5h&(5hd/ = |: A [M] - RA}&&” (3119)
where F'[M] is the matrix inverse of
82 Fp[ M|
[FA[M]]s0 = MM (3.120)

Differentiating Eq. (3.114)) with respect to A, we then find that ®,[h] obeys
the Wetterich equation [34]

1

8A<I>A[h] = iTl” [(@X[h] + RA)il GARA - ;TI" {VAﬁAVxl}

_ ;Tr { [(@j{[h] +Ry) -V,

8ARA} : (3.121)
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where in the second line we have used 8AVX1 = 9,R,. Note that i)é[h has a
minimum at the scale-dependent uniform field configuration hs = hy s = h}
which is defined via
0P[R
alh] =0, (3.122)
Ohs hefiy

where h, will be non-zero for a finite external magnetic field ko or in the
presence of a finite spontaneous magnetization. This can be seen from

ha = Vo (Si(7)) (3.123)

VA (k=0) |3
A,[l—vAil(k:m}hA

where Vi (k) is the Fourier transform of the deformed exchange interaction
V) and

6Galh]
(Sahan =g (3.124)
In the limit A = 1 this simplifies to
ha1 = Vo (Si(7)), (3.125)

which relates hy—; to the physical magnetization of the system. Note that

Eq. (3.123)) follows from Eqgs. (3.118)) and (3.122) together with the general

relation

SV har = Ma + (Sa)As vl Mo (3.126)

d/

which in turn follows directly from Eqs. (3.106]) and (3.116]). Physically, we
can interpret hy as the scale-dependent exchange correction to the external
magnetic field hg. We should therefore shift the fluctuating exchange field
hi(7) = hy + n;(7) and consider the generating functional

®p[n] = Oalha + 7], (3.127)

which obeys the flow equation

OnPa[n] = 0rP4[R]

5P .
+ Z A[n] aAhA@

|h—>ﬁ +
AT oma

= ;Tr { [(‘:15///\["7] + RA)_l — VA] (9A1:~{A} + zd: 5%5;\757] 7
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Figure 3.3: Graphical representation of the relations between the longitudinal
two-point functions F*(K), II5*(K), and Gi*(K) as given in Eqgs. (3.112al),
(3-1324), and (upper half) and the corresponding relations between
the transverse two-point functions Fy ~(K), II{ " (K), and G}~ (K) as given
in Eqgs. (3.112b)), (3.132b)), and (lower half). The connected two-
point spin correlators Gﬁo‘/(K ) are denoted by light-colored circles, while the
polarization functions I14* (K) are denoted by dark-colored circles. Double
wavy lines represent the amputated connected two-point spin correlators
Fo'(K), while single wavy lines represent the deformed exchange interaction
Vi(k). (Figure reproduced from Ref. [99])

Polarization functions

Below Eqs. (3.112af) and (3.112b]) we have already pointed out that for A — 1,

we can identify the amputated connected two-point spin correlators F{*(K)
and Fy ™ (K) with the effective interaction of VLP. Introducing the notation

P(K,K') = §(K + K" (K) (3.129)
for the Fourier transform of the irreducible two-point vertex

0P 5[]

o (r)ong ()|,

(3.130)

[(i)y\] . Ci)ia/ (T7 T,)

(676% 72.7

we will now show that in the same limit A — 1, we can identify the polarization
functions

I (K) =V, — 0% (K), (3.131a)
I (K) =V, ' — &1 (K), (3.131b)

with the irreducible vertices ¥%*(K) and X7~ (K) of VLP. From Eq. (3.119)
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we see that the definitions (3.131al) and (3.131b|) imply

O S XL
) = 5@ + TR~ T VAR (R) (31320
Fy~(K) ! Valk) (3.132b)

T B (K) + Ra(k) 1 Valk)I (K)’

where RA(k) is the non-trivial part of the Fourier transform of [RA} o
aiT, ol jT

R (K, K') = 000 0(K + K" Ry (k). (3.133)

As a result, we can express the spin propagators in terms of the polarization
functions,

G (K) = — VIAI?k% )A W (3.134a)
Gy (K) M (K) (3.134b)

T 1= Va(R)TT;(K)

These expressions are identical to Eq. (13) of Ref. [I] in the limit A = 1, which
shows that 1137, (K') and IT}_, (K) are indeed the irreducible vertices of VLP.
See Fig. [3.3| for a graphical representation of the relations between F{ (K),
1% (K), and G4 (K). Finally, we note that we can express the polarization

functions 1157 (K) and IT{~(K) in terms of the irreducible two-point vertices
['#(K) and T}~ (K) from Sec. [3.2| via the exact relations

1
F(K)= ———— 1
1
I (K)= ——— .135b

which follow directly from Egs. (3.16), (3-134a) and (3.134D)). In Sec.[3.3.4]
these relations will allow us to generalize our 1/D expansion for the Ising
model to the quantum Heisenberg model, where we first expand I13*(K) in
powers of 1/D and only afterwards use Eq. to convert our result into
an expansion of I'f?(K).

3.3.2 Initial condition of isolated spins

As we have discussed in Sec. [3.2.5] the irreducible vertices generated by
the average effective action I'y[M] do not exist in the limit of a vanishing
exchange interaction, which excludes the simple initial condition of isolated
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spins. However, we will show in the following that this is not the case for the
irreducible vertices that are generated by ®,[n]. Assuming a deformation
scheme where V}=0 = 0, it follows from Egs. (3.106)), (3-115), and (3.126)

that the initial functional ®g[h] is for a uniform source field h = he, given by

®olh] = N {g@j — B [B(ho + h)] } , (3.136)

where B(y) is the primitive integral of the Brillouin function b(y) as defined
in Eq. (3.35)). It is thus obvious that the minimum A, of the functional ®,[h]
initially fulfills the self-consistency equation

ho = Vob(53(ho + ho)), (3.137)

which is consistent with the more general relation (3.123]). As a consequence,
all correlation functions at A = 0 depend on the total magnetic field

h = ho + ho. (3.138)

Writing ho = VoMy, we note that Eq. (3.137) is equivalent to the familiar
result for the magnetization within self-consistent mean-field theory,

My = b(B(ho + VoIily)). (3.130)

Considering the irreducible two-point vertex, it is obvious from Eqs. (3.134al)
and (3.134bf) that the polarization functions are initially given by the con-
nected two-point spin correlators of an isolated spin subject to the magnetic
field h,

112*(K) = GZ*(K), (3.140a)
I~ (K) = G (K). (3.140D)

To derive the initial condition of higher-order irreducible vertices, it is in-
structive to first look at the irreducible three-point vertex for arbitrary A,

i ) 30 [n]
" = QU2 (1 1y T3) = o a @
[ A}~ iy G AJﬂﬂs(l' 2,73) omy' (11)0m;? (2)0m; (7s) n=0

From Eqgs. (3.106) and (3.119) we then find an exact relation between &/’
and the connected spin correlators,

(3.141)

B e = X T+ GV (Gl (3:142)

Q10203



3.3. Hubbard-Stratonovich SFRG 103

where G’ is given by

583G |h]
5h%1 (Tl)(Sh;-);Q (Tg)é‘h?; (7'5)

n _ 1203 J—
[GA ]5[1&2&3 - Ajitigis (7-1’ T2, 7_3) - -
h=V, (k=0)M,

(3.143)

Since we are interested in the initial condition V_q = 0, it follows from

Eq. (3.142)) that in Fourier space
g2 (K Ky, K3) = —Goro2%3 (K, Ky, K3). (3.144)

Analogously, the irreducible four-point vertex @E{L) can be expressed as

=N
=

—_

* 55(11,&2;&3,&4 Z [~7\/} G160 Va +VAGAVA]5152 [(i)y\/]ﬁ 3G

< < a1o2pP1 2003004
B1B2
(3.145)

where the symmetrization operator Sa, a,:.a5,6, Symmetrizes the expression to
its right with respect to the exchange of all labels [33]. Since the second line
of Eq. (3.145) is proportional to V, we find that the irreducible four-point

vertex is initially given by
ez ([0 Ky, Ky, Ky) = —G§%% (K, Ky, K3, Ky). (3.146)

This procedure is easily generalized to higher orders, so that the irreducible
n-point vertex with n > 3 has the initial condition

OGr (K. ) = —G (K K. (3.147)

In the spin-diagrammatic formalism of VLP, the connected spin correlators
Gy (K, ..., K,) of an isolated spin in an external magnetic field are
known as blocks (or as generalized blocks in Ref. [3]). Since they can be
calculated systematically via the generalized Wick theorem for spin operators
[T, 3], it is straightforward to compute the initial condition of the irreducible

vertices @5\”) in a deformation scheme where Vi;‘:U =0.

3.3.3 Expansion in the inverse interaction range
Free energy

In the previous section, we have shown that the Hubbard-Stratonovich SFRG
is closely related to the spin-diagrammatic approach of VLP [IH3]. Tt should
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therefore be possible to recover the their expansion of both the free energy
and the polarization functions of the ferromagnetic Heisenberg model in
powers of the inverse interaction range 1/rq [I, 2]. To show how this comes
about, let us first consider the deformed free energy in units of temperature,
d, = §,[0]. Using Eq. and noting that the irreducible one-point
vertex CTDﬁ vanishes by construction, we find that the exact flow equation of
d, reads

8A<I>A = ;Tl" { {(i’y\ + RA)_I — VA] OARA} . (3148)

To make contact with the calculations of VLP, we choose the deformation
scheme Vzﬁx = AV,;. The flow equation of the free energy can then be written
as

Vil (K) VilI{™ (K)

- 1
) - —
0] = =5 % 1 — AVAIIE (K) kz; 1 — AV (K)’

(3.149)

where we have used II; T (K) = II§ (= K). Since the expansion in powers of
1/ry amounts to an expansion in the number of momentum integrals, we can
recover the leading correction to the free energy by replacing the polarization
functions I13* and II{~ on the right-hand side of Eq. by their initial

condition. Integrating over A and inserting

57 (K) = 6(w)t (Bh),

_ b(Bh)
- _
I~ (K) = P (3.150)
results in the leading correction
~ ~ 1
s [0] = Do[0] = 5 Yo In [1 = VAIIE* ()] + Y ln 1= Vill§ = (K)]
kw k,w
1 b(Bh
=—-> In[1—BVpV/(BR)]+ > In [1 _ % (6 >] . (3.151)
2% e h —iw

The fact that the Matsubara sum in the transversal part is ill-defined can be
traced back to the ambiguity of Si(7)S5 (7) under the time-ordering symbol
as discussed at the end of Sec. [3.2.1] We therefore modify the time dependence
of the regulator matrix Ra accordingly,

S(t—7) = 6(r — 7 —0F), (3.152)
so that its Fourier transform now reads

R (K, K') = 60.06(K + K') Ry (k)e™". (3.153)
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Since we have combined the transversal terms in Eq. (3.149) via I, 1 (K) =
[I§~ (= K), we have to use the average of both regularization factors,
1

3 (ei“’0+ + e“o_) = cos(w0™). (3.154)

We can incorporate this choice by replacing the Matsubara sum over an
arbitrary function by a contour integral in the following way:

Uy st =200 [ oth( )f() (3.155)

where the contour C encircles all Matsubara frequencies in a counterclockwise
manner [3, 41]. This allows us to perform the Matsubara sum in Eq. (3.151)
so that the leading correction to the free energy reads

B sinh (Bh—ﬁka(ﬁh)>
Dy_y[0] — ~ Z In[1 — BV, (8R)] Zln — ,
sinh (%)

(3.156)

which is manifestly invariant under the transformation h — —h. For vanishing
on-site interaction, our expression (|3.156)) is identical to the result of VLP as
given in Eq. (17) of Ref. [1].

Longitudinal polarization function

The same approach can be used to compute higher-order irreducible vertices.
As a specific example, we will compute the leading correction to the longi-
tudinal polarization function II§*(K). For this, we first need the exact flow
equation of the irreducible two-point vertex which follows from the vertex

expansion [33] of the Wetterich equation (3.128)),

aA [&)X} Q102 - ;Tr [FA&)E\%ZM&Q} - ;Sdl;d2 Tr [FAé///\,’&lFA&)K&Q}
0| BY], s Ol (3.157)

Here the quadratic matrices &9&" which appear in the trace are defined

)
,01 ... Qp—2
as

5" [n]

Jaran = Fr—— (3.158)

n=0
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and we have introduced the single-scale propagator matrix
Fy = —Fy (0sRs) Fa. (3.159)
More explicitly, the exact flow equation of T13*(K) can be written as
ONTIF(K) =~ [ FF(QOF(Q-Q.K) - [ AU (@8 (@~ K)
+ /Q FR(QFF(Q+ K)357(Q, —Q — K)(Q + K, —Q)

n /Q [E(QFE(Q+ K) + F{(QE(Q+ K)]

X LHQ, —Q — K)&{*(Q + K, —Q) — @5 (K, —K)daha.
(3.160)

Here we have introduced the notation [, = BLN >k and
DR (K, K) = 0Ky o+ KB (K Kon) (3161)

as well as the renormalized effective magnetic field hy = hg + BA, while the
functions

N2z _ 2z 2 D, _ 8AVA(k) a
B = PO d) = 2o o)
Fi (i) = — [ ~(5)] 0 Fa (k) = 22V R) (3.162b)

2
[1— Va()IT{ ™ (K)]
are related to the Fourier-space components of the single-scale propagator by
F{P (K, K') = 6(K + K')F#(K'), (3.163a)
F{~(K,K') = 0(K + K')EF (K). (3.163b)

A graphical representation of the exact flow equation (3.160) is shown in
Fig. [3.4f We also need the flow equation of hjy,

8500 = - [ FE(@F7(@.-Q) - [ Fi Q8 Q. -Q),
(3.164)

which can be obtained from the condition that the irreducible one-point vertex
4 vanishes. To derive the leading correction to the longitudinal polarization
function, we now approximate the polarization functions and the higher-order

irreducible vertices on the right-hand side of Eq. (3.160)) and in Eq. (3.164])
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Figure 3.4: Graphical representation of the exact flow equation (3.160]) of
the longitudinal polarization function II§*. In our notation, a dot over a
diagram represents the derivative d,, a slashed double wavy line denotes
the corresponding single-scale propagator, and the renormalized effective
magnetic field hy is symbolized by a crossed circle. Except for the last term
which is considered separately by VLP, the diagrams on the right-hand side
of the above flow equation correspond to the diagrams in Fig. (3a) of Ref. [2]
if we set Vi (k) = AV}, approximate the polarization functions as well as the

higher-order irreducible vertices by their initial value, and integrate over A.
(Figure reproduced with modifications from Ref. [99])

by their initial condition. Choosing the deformation scheme V, (k) = AV,
we can then perform all Matsubara sums as well as the integrals over A
analytically. Postponing the evaluation of the last diagram in Fig. for a
moment, we show in Appendix that

1 2z Fz222 o ~ "'q — Mgtk .
b/// (b//)2

I O

y V)2V — 20
BVgikLgLlgir +b'ng + p) q+i (ng — nq+k)1 },
Blegrr — €q)
(3.165)

where we have followed VLP in assuming a vanishing on-site interaction,
Y1 Vi = 0, as well as in defining

1 1 1

- ny=— Ly=— .
B 1 T w1 P I_pn
(3.166)

y=pPh, € =h—>bVk ng

Our result (3.165)) agrees exactly with Eq. (36) of Ref. [2], which corresponds

to the first-order correction to the longitudinal polarization function without
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taking the renormalization of the effective magnetic field into account. To
compute this missing contribution within the formalism of VLP, we first
determine the correction Ay = SAh to the dimensionless magnetic field from
the minimum of the free energy up to first order in the inverse interaction
range,

Ay

/8‘/0 b/l
2

REETITA /qﬂVqu - /q(nq [1 =86Vl —mny)| (3.167)

see Egs. (17) and (18) of Ref. [1]. Inserting this correction into the initial
condition I15*(K) = §(w)b'(y) of the longitudinal polarization function then
yields

0(w)b'(y + Ay) = 6(w)b'(y) ~ 6(w)b" (y)Ay. (3.168)

In Appendix we show that this is exactly the leading-order contribution
of the last diagram in Fig. [3.4]

~ 1
~ (K, —K) /0 dA Opha

Vo [o
%(5(@))6”1_552/‘/0 [2 /(, BV, L, — /q (ng[L— BV, —n,)|.  (3.169)

We thus see that our SFRG exactly reproduces VLP’s result for the leading
correction to the longitudinal polarization function.

Together with our previous result for the free energy, this suggest
that we can generate the expansion in the inverse interaction range 1/7
within our SFRG by expanding the exact flow equations of the irreducible
vertices iteratively in the number of momentum integrals. Compared to the
spin-diagrammatic formalism of VLP, this is a significant simplification. Note
that in the context of the three-dimensional Heisenberg ferromagnet, the
expansion in powers of 1/ry is known to yield an accurate description of the
thermodynamics for arbitrary spin, magnetic field, and temperature except
for a narrow region around the critical point [I]; moreover, for T < T, it
enables us to study the transversal and longitudinal spin correlations [2].
While we have seen that it is possible to derive these results in a simpler way
within the SFRG, it also allows us to go beyond the 1/ry expansion: as we
will discuss in Sec. [3.5 an interesting problem that we currently investigate
is the fate of spin waves above the critical temperature. Furthermore, in
contrast to the perturbative approach of VLP, our SFRG is still valid close
to T,, which gives us access to the critical regime.
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3.3.4 Applying the 1/D expansion to the quantum
Heisenberg model

While we have shown in Sec. B.3.3] that our Hubbard-Stratonovich SFRG
enables us to recover VLP’s expansion in 1/r¢ in a simple way, it also allows
us to employ new approximation schemes. An obvious application is the
generalization of our 1/D expansion for the Ising model in Sec. to quan-
tum systems. Since the irreducible vertices of a quantum spin model have
well-defined initial conditions for vanishing interaction within the Hubbard-
Stratonovich SFRG, it is straightforward to generalize our calculation for
the Ising model in Appendix to the quantum Heisenberg model. Again
assuming a D-dimensional hypercubic lattice with nearest-neighbour interac-
tion, we show in Appendix that the critical temperature of the spin-S
quantum Heisenberg model is to leading order in 1/D determined by the

quadratic equation
2 "
g~ (10b Yk

where g = fb'Vy. This equation is readily solved by

T, 1 1[5 1

To 2 [1 + Jl o) [3 GE + 6b’” , (3.171)
where T,g = V/|Vp| is the mean-field result. We note that the last term
in the inner brackets is directly related to the quantumness of the model,
since it breaks the symmetry between a ferromagnetic (upper sign) and an
antiferromagnetic (lower sign) exchange interaction; this symmetry is only
restored in the classical limit S — oo where 1/b' — 0. This behaviour is
seen explicitly in Fig. [3.5] where we compare our first-order result for
the critical temperature in three dimensions to the predictions of Cuccoli et
al. [I17] as well as to quantum Monte Carlo data [I18, [119]. We find good
agreement (with a relative error below ten percent) for arbitrary spin S in the
antiferromagnetic case and for S > 1/2 in the ferromagnetic case. While we
assume that for D > 3 our leading-order expression yields accurate
results over the full range of S for arbitrary sign of Vj, it seems difficult to
find good benchmarks.

It is conceptually simple to extend our first-order calculation in Ap-
pendix to higher orders in 1/D. However, since we have not yet
evaluated the five- and six-point correlators of an isolated quantum spin
for arbitrary S, we focus on the limiting cases S = 1/2 and S — oo. The
quantum limit is considered in Appendix [B.3.2] where we show that the
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Figure 3.5: Critical temperature of the spin-S quantum Heisenberg model
on a cubic lattice for a ferromagnetic (dashed) or an antiferromagnetic (solid)
nearest-neighbour interaction. The upper (black) lines correspond to our
first-order result (3.171)), while the lower (red) lines refer to the predictions
of Cuccoli et al. [I17] which are calibrated to Monte Carlo results [120] for
S — oo. The blue diamond and triangle refer to quantum Monte Carlo results
[118, 119] for the spin-1/2 ferromagnetic and antiferromagnetic quantum
Heisenberg model, respectively.

critical temperature is to second order in 1/D determined by the quartic
equation
7G+w) Pl+w) , g

1— — 1— = 0. 172

For the ferromagnetic Heisenberg model on a cubic lattice we now do find
a phase transition at 2DV'T,. /T,y = 1, which qualitatively improves on the
first-order result, while for an antiferromagnetic interaction in D = 3 our
second-order result yields no phase transition. Similar to our first-order result,
we find that Eq. predicts a finite T, for D > 3 regardless of the sign
of V.

Finally, in Appendix we derive the second-order correction for
S — oo, which results i

2 3 4
g 9 Ve g
1-— + == - + = =0. 3.173

T 9D " 1002 " 4D (3:173)

®We note that Eq. (3.173)) is invariant under the transformation {g,v%} — {—9, =V},

which is in agreement with the fact that thermodynamic properties of the zero-field

classical Heisenberg model on a bipartite lattice do not depend on the sign of the exchange
interaction.




3.4. Hybrid SFRG 111

Solving this equation for D = 3 yields 27, /T.o ~ 1.42, which is rather close
to 2T'MY /T,, ~ 1.44 obtained from Monte Carlo simulations [120].

3.4 Hybrid SFRG

3.4.1 General formalism
Motivation

So far we have considered two different formulations of the spin FRG: on
the one hand, the pure SFRG developed in Sec. deals directly with the
connected spin correlators and the corresponding irreducible vertices, which
are irreducible with respect to the cutting of a single propagator line. While
this formulation is very close to the usual FRG approach for bosonic and
fermionic systems, it has the disadvantage that the irreducible vertices do not
exist for the initial condition of isolated spins. This artifact is cured in the
Hubbard-Stratonovich SFRG, which is formulated in terms of the amputated
connected spin correlators and where irreducibility is defined with respect
to the cutting of a single (effective) interaction line. While this allows us to
use the comparably simple initial condition of isolated spins, it implies by
construction that we do not work with the usual irreducible vertices. On the
level of the irreducible two-point vertices, e.g., this means that we work with
the inverse of the usual self-energy I'4* (K) [cf. Egs. and ([3.135b)],
which might render some common approximation schemes less useful.

For magnetically ordered systems, it can therefore be useful to combine the
pure SFRG and the Hubbard-Stratonovich SFRG. In this hybrid SFRG, we
describe transversal fluctuations in a way similar to the pure SFRG formalism
which allows us to work directly with the usual irreducible vertices [e.g.,
with the self-energy I'i{ ™ (K)], while the longitudinal fluctuations are treated
analogously to the Hubbard-Stratonovich SFRG so that the corresponding
irreducible vertices are well defined even in the local limit of isolated spins.

Auxiliary generating functional

On a technical level, we first define the auxiliary generating functional
Aplht, M?] via [cf. Egs. (3.3) and (3.104)]

pAnInt 7]

)

—Tr [e_BHoTeIOB ar{ X2 (S ()4 X, VI (M7 (45 (] (M5 ()85 )] -7 (T)}]

(3.174)
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where h- = (h?,hY,0)", St = (5%,5Y,0)", and H4 denotes the transversal

1) 7
part of the deformed Hamlltonlan,

HE— _;ZVUA&L S _;ZVZ‘JA (5785 +5757). (3.175)
1) )

Similar to Eq. (3.106]), we can also express Aj[ht, M?] in terms of the
generating functional of the connected spin correlators ({3.3),

Ap[ht, M7 —;/0 dTZVAMZ M (7 )—i-gA[hJ‘ ZVAMZ ]

(3.176)

which will be useful later on. Conceptually, it is helpful to express Eq. (3.174))
in yet another way by decoupling the deformed exchange interaction via a
Hubbard-Stratonovich transformation in the longitudinal channel only,

AR M%)

[ D[¢?] @—%Zaaﬂ[v aar 0205 Tr | e BHOT s [(Mz+52) o5 +htsE]—-[7 dr?—[k(q—)}

Y

[ D¢ e b Law[Va a2
(3.177)

so that the derivatives of Aj[h*, M?] with respect to MZ?(7) can be inter-
preted as the connected correlators of the Hubbard-Stratonovich field ¢ (7).
The inverse deformed exchange-interaction matrix V' and the superindex
notation have already been introduced in Eq. ; here we have also
defined ¢z = 0,.0%(7), MZ = §,.MZ?(7) and hz = h; (T) - e,, where e, is
the unit vector along the o axis. Differentiating Eq. (3.177) on both sides
with respect to A, we directly see that our auxiliary generating functional
Ap[ht, M?] obeys the exact flow equation

OrAp[h*, M)
1 1 [62Au[RE, MF) SANRY, MZ] S AL[RE, MP]
T2 g [‘%VA} G l Shiéh * Shi Sh
o\ (SQAA[hL,MZ] 5./4A[hL,MZ] 5./4A[hL,MZ]
2 g 24 (V) ](mf [ SMzOM, NI VE SM?,
1 _
+ 5T [Vida (V) ™). (3.178)

where Vi and V3 refer to the transversal and to the longitudinal part of the
deformed exchange-interaction matrix, respectively, so that V, = Vy + V3.
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We can write this flow equation more efficiently by introducing the superfield
J; = (h¥, hY Mf)T and the partially inverted exchange-interaction matrix

1 17

Uy = Vi — (V3) 7, so that

B PAN[T] | SANT] S ANT]
OAAA[J]—QZWAUA]&@'[(S T SN Y A ¥

aa’

1 _
+ 5T Vior (V)] (3.179)

Irreducible vertices

Similar to the pure and the Hubbard-Stratonovich SFRG, we now define the
subtracted Legendre transform W, [j] of our auxiliary generating functional

Ap[J] = Aplht, M?] as

1 _

UaG] = 3 Jada = AT = 5 2 R i (3.180)

where J; = (h%,hY, M7)" is to be understood as a functional of the superfield

1 7

4i = (M?*, MY, h?)" by inverting the relation

Ja = 6§3£J] (3.181)
The hybrid regulator matrix R, is given by
Ry = Ry + Rj, (3.182)
where Ry and R are in turn defined as
R =V - Vi,
Ri = (Vi) — (V) (3.183)
which implies
OARp = —0,U,. (3.184)

Due to its hybrid nature, W,[j] is the generating functional of the vertices
which are irreducible with respect to the cutting of either a single transversal
propagator line or a single longitudinal (effective) interaction line. Due to
our superfield notation, the derivatives of W, [j] have the usual form: while
its first derivative reads

oWA[g]

i A %: Ra| (3.185)
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the Hessian matrix W/ [5] is

O3 = ] |

= A'[J] - R 1
5jd6j&’ AA [']] RA}& ) (3 86)

where A '[J] is the matrix inverse of

_ 02AN[J]
0 Js0 5

AL, (3.187)

d/

This allows us to write the exact flow equation of W,[j] as

OnAlj] = 5 Tr [ (Whls] + Ra) " 0aRa| = STr[VR0M (VE)
_ ;Tr { [(\I",{[j] FRy) - Vi} aARA} , (3.188)

where in the second line we have used that Vi and Vi are defined by
projecting V, onto orthogonal subspaces. In general, W,[j] will have a
minimum at the scale-dependent uniform superfield configuration js = ja 4 =
haa = 0a-ha that fulfills

U ALF]
dja

=0, (3.189)

Jj=hna

where the scale-dependent exchange correction to the external magnetic field
ha = hpe, will be non-zero if the O(3) symmetry of the quantum Heisenberg
model is either explicitly or spontaneously broken. We therefore introduce
the shifted generating functional

U] = Ualhy + 7], (3.190)

where the superfield 1;(7) = 5;(7) —ha measures the distance to the minimum
of W, [j]. The Wetterich equation [34] for Wx[n] thus reads [cf. Eq. (3.128)]

5 [n]

OA‘i’A[W] = aA‘I’A[j]|j_>ﬁA+n + Z WOABA@
1 X 1 D -1 z D 5¢[ 7
=3 Tr { [(‘I’A[n] + RA) - VA] aARA} + Z 5?]@] NN
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3.4.2 Initial condition of isolated spins
Exchange correction to the external magnetic field

As mentioned in the beginning of Sec. [3.4.1] one motivation for the hybrid
SFRG is the fact that the corresponding irreducible vertices exist even in the
local limit of isolated spins as long as there is a finite (effective) magnetic
field during the flow (hy # 0 for A < 1). In the following, we will show
explicitly how this comes about by deriving the irreducible n-point vertices
of an isolated spin for n < 4. We start with the generating functional itself:
assuming a uniform source field h = he, and a deformation scheme where
V=0 =0, we find that ¥ A[R] is initially given by

Uolh] = N {g‘}z - B [ﬁ(ho + B)} } ; (3.192)

the derivation of this expression is completely analogous to the derivation of
Eq. (3.136). Minimizing Wo[h] then yields a self-consistency equation for the
initial value of hy,

ho = Vab(B(ho + o). (3.193)

This self-consistent mean-field result is identical to our initial condition ([3.137)
in the Hubbard-Stratonovich SFRG, which is to be expected since the hybrid
SFRG treats longitudinal fluctuations in the same way.

Irreducible two-point vertices

To derive the initial condition of the irreducible two-point vertices, we first
note that Eq. (3.176)) implies the general relations

AF(K) = Va(k) + Va(k)GZE (K) Vi (k), (3.194a)
AX*(K) = GX*(K). (3.194b)
Here we have used the notation
Af\Z(K,K') :6(K+K’)Af\Z(K’), (3.195a)
AX_(K, K') =K + K')AX_(K), (3.195Db)

for the components of AA[j A] in Fourier space, where the scale-dependent
uniform superfield configuration Jy = Mye, is defined via [see Eqgs. (3.185)

and ([3.189))]

ha. (3.196)
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It then follows directly from Eq. (3.186]) that the irreducible two-point vertices
can be related to the connected spin correlators by

GR(K)

A (K) = T3 Va (B) G (K (3.197a)
Sa(K) = -5 Vg(xk)g?) ) _ le( i V) (3.197b)

where we have parametrized the Fourier-space representation of /0] =
W [hy] as

W (K, K') = 0(K + KU (K) = 6(K + K') [V ! =TIy (K)|, (3.198)
WL (K, K') = 0(K + K') Wi (K') = 6(K + K')[Sa(K') = Vie|. (3.198b)

In a deformation scheme where we start the flow in the local limit of isolated
spins [i.e., Va—o(k) = 0], we then find that II(K) and ¥, (K) are initially
given by
o(K) = GiF(K) = §(w)Y, (3.199a)
b

bYo(K) = e h — iw, (3.199b)

where the Brillouin function b = b(5h) and its derivative b’ = b'(5h) depend

on the total magnetic field h = hg + hy. Finally, it may be useful to define

M\ (K) = I, (K) — II(K), (3.200a)
YA(K) = b8 (K) — bXo(K), (3.200D)

so that the irreducible two-point vertices can be written as

U (K) = Vit = 8(w)b — I (K), (3.201a)
WL (K) = e — iw + 3y (K), (3.201D)
where the spin-wave dispersion ¢, = h — bV} was already introduced in
Eq. (3.166). Most strikingly, the transversal part of the spin propagator is
then given by
b

G (K) = - :
A ( ) Ek—iw—FEA(K)—FbR/\(kﬁ)’

(3.202)

this strongly resembles the usual form of a bosonic or fermionic propagator
in the presence of an additive cutoff bRA (k) = Vi, — bV (k), where ¥, (K)
plays the role of a self-energy [33].
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Irreducible three-point vertices

In the next step we consider the third derivative of the hybrid generating
functional W, [n],

5> W [

__8am] 3.203
a1 Gia (i3 (577@1 57]&2 577073 ( )

(Y]]

Differentiating the Hessian matrix W% [n] = ¥%[hs + ] with respect to the
—\T
superfield n; = (Mf, MY hi — hA> , we find according to Eq. ((3.186)

[ilxl[n]}dld2d3 - Z H [A/_\l[']]}dléz [A///\/[J]]513253’ (3204)

&1 Gnds i=1
where we have defined

53 A [J]

A Wavsa0s = 57570 9

(3.205)

With Eq. (3.176) we can show that the Fourier-space components of ¥{'[0]
are given by

3
Ui (K, Ko, K3) = — [ [1+ Valky) G (K:)] ! G (K, Ko, K),
=1
(3.206a)
B G (— K1, — K, Ks)
G (—K1)Gy ™ (Ky) [1 4 Va(ks) G (K3))

UL (K, Ky, Ks) = (3.206D)

which relates the irreducible three-point vertices to the connected spin corre-
lators. For the initial condition of isolated spins it is then straightforward to
evaluate these expression explicitly,

U222 (K, Ky) = —6(K1)0 (Kb, (3.207a)

- b
b\pa__z(Kl, KQ) =1- 5(K1 + KQ)E(}L — iCUQ), (3207b)

where we have parametrized

W (K, Ko, Ky) = 0(Ky + Ko + Ky) Ui (K0, Ka), (3.2082)
Ui (Ky, Ky, Ks) = 0(Ky + Ky — K3) Wi (K, Ka). (3.208b)
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Irreducible four-point vertices

The last case that we will explicitly consider concerns the fourth derivative of
the hybrid generating functional,

[@(4) ["7]} _ 64\1}A[7ﬂ .
A araaaeds 01, 01y 01l O1la
From Eq. (3.204) it directly follows that

2 ] == > AW, AV 000

G G2Gi30ig

(3.209)

a1hoa3ay i=1

b Sevsuan X (W], AT, (B0

B &1a261 P23y
1P2
(3.210)
where
St AN[T]
A(4) J _ ) 211
[ A[ Hd16¢26¢35¢4 §Jd15Jd25Jd35J&4 (3 )

Setting 7 = 0 and transforming into Fourier space, we find that the fully
longitudinal irreducible four-point vertex is given by

4
U (K, Ko, K3, Ky) = — [ 1+ Vi (ki) GF (K™ G (K, Ko, K, Ky),
i=1

(3.212)
the mixed irreducible four-point vertex reads

@X*ZZ(KH, K27 K37 K4)

_ Gy (=K, — Ky, K3, Ky)
Gr (=K1)GY () [1+ Va(ks)GFE(K3)] [1 + Vi(ka) GFF ()]

+6(K1 + Ky — K3 — Ky)
X [SKB;M GL (—Ky + K3V (K, — K + K3) U *(K, — K3, K))
Vit [1 4 Vi 4o GF (K1 + Ko)] W (K, Ko) W57 (K3, Ka)|, - (3.213)

and the fully transversal irreducible four-point vertex can be expressed as
UL+ (K, Ky, K3, Ky)

B Gl v (—Ky,— Ky, — K3, —K,)

© GU(CE)GY (Ka) G (- Ka) G (Ky)

+ Sk, O(Ky + Ko+ Ky + Ky)Va (k1 + ko) [1 4 Va(ky + ko) GE (K + K))]
X WL (K, Ky) UL (K, Ky). (3.214)
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For vanishing exchange interaction, these objects simplify to

\ij}z\zzz(Kh KQ, Kg) = —5(&)1)5((4}2)5((4}3)[)”,, (3215&)
/

] b
b\IIX_ZZ(Kh Ky, K3) = — [0(ws3) + 6(w1 + wy — w3)] b

2()* — bb”

+ (5(&)3)(5(&)1 + Wy — CU3) bQ

(h — iCUQ>,
(3.215Db)
= 1
bQ\IJX_+_ (Kh K27 KS) = 6(2h + twy + ibdg)

/

— [5(w1 + COQ) + 5(&)3 + WQ)] ;;(h + Z(.Ul)(h + iw3),
(3.215¢)

where we have defined

\TIZZZZ(Kl, K2’ Kg, K4) = 5(K1 + Ky + K3+ K4)@ZZZZ(K1,K2,K3)7

(3.216a)

UL (Ky, Ko, Ks, Ky) = 0(K) + Ky — K3 — KU (K, Ko, Ky),
(3.216b)

{’I]X7+7(K17 KZ) K37 K4) = 5([(1 + KQ + K3 + K4>@X7+7(K17 KZ’ K3>
(3.216¢)

Although the initial conditions of the irreducible vertices have a non-trivial
structure, we note that they all consist of polynomials in the frequencies.
This is a direct consequence of the fact that we have performed a Hubbard-
Stratonovich transformation only in the longitudinal channel, which initially
does not exhibit any dynamics.

3.4.3 Exact flow equations
Exact flow equation of the free energy

To conclude our presentation of the hybrid SFRG approach, we will in the
following derive exact flow equations which connect the initial conditions in
Sec. to the corresponding quantities of the fully interacting system. Our
starting point is the Wetterich equation for the hybrid generating functional

Waln],

OnVa[n] = ;Tr { [(‘@X[n] +Ry) - V;} aARA} + %: 5?757] :
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The exact flow equation of the deformed free energy in units of temperature,
W, = W, [0], is obtained by simply setting n = 0 in Eq. (3.217)),

8A¢!A = ;Tr { |:<\I’7\[O] + RA)_l — V/Z\:| 6ARA}
1 ITA (K) OV (k)
=2 W T ) T 2 ) - )

k,w

(3.218)

Using the deformation scheme Vi(k) = AVj and replacing both ¥, (K)
and II5(K) by their initial value, we would of course arrive at the same
result (3.156)) as in the Hubbard-Stratonovich SFRG.

Exact flow equation of the effective magnetic field

To derive the flow equation of the renormalized effective magnetic field
ha = ho+ ha, we need to go one level higher in the hierarchy of the irreducible
vertices. Using the fact that the irreducible one-point vertex vanishes by
construction, we arrive at

1 .~ ~
0= Tr (AT ] + zﬁ: 4] o5 O (3.219)
where we have introduced the single-scale propagator
Ay =—A, (0sRy) Ax (3.220)
as well as the notation
= = 5" 4[]
o = [l - — 40 3.221
{ Aar... n—2i|6¢n_1&n [ A }&1,.,54” 5776“ ) ”577&” o ( )

More explicitly, we find
- 1 . . . -
T 0ok = —5 [ AF@IF(Q-Q) ~ [ AT(@Ui(-2.Q).

(3.222)
where the functions
Azz _ aAVA(k)
AT(K) = TV (b)L (K (3.223)
() = Ak (3.224)

[Sa(k) — Va(k)]*

are related to the single-scale propagator in Fourier space by
AT (K, K') = §(K + K')AF (K'), (3.225)
AT (K K') = 6(K + K AL (K). (3.226)
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Exact flow equation of the irreducible two-point vertices

Finally, let us derive the exact flow equations of ITy(K) and ¥, (K). Differ-
entiating Eq. (3.217)) twice with respect to i and setting n = 0 afterwards
yields the general relation

} B ;Sduob Tr [AA‘i’lf,\/@lAA‘iJ;{/’dJ

+2 Az 5Ol g, (3.227)
B

o [B],,, = 5 T [An i,

whose longitudinal part corresponds to
oK) = = [ AR (@U@ Q. K) - | AT QUi (- Q. K)
+ [ AR(QUAF (@ + K)B(Q.~Q — K) B (Q + K.~Q)
[ AT @4 @+ )+ AT (AT @+ K)

x UL (-Q,Q + K)U{*(—-Q — K, Q)
— U (K, — K)Opha, (3.228)

while the transversal part yields

HEAE) = 5 [ AFQUTT-KKQ) + [ AL QU (K K.~Q)

- | AR @AT (5 + Q)+ A7 (@A + Q)
x UL (—K, K +Q)¥{*(-K — Q,K)
+ Ui (=K, K)Ophy. (3.229)

A graphical representation of these exact flow equations is shown in the upper
and the lower half of Fig. [3.6] respectively.

3.5 Summary and outlook

Before we conclude the present chapter, let us give a short overview on the
current status of the SFRG. We have developed three different formulations of
our method, which each have their own strengths and shortcomings. The pure
SFRG is conceptually very close to the usual formulation of the FRG for bosons
and fermions, since it is formulated in terms of connected spin correlators
and the corresponding irreducible vertices. With respect to approximation
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o w9
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Figure 3.6: Graphical representation of the exact flow equations (|3.228)|)
and (3.229) of T (K) and ¥, (K), respectively. Here A3*(K) is denoted by
a double wavy line, while a double solid line refers to Ay~ (K). A slashed
double line of either kind represents the corresponding single-scale propagator,

the dot over the diagrams denotes the derivative dy, and the renormalized
effective magnetic field hy is symbolized by a crossed circle.
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strategies, this should allow us to transfer the intuition gained from previous
FRG works on bosonic or fermionic fields. An example of this is our application
of the pure SFRG to the spin-S Ising model in Sec. [3.2.3] where we have
used a simple truncation of the vertex expansion to get quantitatively good
results for the critical temperature. When it comes to quantum spin systems,
however, a drawback of the pure SFRG are the complicated initial conditions:
since the irreducible vertices f‘f{") do not exist in the local limit of isolated
spins as discussed in Sec. [3.2.5] we are forced to consider a more complex
initial configuration.

This shortcoming is cured in the Hubbard-Stratonovich SFRG, where the
irreducible vertices @E\n) are well defined even in the limit of a single spin
without an external magnetic field. While the internal structure of the su(2)
algebra enforces a certain amount of complexity, the initial conditions of the
o An) can thus be chosen to be comparatively simple. This has enabled us,
e.g., to apply the 1/D expansion to the spin-S quantum Heisenberg model
(see Sec. [3.3.4). Another advantage of the Hubbard-Stratonovich SFRG is its
conceptual closeness to the spin-diagrammatic formalism of Vaks, Larkin, and
Pikin, which allows us to formulate their ideas in a more powerful yet simpler
way. As we have shown in Sec. [3.3.3] it is straightforward to recover their
expansion in the inverse interaction within our formalism, while at the same
time avoiding the complicated diagrammatic rules of their spin-diagrammatic
formalism. A possible disadvantage of the Hubbard-Stratonovich SFRG is
that the <i>5\”) are by construction irreducible with respect to the cutting of
a single (effective) interaction line instead of a single propagator line. It
might therefore be more difficult to translate common approximation schemes
that are known to work within the usual FRG formalism to the Hubbard-
Stratonovich SFRG. This is already seen in the 1/D expansion of the quantum
Heisenberg model mentioned above, where the calculation of the polarization
function IT5*(K) is only a means to generate the Taylor series of the self-energy
'3 (K); while it would be possible to determine 7, directly from ITI5*(K), the
results turn out to be inferior.

Finally, the hybrid SFRG developed in Sec. naturally shares features
with both the pure and the Hubbard-Stratonovich SFRG. In terms of com-
plexity of the initial conditions it occupies an intermediate position: while the
irreducible vertices \iJE\") can still be well defined for isolated spins, this is only
possible if the O(3) symmetry of the Heisenberg model is either explicitly
or spontaneously broken. While in the present thesis we have not shown a
practical application of the hybrid SFRG, preliminary calculations suggest
that in the presence of a finite magnetization it might be preferable to the
Hubbard-Stratonovich SFRG.

As already discussed in Sec. [3.2.6] promising future applications of the



124 3. Spin functional renormalization group

pure SFRG include an extension of our recent work on the Kondo model
in Ref. [98] to the strong coupling regime and the study of frustrated spin
systems. On the other hand, a specific problem that can be studied within
the Hubbard-Stratonovich and the hybrid SFRG is the question about the
fate of spin waves in a quantum Heisenberg ferromagnet above the critical
temperature. While the total magnetization averaged over the full system
vanishes in this regime, this is not the case if we only consider subregions
that are small compared to the correlation length £. As a consequence, the
concept of spin waves should still be meaningful above T, as long as their
wavevector k is much larger than 1/£. Since the initial condition for the
magnetization is in our SFRG given by self-consistent mean-field theory, the
scale-dependent magnetization M, can be finite during the flow even in two
dimensions. Using a regulator in momentum space to separate short-distance
and long-distance fluctuations, we can then study how the properties of spin
waves change when we increase the length scale.



Appendix A

Technical details regarding the
BKT transition

A.1 Flow equations of the marginal couplings
to leading order in g,
As we have shown in Sec. [2.4.3] the flow equation of the marginal couplings
CE\%) is for n = 2, 3,4 given by [cf. Eq. (2.121))]
(2n+2)

n c n n—3~ -
O™ = S (S (Um0 + O, (A1)

In the following we will show that this flow equation indeed holds for all n > 2
by considering the general flow equation of the irreducible 2n-point vertex.
Only retaining terms up to second order in g;, we can parametrize it as

AT (k) = TR (k) + T (k). (A2)

where the F&Qnm)(k:) are defined as containing only terms with exactly m

irreducible vertices. This is possible since all an) for n > 2 are at least of
the order of ;. For m = 1 we find [33]

- om 1 : n
PV (k) = 5 2 Ga@l" ™ (@, ~q. k. —k.0,....0)
q
A
~ %Ff"“)(kz), (A.3)

where the coefficient Ay was defined in Eq. (2.96) and we have neglected the

1—‘5\271—&-2)

dependence of the internal vertex on the loop momentum g, as it
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would either involve irrelevant couplings or terms of higher order in ;. The
second contribution I’f"’z)(k) is more complicated; it consists of terms of the
form [33]

]- - n n:
N Z GA((I)GA(p)Fg\ 1+2) (q7 —D, kl? ety knl)rs\ 2+2) (p7 —q, knl—‘rl? R an)a
rq
(A4)

where n; and nsy are positive even integers with ny + ny = n and the set
of momenta {ki,...,ks,} is a permutation of {k,—k,0,...,0}. We can
neglect all terms where k and —k belong to the same internal vertex, as they
contribute at least to order g} to the flow of CE\Q"). Approximating the internal
vertices in the remaining terms by their momentum-independent parts and
taking account of the proper combinatorial factors then gives

- om 1 X > 2nins(2n — 2)! (, n
P§\2 72)(’<7> ~ _5 Z Z 6n1+n2,2n . 2( ) UE\ 1+2)u5\ 2+2)BA<k)7 (A5>

1no!
ni=1no=1 LRUPL

where B, was defined in Eq. . The combinatorial factors in the
numerator correspond to the symmetry k <> —k, to the n; (ns) possibilities
to assign k or —k to the first (second) internal vertex, and to the (2n — 2)!
possibilities of distributing the remaining vanishing momenta, while the
denominator results from the n;! (ny!) different permutations of the indices of
the first (second) internal vertex. Since the relevant couplings ug\") vanish for
odd n in our model, we can rewrite this expression using binomial coefficients

as

n—1
“(2n, 2n — 2 i n—2i
e (k) ~ - <2¢ - 1) L) I N () (A.6)

=1

According to Egs. (2.102) and (2.105) we have
u P = (1) A 2 (A7)

which is clearly independent of the summation index i. The sum can thus be
performed analytically, so that

P (k) ~ —22 2l ud™ By (k) (A.8)
and hence
n A n n— n
W (k) ~ TArf (k) — 223y By (k). (A.9)

The flow equation of 05\2”) is given by the second-order term of a Taylor
expansion in k of this expression. Replacing 9y = —A~19; and inserting our
leading-order results for Ay and B, we then recover Eq. (A.1)).
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A.2 Next-to-leading-order correction to the
flow equation of y;

A.2.1 Flow equations of the relevant couplings to next-
to-leading order

As we have mentioned at the end of Sec. we also need to consider
the g? correction at 7 = 7/2 to the flow of §,. To this end, we will in the
following derive the subleading g? correction to the flow equation of the

relevant couplings ul A , which to leading order is given by [cf. Eq. -

) 422
Aul™ = 27”_1 +0(y3), nez. (A.10)
We need to compute
oA (0) = T¢™V(0) + 1¢™(0), (A.11)

where we use the same notation as in Eq. (A.2). The first term is in general
given by [33]

T Z Gal@)T" ) (q). (A.12)
With the long-wavelength expansion (2.84)) this becomes
. A A(2)
1—\(277,,1) (O) _ A (2n+2) + A C(2n+2) (Al?))

A 2 e

where we have dropped all irrelevant couplings and have defined

1 . A
==Y G P=——+0 A.14
¥ Z (@’ =~ 0(n) (A14)
Since cfn”) is already of second order in y,, it is sufficient to consider only

the leading contribution to Af), while for Aj as defined in Eq. (2.96]) we also
need the first-order correction,

1 (2)
B4 O(2). (A.15)

Ay = —
A 2nTaAN  wracaA A3

We thus arrive at

(2n+2) u(2)u(2n+2) (I2A2C(2n+2)

CAP@D) = YA A A A O(?).  (A.16
x (0 471 2mTiea A2 + 1677 +O) ( )
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In the next step we consider the second contribution I’(zn 2 (0), which we can
write as [33]

1“(2 2)(0) _ 2N Z 5271, N ( )

ni,na=1

3 Gal@)Gal@)T (@)D (q).
(A.17)

n1!n2!
Here the combinatorial factors are due to the (2n)! possibilities of distributing
the 2n vanishing external momenta on the internal vertices and due to the
ni!(ng!) different permutations of the indices of the first (second) internal
vertex. Since the internal vertices are at least of order y,, we can neglect their
dependence on the loop-momentum ¢, which results in the simpler expression

n, B O s 7 n—21
12 (0) = — AQ( )Z @7) uSF ) 2n 2, (A.18)
i=1

where we have used the definition (2.112]) of By (k) as well as the fact that
vertices with an odd number of legs vanish. With our leading-order result for
Ba(0) we can write this as

@ 2) n—1 u(2z+2) E\2n—2i+2)
—AF " A.19
; ( 21 > ArmicaN2 ( )

so that in total

(2n+2) 2A2C(2n+2) n (2z+2)u(2n—2i+2)
o2 — YA @ A _ A O(u3).
HiA 47T * 1677 ;] 22 Arriea N2 + 0@

(A.20)

Since we know from Eq. (A.7) that ufiH)ufn_%H) is to second order in ya
independent of the summation index 7, we can explicitly perform the sum to
arrive at

u§\2n+2) a2A265\2”+2) (_1)na2A2(4ﬂ_)2n—2gl2

ou™ = - O@3). (A21
ta 41 + 1677 21 +O)- | )

Inserting our parametrization ([2.125)) for 05\2") then yields

(2n+2) ~

U o0 G 1
o (2n) _ YA — 1)1 a2A2(4 2n22|: ] 10 7+
b e + (=)™ A (4m) ™y e s (yra), ne

(A.22)
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A.2.2 Next-to-leading-order correction to I'y [m]

In order to solve the flow equation (A.22)) for the relevant couplings, it is
helpful to first consider the y2 correction to the initial value of T'y[m]. We
start by expanding G, up to second order in yq [cf. Eq. (2.71)],

h? 27 2mh; 2mh;
7] — ) = 2 1 _2 2 2 1 3
G f) = 32 [ 21 3 s (522 - 2o (3222) + 00,

(A.23)
which results in the field-dependent propagator
8 2mh; 16722 Amh;
Ghro k] ———Z 7T yoc LGS 7T2y0 cos [ = +O0(yd)] .
)\0 /\0 >\0
(A.24)

This allows us to compute I’fo)k [m] via the relation

TQ L[] = (GagalhagI]]) " = Ry (k) = (Gagillag[m]]) ™ = Ao + o,

(A.25)
yielding
2 2mhp, 4|17
Fg\zo)k[m] = wg + 8T %o > cos (W 2o, [m])
’ N P )\0

167292 [4#2
+

iy cos” (27m;) — cos (47rmi)1 +O0(yp), (A.26)

where in the second-order term we have already used our first-order re-
sult [278) for Ay, [m],

hAo,i[m] = )\Omi + 47Ty0 sin(27rmz-) + O(yg) (A27)

Also expressing hy, ;[m] in terms of m; in the first-order term, we find that

the momentum-independent part of I‘f)k [m] is initially given by

1
F5\20)Jc=0 [m] = N Z l87T2?/0 cos (2mm;) + 87%yg

— AT cos (47m;) + O(yd) | ,
(A.28)

where we have also used that Ao = 87. The initial value of the relevant
couplings n A ) then results from a simple Taylor expansion of the cosine
terms,

2

n n n e — 27 ne
“5\20) = (=1)"(27)*"2yq ll + 4"y | + O(yd). (A.29)
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For n = 1 this becomes

w2 — 27

UE\QO) = (2m)*2y, [1 + yo] +O(yp), (A.30)

so that according to the definition (2.89) of the flowing vortex fugacity y, its
initial value reads

w2 — 27

— [1 n y] +O(R). (A31)

Since y, is the quantity we actually work with, we finally express yo through

Y, in Eq. (A29) to get

w2 — 27
(4n_1 - 1)on

ul? = (—1)"(27)2" 2y, [1 + +O@L). (A32)

T

A.2.3 Evaluation of the §? correction to 9,

With our results (A.22)) and (A.32]) we are now in a position to evaluate the

§? correction to the flow equation of ;. We first parametrize the flowing

relevant couplings uf”) as

) = (1) @m)" P [+ (4 = Do) n>2 (A33)

so that all vl(2n) have the same initial condition,

2
o _ (T = 27) A.34

Vo 273 ) ( : )

which will be useful in the following. Inserting our ansatz (A.33) into the

flow equation (A.22) with n =1 yields

o C 1
Moo (o —a®) Zaro@h. (A3
U T 2 7 Tl

On the other hand, for n > 2 our ansatz gives to leading order in ¢,

Ui

_ - ™ n n
+ (4 = 1) 3 [(2 - T) o 4 o) )} }

l (A.36)

aluf\%) _ (—1)”“(27?)2”_371@2/\2@;{ [?{l _ 2] [1 + (4n—1 o 1) Ul(zn)gl}
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which together with the flow equations (A.22)) and (A.35]) yields

(2n+2)

Az [(4m — 1o — 30"
(2n) (2n) Cl 1) [ ! !
=2 1 — ] = .
oo (Tl ) T (27’1 * T (4" — 4)
(A.37)

This infinite hierarchy of coupled flow equations is solved by the obvious
ansatz

Ul(%) = Ul(4), (A.38)
which results in the n-independent flow equation
1
a<4>:—2(1 W) @ W<Cl ) O(ih). A.39
1] + . v+ o + - +O(41) ( )
We thus arrive at the following set of coupled flow equations,
C 1
O = (2 - ) i+ ( o T 3v§4>> i (A.40a)
i Ti
a1y
o — ML A.40b
171 27—l ) ( )
2
o =1—¢g (4 + ﬂ-) , (A4OC)
Tl
C 1
o = (s ) =2 (14 D)l (A.40d)
m\2, 0w T

Close to the line of Gaussian fixed points at ; = 0 and 7; < 7/2 we find that
¢; and Ul(4) rapidly converge to
C = 1 _: 5= (A.41)
4) 87’1 + 5w
n 8(7’[‘1‘7‘(’) (27’1—0—71')’
which finally allows us to write the flow equation of g; as

- T\ 871 + H T\ o 3
=(2—- = 2 — — ) A4
b ( 77) ht 8(m +m) (21 + m) ( Tl) g + Or) (A.43)

(A.42)

A.3 Flow of the additional coupling §; due to
amplitude fluctuations

A.3.1 Derivation of the flow equation of g

In this section we will derive the flow equation of the quartic coupling gy,
which according to Sec. has a non-zero initial value in the O(2) model
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due to amplitude fluctuations. In addition to approximating the irreducible
vertices by their long-wavelength expansion as was done for the XY model

[cf. Eq. (2:34))],
1
I (k, —k,0,...,0) = ul? + = e a2k + O(KY), (A.44)

we therefore also include a higher-order momentum dependence of the four-
point vertex via the term

gn

4 N Z 5k1+k2+k3+k4,0v;€17k27k37k4mk1 mkzmkgmk47 (A45>

ki1koksky

where Vi, g,k k, Was defined in Eqs. (2.212)) and (2.213)). Since

Viek kot ~ a'k? (A.46)

in the long-wavelength limit, we find that the flow equation of g, is given by

1
OAgn = _W lim akaAFAkk —k,—k

2
- i 5 Calp) im0} [QGA< Y )
2
+Galp+2k) (T8, ) oks) |- (A7)

Up to second order in y, and g, we can write this more explicitly as

1 .
Orgr = m zp: Ga (p)

2
X ]lglil’(l) [ (UXL)) 8,‘§GA(p + Qk) — 12u5\4)gA (62GA(p 4+ 2](3)) 8,3\/1,,_1,_2k,k7k

2
186G (D) (02Vypns) ] . (A48)

For the second and third term we need the long-wavelength expansion

(I4p2 k2

Vp—pke—k = —Vp,—p-ok ek ~ (1 + 2 cos’ SOp) : (A.49)

and in turn

1 - : 5
N > op? (1 + 2 cos® <pp> Ga(p) i:r%agGA(p + 2k) =
p

— 4+ O(7).
WTﬁa2A3+ ()

(A.50)
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The first term involving the fourth derivative of the propagator is more
complicated; a rather tedious calculation yields

2

4'Q4NZGA hm 8kGA(p+2k:> W +O(gl), (A51)
so that in total the flow equation of gy becomes
8myi | 10Giga | a*A’g} ~3 ~2 . 2 3
dgr = — O . A.52
) CHL = dnr? +O(F;', Ui 9n, i 9a) (A.52)
In terms of the rescaled coupling
_aaN?
G =5 9. (A.53)
T
this flow equation simplifies to
_ Oy a .- 9 _ 9
Qg =\ —2+—-—+-5 |0 —4ny = —2q —4ny;. (A.54)
3n 271

As mentioned in Sec. [2.6.2 for 7, & 7/2 and ¢, < 1 this results in the
asymptotic behaviour

~ o2
g, 2197, (A.55)

which justifies neglecting the second and third term in Eq. (A.54)).

A.3.2 Effect of §; on the flow equation of 7

We are now in a position to evaluate the effect of a finite §; on the flowing
dimensionless temperature 71, which obeys the exact flow equation

8/\7'1 Z GA hm OkF (k, —k, q, —q) (A56)

2N

Inserting our result (2.129)) for 0;7; from the XY model and using the long-
wavelength expansion (A.49) as well as

1 : 2 2 _ -
N zq: Ga(q)q (1 + 2 cos gpq> T + O (9a), (A.57)
we find to leading order
~2 A ~2 2A2
(9177\ = Yl A Z G hm 8 Vk —k,q—q — Yl gad

87 +dn 1277y
(A.58)

&1 + 4w 4a2N



134 A. Technical details regarding the BKT transition

In terms of the rescaled coupling g; this becomes

~2 ~
Yi g1
on=—"— — —. A.59
i 8m +4r 677 ( )
Finally, in the regime close to the BK'T transition we may approximate
7, ~ 7/2 and insert our result (A.55) for the asymptotic behaviour of g, so
that

72 16
o = 89—; (1 + 3> . (A.60)



Appendix B

Technical details regarding the
spin FRG

B.1 1/D expansion of Ff) in the spin-S Ising
model

B.1.1 Alter?ative derivation of the leading correction
to F(()Q

In Sec. we have used the pure SFRG formalism to derive the leading
correction in 1/D to the irreducible two-point vertex F((JQ)(k:) within the spin-S
Ising model,

"2

1
9
Fgll(k) — |1 =g — 10)2D

=5 +0(D™?)], (B.1)

where we have assumed a nearest-neighbor interaction on a D-dimensional
hypercubic lattice. While it is straightforward to extend this calculation to
higher orders in 1/D, we will in the following choose a slightly different way:
instead of working within the pure SFRG formalism, we employ the Hubbard-
Stratonovich SFRG developed in Sec. [3.3] This has the advantage that our
procedure can be directly generalized to the spin-S quantum Heisenberg
model, which would not be possible within the pure SFRG. While in Sec.
we have derived the Hubbard-Stratonovich SFRG for the Heisenberg model,
it is easy to apply our formalism to the Ising model. We therefore restrict
ourselves to purely longitudinal correlators, which are now time independent
since all operators in the zero-field Ising model commute with each other.
To demonstrate the procedure, we start by rederiving the leading-order

result (B.1). Adapting Eq. (3.160) to the Ising model, we see that the exact

135
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flow equation of the polarization function I13*(K) = é(w)Ix (k) is for hy =0
given by

OWllx (k) = —;/(IFA(Q)‘@XL)((L -q,k), (B.2)

where [, = % >-q and we have introduced the notation

O (K, Ky, K3) = 8(w1)0(ws)0 (ws) DY (K, Ko, Kes). (B.3)
Again using the deformation scheme Vi (k) = AV4, we find that the single-scale
propagator F (k) reads

BVi
(1 — ABVLII, (k)]

Fa(k) = BFF(K) = (B-4)

so that the exact flow equation of II, (k) becomes

- _1 B‘/q(i)%)((b_qa k)
Onlla(k) = 2 Ja 1= ARV, Ty (@)F (B.5)

To leading order in 1/D, we can replace 11, and i)Xl) on the right-hand side
of Eq. (B.5]) by their initial conditions 11y = " and <i>(()4) = —b", respectively,
and expand the denominator to first order in Vg,

1 " . A" g?
ONTIA() = 5 /q BV [+ 248V,H] = 52 (B.6)
where we have again used the notation
1D
Vi =Voye with g = D ;cos(k’ia) (B.7)

and g = Bb'V,. Integrating Eq. then yields the polarization function to
leading order in 1/D,

A2 b g2
402D

(k) =V |1+ +0(D™?)|. (B.8)

To make contact with our previous calculation in Sec. [3.2.4] we use the exact
relation (3.135a)) between I13*(K') and I'{?(K'), which in the Ising model can

be written as

1
 TIA(K)
Inserting our leading-order result for A = 1 and expanding the denomi-
nator to first order in 1/D, we recover our earlier result (B.1)).

Y (k) — BV (B.9)
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B.1.2 Next-to-leading-order correction
First-order correction to the irreducible four-point vertex

In order to calculate the second-order correction in 1/D, we need the leading
correction to the irreducible four-point vertex. Its exact flow equation reads

- 1 s - 1 - .
OnD gy = 5 I [FA®) 55| — 5 Sz Tr [Fnef, P, (B10)

where the objects inside the trace are to be understood as matrices in mo-
mentum space in the obvious way and we have defined

B = Okt 0@ (et Fenn) (B.11)
as well as
S12;30 = Sky keoskes ks (B.12)

to simplify the notation. The first term is more explicitly given by

1 Vy® s
Tr {FACI)A 1234 = / HaOnimig, 1, (B.13)
2 2.Jq [1 = ARVl
where
&)5\6»)12347117 q &) (kh LRI k47 q, _q) (B14)
and
Mxq = Ha(g). (B.15)

Similar to the calculation in the previous section, we approximate Il , =~
I, = b as well as @53)1234%7(1 R @é?f234,q7_q = —b® and expand the denomi-
nator to first order in the exchange interaction. We then find

Ab(5)g2

V(7@ 1~ 1 5
5 T[] ~ =5 /q BV [+ 208V, = == 5 (B.16)
For the second term in Eq. (B.10) we have to consider
}Tr {FA(j)(z;) / AB?V, Vq+1+2CDA 12,q,—q—1— 2(1)5\ )34 —q,q+1+2
2 b A’34 T2 [1— ABVIIx g]* [1 = ABVgs142T0n gr142]

(b/// 2g2 A(b///)2g2,yl 9
~ 7/”Yq’7q+1+2 Wa (B.17)
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where we have used
Vi
/q’Vq’Yquk =5 (B.18)

We thus find

~ Ab(5)92 A(b///)2g2
aAq)Eé)1234 =" ovD 1(0)2D S12;31 1142, (B.19)

which integrates to

A2b(5)g2 A2(b///)2g2
(I)S\ )1234 —b" - WD 8D S12;34 V142- (B.20)

More explicitly, the last part is given by
S12:34 V142 = Virtko T Vhi+ks + Virtks T Vhotks + Vhotka + Vhstkss  (B.21)
which for {k1, ko, k3, ks} = {q, —q, k, —k} simplifies to
S1234 Y142 = 24 2(Yh+q + Th—q); (B.22)

so that to leading order

®((q,—q. k) = —b" — A [UHO) + O] * A0 (g + )
AL = 4(0)2D 4(0)2D

(B.23)

Second-order correction to the irreducible two-point vertex

We can now insert our results (B.8)) and (B.23) in the exact flow equation (B.5])
of ITx (k) to compute its next-to-leading-order correction. We start with the g-

independent part of éf‘). Since the resulting calculation is basically identical
to the one leading to Eq. , we can just replace

A, Ag? AZ[UDO + (172 g2 AR [ 4 ()2 ¢t
wp' oD AWPD | 8)pD?

(B.24)

to find its second-order contribution. On the other hand, the g-dependent
part of @XL) results in

A (0")?9% [ Ya(kra +0-a) _ A*(V")g
8(0')2D Jg[1— ABV,ITz .7 8(V)?
A?(b'")
- 8(b’)3D2

/'Vq Vk+q T Ve— q)

(B.25)
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The last second-order contribution comes from the denominator in Eq. (B.5)),

b/l/g / ,.yq
v Jg 1 — ABV, I )

Qb, /%1 [1+ 208V, 100 g + 3 (ABVllog)? + 4 (ABV,IIo o))

b///
:be’ /q Vg [2ABV,0a g + 4 (Agry)’] (B.26)

Inserting our leading-order result (B.8)) for II5 (k) then yields the second-order
contribution

Ab//lg2 [AQbIII 2 A3 [(b/l/)Q + 12(b/)2b///] g4

SGFD? . (B.27)

—i—2A2 2 2] ~

where we have used

3 3
. . B.28
/ﬂq 4D? ~ 8D? (B.28)
Combining our results (B.24)), (B.25)), and (B.27)) we find to second order

Ab///g2 AQ(b///)Qgszk A3 [b/b + Q(bm) + 12(5/)25/”} g4
WD T RW)D? 8(1)? D2 ’
(B.29)

OrILy (k) =

which integrates to

A2b///g2 A3(b”’)2937k A4 [b’b(5) + 2(6’”)2 + 12(6,)26,//} g4
WD T 24(Y)D? 32(b/)3 D2

A (k) =" +
(B.30)

B.1.3 Third-order correction
First-order correction to the irreducible six-point vertex

In analogy to the second-order calculation where we had to consider the
irreducible four-point vertex to leading order in 1/D, we now need the
irreducible six-point vertex, which obeys the exact flow equation

(6 1 S 58 1 S E(4 = (6
aACI)EX,)123456 = 2 Tr [FA(I)E\,)123456} D) S12;3456 T [FACI)E\,)QFACI)E\,)M%}

1 oo N 1 . . .
— 5 Stz Tr [FA® )5 FA® | + 5 Stzauso Tr (a0, @, Fa®l% |

(B.31)
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We already observe that the last term involves two F)y propagators in addition
to the single-scale propagator Fr. As a consequence, it only contributes
to subleading order in 1/D and can therefore be neglected in the present
calculation, leaving us with the first three terms. The contribution which
involves the irreducible eight-point vertex can be evaluated in complete

analogy to Eq. (B.16)), so that

1 =3 Ab(7)92
5 Tr [FA(I)S\,)123456:| ~ —W (B32>

For the second term in Eq. (B.31]) we first consider

1o re =) =6 1 ABPV V1426”0
BY Tr [FA(I)E\,)HFACDE\,?%%G} ~ 5/ 2q e
a [1 — ABVeIIa 4] [1 — ABVgi142Ila gy142]
Ab///b(s)g2 Ab,//b(s)g2’)/1+2
~ =——— "7 (B.33
2<b,)2 /q'Yq'Yq—i—l—i—Q 4(b/)2D ( )
In the same way we find
1 5 %(6) 347 Ab///b(5)9275+6
5 Tr |:FAq)A71234FAq)A,56:| ~ W (B34>

For the specific choice {k1, ko, k3, k4, ks, k¢} = {k, —k,p, —p, q, —q} we may
therefore evaluate the symmetrization operators in Eq. (B.31]) as

812;3456 Y142 = ‘51234;56 V546
=3+ 2<7k+p + Vk—p T Vktq T Vk—q + Vp+q T PYpfq)- (B'35)

Combining these results yields the flow equation

A [06™ + 36"HO)] g
2(V')2D

aAéE\G) (k7 _k7p7 —D, q) = -

Ab///b(5)g2

which is easily solved as

A2 {b’bm + Sb“’b(5)] g2
4(6')2D

&)5\6)“{:7 _kapa —-D, q) = _b(S) -

B A2 b///b(5)92

oD e T Tep T e kg g peg)- (B3T)
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Second-order correction to the irreducible four-point vertex

We can now use our leading-order result (B.37) for (ﬂ\ﬁ) to derive the next-to-
leading-order correction to the irreducible four-point vertex. According to its
exact flow equation

~ 1 .o~
D05 = 5 Tr (@] — 312 s Tr [FA@, Fa®yh ], (B.38)

we have to consider two terms, which themselves consist of several contribu-
tions. The first term has the form

(6
B‘/;Iq)g\,)1234,q,fq

L e s _ 7/ ’ B.39
5 r[ A A,1234} 2 q[l—AﬁVqHA,q]Q ( )

which we have previously only evaluated to leading order in 1/D. For
{k1, ko, k3, ks } = {k,—k,p, —p}, we find that the g-independent terms of

(IJX) trivially result in the second-order correction

A3 [b/b(ﬂ + 3b///b(5)} g4 ASb///b(5)g4
N 8(V)3D? T AW)3D? (Ve+p + Vo—p): (B.40)

while the g-dependent terms of (1:)5\6) yield

_AVNOG [ 9y (era + Ve T v+ ma) A0
4(6/)3D q [1 . ABVquqF 4<b/)3D2 Tk T Vp)-

(B.41)

The last second-order contribution to the first term (B.39) comes from the
expansion of the denominator,

b BV,

2 Jq [1 = ABV,II, )7

Q

p®)
-5 /q BV [1+ 288V, T1 g + 3 (ABV,llog)? +4 (ABV,IIo )]

bO)g 5
T /q Yo [2A8V,TTa g + 4 (Agrq)’| (B.42)

With our leading-order result (B.8) for IT5(k) we then find the second-order
contribution

/ A?b'" A2 N [r® 1 12(0)%00)] o
g f}/q 8(b/>3D2

. (B4
2b’ (B43)
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The first term in Eq. (B.38)) is therefore up to second order in 1/D given by

| Ab g2 A3 DB+ 4b"b®) 4 12(0)200)] gt

5 Tr |:FA®A71234:| == 20D - 8(b/)3D2
ASb///b(S)g4 A2b///b(5)g3

o W(Wﬂ) + Ve-p) — W(% + Vp)-

(B.44)

Since it is sufficient for the calculation of T, to consider the special case k = 0,
we can further simplify this expression as

Ab(5)g2 A3 [b/b(7) + 40" 4 12(b/)2b(5)] g

T [Fadf] = -

20'D 8(b/)3 D2
A3bmb(5)g4’yp A2b”’b(5)g3
" awppr a0 (B.45)

Let us now turn our attention to the second term in the flow equation of <i>§\4),
where we need to evaluate

= (4 = (4
} 1 / A52V4%+1+2®5\,)12,q,7q7172(I)E\,)34,7q7q+1+2
q

1 . .
5T Er), o,

- 2Ja (1= ARV gl [1 = ABVgrrsalla gersa]
(B.46)
With our earlier result for (i>§\4),
Bz = V" — AZ(/ZQQ a A82((117):;,2)j§2 Sizsa Tee, (B.47)
we find that
(BXL,)IQ,q,—q—1—2&)56,)34,—11,q+1+2

A2b///b(5)g2 AQ(b///)?)gQ

%(bm)Q + (27102 + Ygr1 + Vg2 T Vg3 + Vg—a)-

200D 4(6")2D
(B.48)
Here we have used
S12:q,-q-1-271+2 = 2(V142 + Vgr1 + Vgr2), (B.49a)
S34;—q.q+142 V344 = 2(7142 + VYq-3 T '7q—4)7 (B.49Db)

which in turn follows from 7344 = v_1_2 = 7142. While the g-dependent
terms in Eq. (B.48) only contribute to third order in 1/D to the flow of CIDXL),
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inserting the g-independent terms from Eq. (B.48)) into Eq. (B.46) yields the
second-order correction

2p/1111(5) 42 2///3212
A Sn s+ s
2/q[1— AﬁquA,q]2 11— ABVq+1+2HA,q+1+2]
- A3g* [b/bmb(S) + (b///)S
N4(b’)4D ’71+2 ’Yq’Vq+1+2
:A?;b///b(ﬁ'))9471_‘_2 A3(b”’)394’y2+2
8<b/)3D2 8(6/)4D2

(B.50)

The last contribution we have to evaluate comes from the denominator of

Bq. (B40).

1 / ABQ‘/q‘/;]—&-1+2<b/”)2
2 Ja [1— ABVyIIa g]” [1 — ABVgs142lln gr1so]
- b’” 9 / ’Yq’Yq+1+2 (B.51)
[1— Agyg® [1 — Aggeise]

Subtracting the first-order term, we find that the momentum integral results
in
/ TaVg+1+2
2
a [1 = Agvg)” [1 = Aggr1+2]

~ /q Yalari2 { |1+ 2874 + 3 (Ag7a)°| |1+ Agrgsita + (Agrgris)’] — 1}

- / VqVq+142
q

A292
~Ag? /q (3787a+112 + 27272142 T VaVos1r2) © 5D (1467142 +29715)
(B.52)
where we have used
3 3
3 3
= = - = B.53
/q Vo Va+k /q YaVark = 2 T 3D (B.53a)
1+29 24y
2 92 k
= — ) B.53b
L ’yq/yq—&-k 4D2 8D3 ( )

Together with our result (B.50|) we thus get
A(b/”)292’}/1+2 AS(b///)2g4 5
A(V)*D A(b)?D? (146742 +291,)

A3b’”b(5)g471+2 A3(b’”)3g4’yf+2
8<b/>3D2 8(6’)4D2 ’

1 .- N
5 T FrO, A, =

(B.54)
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which for {kq, ko, k3, k4} = {0,0,p, —p} yields
1 s 5
5 Sz Tr JaXiumaR I

A(b”')292(1 n 2%) ) A3 [b'b/"b(S) + (b/")3 + 22(b/)2(b/”)2} g4

2(0')2D 4(b) D2
A3 b///b(5) + 120 (V" 2| 4 A3T(B")3 + 4(B)2(b'")2] g4~2
el 0 e S (G0 R TGO GO e
2(b')3 D2 2(b)4D?

Integrating Eqs. (B.45) and (B.55|) with respect to A and replacing p — q,
we thus find that the irreducible four-point vertex is to second order in 1/D

given by

& (q. —q.0)
N[0+ (] A AHOP( 4 )
A(b)2D 2(V)2D 12(V)3D?
AT[(B)26T + 60b"6O + 12(6)6) + 2(b")° + 44(0)2(b")?] g
32(b')*D?
A [0 4 60 (67)° gt AT + 402 (6")*] g™

4(b/)3D2 8(b/)4D2

I V.

(B.56)

Third-order correction to the irreducible two-point vertex

With our next-to-leading-order result (B.50) for @, we can evaluate the
flow equation of the irreducible two-point vertex with vanishing external
momentum,

3V, (q,—q,0)
[1— ABVIIp g

OATIA(0) = —; /q (B.57)

to third order in 1/D. Let us first consider the contribution from the
g-independent second-order terms in Eq. (B.56)), which is in analogy to

Eq. (B.24) given by
Ab///92 A4b///b(5)g5
%
20'D 24(b)2 D3
AS [(b/>2b(7) + 65 4 12(b/)3b(5) + Q(b///)S —|—44(b/)2(b/”)2} g6
64(b')5D3 .

_I_

(B.58)
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The situation is equally simple for the g-dependent second-order terms in
Eq. (B.56); while the 7 term only contributes to fourth order in 1/D, the
linear-in-v, terms result in

BV [ e _ M Pl
2 /q [1— ABV,ILy )
CAOgt A0 46 (1)) 559
T AR(Y)AD3 16(0')4D3 ‘

Now we take the first-order terms in Eq. (B.56) into account. For the part
that is linear in v, we get

/vq [1+ 208V, Iy g + 3 (Ag7,)°]
(B.60)

A2 b/ 2,2 q
Bl WU
2Jq [1—ABV,IT, ) 4(V)3D

Only the last term in the square brackets leads to a third-order contribution,

which reads
3A4(b///)295/ ‘4 9A4(b///)2g5 (B 61)
403D Jg 1T 16(b)3D3 '

The first-order, momentum-independent part of Eq. (B.56|) leads to a slightly
more complicated calculation,

A2 [blb(5)+(b/u) ]

/6 q 4(¥)2D
2Ja 1= ABVIL )
A 4 (1)) g
~ 8(V)3D
A+ (1)) g
8(t')*D

/ Vq [1 + 208V, IIp g 4+ 3 (ABV,I1p 4)° + 4 (Aqu)?’]
q

/’Yq 20BVallp g + 4 (Agg) } : (B.62)

Inserting our leading-order result (B.8]) for the irreducible two-point vertex
then yields the third-order correction

A2 b/b(5) £ (p" 2 3711 3
{ ( ” / A"y 2 4 ANBgPAt

8(b/)3D (b/)2D q q
A {b/b(ﬁ’)) + (b///)ﬂ " + 12(b/) ]g

~ _ B.63
32(b/)° D3 (B-63)
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The last contribution that we have to evaluate comes from the initial value of
the irreducible four-point vertex,

1 PVt b"g / 2
> ~ 1+ 2ABV,II ABV 11
2/11[1—/\51/(,11&(,]2 20! ﬂq[ +200Vglly g + 3 (ABV 1l q)

i (AB%HA"’)B +5 (AﬁquA,q)4 +6 (Ag%{)ﬂ

b///
~ G e [2A8Vallg + 4 AV + 6 (Ag)°].
(B.64)

Here we need II, j up to second order in 1/D, which according to Eq. (B.30))
reads

HA(kZ) | A2b///92 A3<b/”)293’}/k A4 [b/b(5) + 2([)”/)2 + 12(b/>2b///} g4
v T aweD T 24)iD? 32(0)1D?
(B.65)
With
HA(Q) 3 AQb///g2 3 3A2b///g2
~ |1 ~ 1 B.
l v T IweD T IweD (B-66)
and
3 3
4
==~z B.
/q7q 4D2  8]D3 (B.67)
we then arrive at the third-order contribution
3/\36///94 A5b//196 b/b(5) —|—2(b/”)2+12(b/)2b/” ) R . 6 5
TwDs T 16(0/)iD? Yot yp et
_3Angt AP [DB"6® + 2(b")? + 84(H)?(b")? + 360(b')b"| g°
4 D3 64(b)5 D3 )
(B.68)

where we have also used

15 45 5
6 — — . B.69
/ﬂq SD? 16Dt T 4D° (B.69)

Integrating the third-order contributions to II, from Egs. (B.58), (B.59),
(B.61)), (B.63), and (B.68) with respect to A and combining them with our
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previous result (B.65]), we arrive at

I N AL e U T
WD " 24(V)3D? 32(b')3D?
b (b — 36(6')%] gt . [b7bB) + 9b ()2 g°
192()* D3 48(b)*D?
(1)) 4 9B -+ 36(H)°b®) + 6(b") + 152(H)*(H")? + 360(b')'b"| ¢°
384(1/)7 D3 ‘

+

(B.70)

Finally, expanding the inverse of this expression in powers of 1/D and using
the exact relation

1
1A (k)

Y (k) = — BV (B.71)

then results in Eq. (3.67) of the main text,

2 3 4 4 5 6
1 (2) . Cig Cag Csg Cug Csg Csg
VT2 (0) =1—g+ D D2 + D2 D3 D3 D3

+0(D™), (B.72)

where the spin-dependent coefficients C; are given in Eqgs. (3.68a)—(3.68f).

B.2 1/ry expansion of II{* in the Heisenberg

model

In Sec. we have developed the Hubbard-Stratonovich SFRG formalism,
which has the advantage that the corresponding irreducible vertices are still
well defined in the local limit of isolated spins. Furthermore, these irreducible
vertices are closely related to the irreducible vertices of VLP, which allows
us to recover their expansion in powers of the inverse interaction range 1/rg
[1, 2] within a simple truncation of our flow equations with the deformation
scheme Vlf = AV;;. While we have already derived the first-order correction
to the free energy in Sec. [3.3.3] we will in the following calculate the leading
correction to the longitudinal polarization function I15?(K’), which obeys the
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exact flow equation

aAsz / (I)zzzz Q Q K / FA (I)+fzz<Q’ _Q7 K)
+ /Q FE(Q)FE(Q + K)05(Q, —Q — K)&5(Q + K, Q)

+ [ Q@+ )+ B QF(@+ K]

X ®T77(Q, —Q — K)®T*(Q + K, —Q) — 3 (K, —K)drha.
(B.73)

A graphical representation of this flow equation is shown in Fig. [3.4 To
leading order in the inverse interaction range, we can replace the polarization
functions and the higher-order irreducible vertices on the right-hand side of
Eq. by their initial values, which will allow us to perform all Matsubara
sums and A integrals analytically. To simplify the comparison with the results
of VLP, we will in the following assume that the on-site interaction vanishes.

B.2.1 Contribution from ®3***

We start with the contribution of the first term in Eq. (B.73)), which we can
write as

/ Q)85 (Q, — / / 1<I>_“j:VQﬁZZ(%)f](2), (B.74)

where we have introduced the notation [, = Jy dA. We now approximate I3
and ®3*** by their initial conditions

12 (K) = 6(w)b, (B.75)
P (Q, —Q, K) = —0(v)5(—v)d(w)b". (B.76)

Note that we here use the abbreviations ¥’ = b'(5h) and v = V" (Sh) to
denote the derivatives of the Brillouin function at finite field. We then find

b/l/ /B‘/:] B ﬁ /8‘/:1 B ﬂ
OEIN ey at o =0 [T =065 | Vil
(B.77)

where we have adopted VLP’s notation

1
Ly=——. B.78
T 1o B (B.78)
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B.2.2 Contribution from &{ **

The contribution from the mixed irreducible four-point vertex @* ** is more

complicated due to its initial condition [T}, 3]

b [ 1 N 1 ]
(h—iv)?2 |h—ilv+w) h—ilv—w)
2 ﬁb" ‘|

+0w) l(h—z'y)2 h—iv

o (Q,—Q, K) = —

(B.79)

Together with the initial condition of the transversal polarization function,

b
g~ (K) = 7——., (B.80)
we find
L e onae v<1>+ “(Q.-Q. K)
[ [ @@ ~ [ [ Ay

__/ Vq(h—W)@(T (@, -Q,K)

) h —iv — bV, '
(B.81)

Let us first consider the general case w # 0, for which the irreducible four-point
vertex can be written as

2b
(h—iv)(h —iv —iw)(h —iv + iw)

We now insert this expression into Eq. (B.81)) and replace the Matsubara sum
by a contour integral,

1 (=D dz
E;f(w) ~ 2mi /cl—eﬁzf(z)' (B-83)

27

In contrast to the more general expression , we here follow VLP in
assuming a vanishing on-site interaction to facilitate the comparison with
their results. As discussed at the end of Sec. [3.2.1] this allows us to choose
any regularization scheme for equal-time expressions. We thus arrive at the
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finite-frequency contribution

2V,
_/Q(z’u—h+b\/q)(iu—h+iw)(iu—h—iw)

B 2V,

- 2mi //ceﬂz—1(z—h—l—bVq)(z—h—i-iw)(z—h—iw)

2?)/ Ng n Ny 1 1
B (iw — bV ) (—iw — BV,) 21w \ bV, +iw bV, — iw

n
—2b / v, ey B.84
q q (b‘/;])2 + wg ( )
Here we have used the notation of VLP [2],
1 1
ng = 6/861;:7—1’ Ny = 6347_1’ (B85)
where in turn

On the other hand, for the static case w = 0 we find

v, 2 28Y
Qh—iv—>bV, |(h—iw)? h—iv

_(—1) dz 2h 28 ,
_2m/<1%/<:(eﬂz—1)(z—h+b1/¢1) [(z—h)Q—i_ +52b1

2 — 25
—28n + / (g —m,) 25 / (n, — ng) + 52" / Vg, (B.87)
RN AT b Jq ’

+ ﬁ2b//]

where we have defined n;, = d,n,. To leading order in the inverse interaction
range, the total contribution from ®}** thus reads

VCI)+ =(Q,-Q, K)
_// (1- AV, (@)

/

/ Qb /!
—2b / +w2 +o(w) /q [Qny+b(ny—nq)+b BVyng|.  (B.8%)

B.2.3 Contribution from (&)7{2)2

We continue with the purely longitudinal part involving the irreducible three-
point vertex (IDZZZ which has the initial condition

PF(Q,—Q — K) = —6(v)d(v — w)b". (B.89)
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To leading order we then find

| PR QFF @+ K)#5(Q.~Q — K)OT(Q + K. ~Q)

N5 bl/ / / Aﬁ V. ‘/;1+k
(L= ABOV)” (1 — A5 V)

()2 / / AB*V Vyyk [2 — ABY (Vg + Vq+k)]
(1— ABUV,) (1 — ABY Vo)
" BVaBVq+k o (07)?
—5(w)(B") /2 AT O

[ BVaVasrLaLgn.
q
(B.90)

where in the third line we have used the transformation ¢ — —q — k to render
the expression more symmetric.

B.2.4 Contribution from (CTDX_Z)Q

The contribution involving the mixed irreducible three-point vertex ®} = is
again more difficult to evaluate. The first part, which corresponds to the
fourth diagram in Fig. [3.4) can be written as

LB QFT@Q+ %@ -0 - K)# @+ K.~Q)

N// AVVZ;+k<I>+ (Q,-Q - K)®*(Q + K, —Q)
L= AV~ (Q)] L= AVead~(Q + K|
(

_//AV%WWZQrQ+K@37Q—K—@

: (B.91)
AV (Q)] [L = AVl (Q - K)|

where in the last line we have used the transformations ¢ — —q — k and
v — v —w. Together with the contribution from the fifth diagram in Fig.
which can be obtained by replacing K — —K in Eq. (B.91)), we arrive at the
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more symmetric expression

[ / AVyVasr [2 = AVTIE™(Q) — AVyyilT§~(Q + K]
[1 - AV (@) [1 - AV T (Q + )
x@*Z&Q—Q—JO@+”@9+KT—Q)
/ VaVars®§ *(Q, —Q — K)&§ *(Q + K, Q)
(1= Vallg ()] [1 = Vit TI§ (Q + K]
- VoV
_/Q (iv —h+bVy) (iv — h +iw + bV i)

: [(z’u— h)(@bj— h + iw) o) (W%b/ + (V) )] (B.92)

where we have used the initial condition of the mixed irreducible three-point
vertex [1} 3],

~ b b
O (K, Ky) = -0 : B.9
o (Kn ) (h — dwr)(h + iwy) (wg)h — dwy (B.93)
For the general case of w # 0 we then find
/ / VaVaik
2m cl —eﬁz (z—=h+bVy)(z — h+iw~+bVyk)(z — h)(z — h + iw)
(bVy)? — bV bVyip — w? 2bVgn,
2V, /
/«1 TRV P[0V — W 1 62] | Ja (V)2 +
— Ng — anrk- o 2b/ Vq(nq — n?J) ] (B94)
q €qrk — € — IW a (DVg)? + w?

On the other hand, the static case w = 0 results in the three contributions

| LA Wity 2n,
o (i —h+ 0V,) (i — h + DVyer) (i — VWV — Virn)  Ja bV,
— Bny, (B.95a)

/ 2/Bbb,‘/:1vq+k _ —26[)// — Ng+k
Q (iv —h+bVy) (iv — h + bVgix) (iv — h) q eq+k

€q

280
+ i [[(ng=m,). (B.95H)

/ /62([)/)2‘/‘1‘/;]4']‘5 b/ / V V. k — Ng+k
Q (iv—h+bVy) (iv—h+ bVq+k) T eq+k €
(B.95¢)
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The total contribution from the mixed three-point vertices can thus be written
as

/ / AVVy i1 ®§(Q, —Q + K)O§*(Q — K, —Q)

— - 5+ (K« —K)
— AV (Q)] [1 = AVyeTTy(Q — K)|

nq+k Va(ng —ny) / / Ng — Ng+k
] _Qb/*w [ vy
/ eq+k — €5 — (bVg)? + w? @ =my a ?eqir — €q
2% _
7/ ,) + B) /vvﬁknqﬂ. (B.96)
€q+k — €q

B.2.5 Contribution from d,h,

The final contribution that we have to evaluate stems from the A dependence
of the renormalized effective magnetic field Ay,

- /A &2 (K, — K)onha ~ — (K, —K) /A Orha. (B.97)

From the flow equation (3.164)) of hy we find

) zzz + Z
w50 o e

2 a1 =BV, Qi —h+bVy [iv—nh
== /BVL +/ —i—b’/ﬁanq, (B.98)

so that

~$H(K, —K) /A Onha

Vo [V
s [2 [ VLo~ [[ngl1 - 50, - nyﬂ B9

B.3 1/D expansion of '} in the quantum
Heisenberg model

B.3.1 Leading correction to I'}®

In order to determine the critical temperature of the spin-S Heisenberg model
on a D-dimensional hypercubic lattice with nearest-neighbor interaction to
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leading order in 1/D, we need the exact flow equation

1

NG XV

Sdl;dz Tr FAéljl\/yalFA(ixl’d2:| 5 (B].OO)

a1d

which follows from Eq. (3.157)) by assuming hy = 0. Since this assumption
also implies that the O(3) symmetry of the quantum Heisenberg model is
intact,

15Y (K) = 0,0 115 (K), (B.101)

it is sufficient to consider I13*. Within the deformation scheme Vi (k) = AV
we thus get

o1 V(I)aazz Q, Q K)
IR = Z/ 1 — AV, Q)P

VoV (Q, —Q — K)}*(Q + K, —Q)
[1 = AV (@) [1 = AVgiIIY(Q + K]
(B.102)

+ = SK KZ/

To first order in 1/D, we can further restrict ourselves to the evaluation of

(I)aazz Q; Q, )
i Z/ — AV (Q)

V. Vq+k<I>W<Q, —Q — k)21 (Q + K, —Q)
A )
+ Z/ — AVTIE Q) [1— AVyuslIy (Q + k)

(B.103)

where k appearing as an argument to a polarization function or to an irre-
ducible vertex is a shorthand for (k,iw = 0); e.g.,

15 (k) = 15 ((k, iw = 0)). (B.104)

Approximating the polarization functions and the irreducible vertices by their
initial values, we find that the first term on the right-hand side of Eq. (B.103))
becomes

B 72/ Vo®5o2(Q,—Q. k) 1 /qvqéga“(o,o,())

(1—AVSs(v))2 284 Jqg (1 —ABVV,)?
~o Z(I)O‘O“ZZOOO/V (14 2086V,) = — Ai‘qQZ@a“ZZ(OOO)
28 200D 5 0
_ 5Aﬁbm 2

B.1
6D (B.105)
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where we have used the zero-field limit of Eqs. and (B.79),

5(Q, —Q, K) = = 1" 3(v)3(w), (B-106)
—B2" /3, v=w=0,
i i =20 /(w?), v=0,w#0,
qu)wzz(Qa _Qa K) = q)gyzz<Q7 _Q> K) = 6 —2b//<V2)7 v # O,Ld =0
b/ (w?), V| = |w|] #0
0, else,

(B.107)

and we have again introduced the dimensionless parameter g = Sb'Vy. The
second term results in

Z/ VeV @3 (Q, —Q — k)83™*(Q + k, —Q)
— AVIIE*(Q) [1 — AVealIY (Q + K)]

- A 2
S A [ VoV [8 0 = A B0y
ay

12D

where v appearing as an argument to an irreducible vertex is a shorthand for
(0,iv), i.e.,

O (v, —v) = 9§77 ((g = 0,iv), (g = 0, —w)), (B.109)
and we have inserted the zero-field limit of Eqgs. and ( -,

6(&]1) i (5(&)2) i 5(&)3)

w2 w3 w1

i)(o)z’yZ(Kl, Kg) = Eafyzb/ (1 — 6w1,05w2,0) ( > > (BllO)

where €, is the Levi-Civita symbol. In total we therefore find

O (k) = f\zﬁb,g; (100" = b'y) (B.111)
so that to leading order in 1/D
L R (10
137 (k) = Bb [1 51D ((b’)2 - b’)] . (B.112)

Inserting this result into Eq. (3.135a)) we arrive at

. 1 A2g2 100" o
I3 (k) + Vi = £ [1 ~ 51D <(b,)2 -7 (B.113)
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Together with the condition I'{% (k) = 0 for the critical temperature, this
leads to the quadratic equation

2 "
g- (106"
L=om=5p (W B y) =0, (B.114)

which is trivially solved by

T, 1 1[5 1
S PUN PR o L i B.115
To 2 { +J D [3(5/)2 6b’” ’ (B-115)

where T.o = b'|V]| is the mean-field result for the critical temperature.

B.3.2 Second-order correction to I'j* for S = 1/2
First-order correction to the irreducible four-point vertex

It is straightforward to extend our result for T15*(k) to second order
in 1/D. Since the flow equation of the polarization function depends on the
irreducible four-point vertex CiJﬁO‘ZZ(Q, —Q, k), we need to solve its exact flow
equation to first order in 1/D. While the full expression for the exact flow
equation is quite lengthy (see Ref. [33] for a diagrammatic representation),
we can neglect several terms to leading order in 1/D so that

£ (4) Ll e 2060
On | @ ]dledS&m ~ 5 Tr LS
1 N F (4 x (4
- 5 S~16¢2§&36¢4 Tr |:FA¢E\,)C~M1C~M2FA¢§\,)O735¢4:|
niF 1G] = (5
- Sd1;d2d3d4 Tr [FACI)S\,)QlFA(I'E\?gQQSdJ . (B116)

To better organize the following calculations, we rewrite this flow equation as

= (4 6 44
On [(I)EX)}dw"zzémou ~ [Ag)}%é@é@é@ B SdldQ;&Sd“ [AE\ )}ohdzdg&zx
3,5
_Sd1;6c26c36c4 [Ag\ ):|~ T (Bll?)
G Goasby
where the tensors AE\G), AE\M), and AE\?”E’) are defined as
(6) _ 1l e =6
|:AA :|0~41642643544 = §Tr [FA¢A7&1&2&3&4:| ? (B118>
(4,4) _ 1 = (4) = (4)
{AA }5‘1(12@3@4 = §T1" [FA(I)A,M&zFA(I)A,dng ) (B-llg)
3,5 _ = (3 = (5
{ASX )}&1&2643&4 =Tr [FA(I)EX )leA(I)E\ 2'542(523544 (B'12O>
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We also introduce the following notation for their components in Fourier
space:

|:A5\x):|d1d2d3544 — 5(K1 + K2 + K?) + K4)A5\$):‘110‘20<30‘4(K17 K27 K3) <B121)
Note that the calculation of these tensors to leading order involves the
initial conditions of the irreducible five- and six-point vertices. While it is
straightforward to derive them for general spin S via the generalized Wick
theorem [Il, 3], we have so far only evaluated them for the special cases
of S = 1/2 and S — oo. In the present section we therefore consider
the spin-1/2 Heisenberg model, while in Appendix we will cover the
classical Heisenberg model. We also note that, according to the exact flow
equation (B.103) of II{*(k), the first-order correction to the irreducible four-
point vertex only appears in the expression

_72/ ) Qk _72/ V,8995(Q, —Q, k)

[1— AV,I18°(Q [1— AVgb/6(v)]*
25 Z/ V (I)Ocazz k) . Ablza:/qqu(D(j)(azz(q, _q7 k)
Z/ S V,087(Q, —Q, k). (B.122)
9,40

Together with Eq. (3.61), this implies that for v # 0 we can neglect the
g-independent part of the first-order correction to @O‘O‘Z"‘(Q, —Q, k), which
will simplify the following calculations.

Contribution from AE{S) We start with the term involving the irreducible
six-point vertex, which to leading order reads

D@m= T [

V, 7% (P, —P,Q, —Q, k)

(1= AV,05(p)]
v
_ (b'y'yaoazz 070’ ,— ,O '
25; o7 (0.0,v, = )/p[l—Aﬁb/vp]2
~ 2;% - Z@W“ZZ(O 0, v, —,0). (B.123)

Since this result is always independent of g, we only need to consider the
special case where v = 0. For S = 1/2 we find

- 7
> 937****(0,0,0,0,0) = —Eﬁf’), (B.124)

ay
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so that

7Aﬁ392
6D

Q

> AP (q, —q, k) (B.125)

Contribution from AE\M) Next we consider the tensor AXM), whose com-
ponents in Fourier space are in general described by

Axl"l),mazasm([(h Ko, K3)
1 . -
= 3 [ ETPYBYN (P, P — Ky — Ko, K)FP (P + Ky + Ko)
P
> &)570130(4(P+K1 +K2,—P, Kg)

A’ [e'5 )01 a3
*BZZ‘I’M; 192 (g, —p — Wi — wa, w1 )Y (p + wy + wa, —p, w3)
¥ P

> / ‘/;’Vp+k1+k2
[1 = AVRYS(p)]” [1 = AVpiy 11,60 (p + wr + ws)]

Ag Vk1+k dara Fovasa
e ST - ) B =)

(B.126)
For our purpose, we specifically need
APt (g e K) = AL HQ, -, k), (B.127)

so that for v =0 and S = 1/2 we get

Z 8541542;073074 A§\4’4)7aa2Z(Q> _Qa k)
Ag?

3PP &5

ayd p

(Vaik + Y1) B3 (p, —p, 0)BY % (p, —p, 0)

+ (I)g(saa (p7 =P, 0)&)3722 (p7 =P, 0)

_ABg { (Vark +7a-#)5/12+25/36,  p=0,
(
P

2D Yark + Ya-1)12/(Bp)* +16/(Bp)*, p#0
AP sy 9603 + g )] (B.128
— 120D ’7q+k fYq—k) ) . )

where, with a slight abuse of notation, the symmetrization operator now
symmetrizes the function to its right with respect to the function’s variables
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in Fourier space. On the other hand, for finite v and S = 1/2 we find

a Z Z SCVlCVQ 043044 4 4):0‘0"’52(@’ _Q7 k)

y;éo a
264 b' 2D %;)Zp: Yok + Vo) 83" (p, —p — v, )8 (p + v, —p, )
+ 1, —p, 1) (9, . o>}
12
=3 BQ 5 %XI; { Yark + Vgt) [(6,),0 +0p) g+ (1= 0,0)(1 = 6,0)

2 2 2 10ﬁ2 8
’ (”2p2 R T p)2> ] ~ 0055 ~ vt 5y,_,,)y4}
AB%g?

9
30D {_2 ek 7""“] ! (B.129)

which implies

oaxzz 2A. 3
/ SSTS Saras ALY (Q,—Q,k):w. (B.130)

1/750 a

(3:5)

Contribution from Aj The final contribution that we have to evaluate

comes from AE\3’5), which in general yields

A(3,5),a1a2a3a4 (K1, KQ, KS)

—Z/F P)dP (P, —P — K\)F*(P + K,
x OY2W(P 4 K, —P, Ky, Ky)
o TR Ag? Tk quﬂéal o )éévawaazx( + _ ). (B.131)
T 233()2D w1 )Py p T Wi, —p,W2,W3). (D
6 P
Choosing

ASE,S),OClOQOC{SO&L(Kl,KQ? K3) — Af’ﬁ)’aazz(Q, _QJ{;) (B.132)
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and assuming v = 0 as well as S = 1/2, we arrive at
3,5),aazz
Z 8071;&2&3514 AS\ ) (Q, _Q7 k)

2D Z Z |:,7q(1)'750‘ p)égvaw(p’ —pP, Oa O)

ayd P
+ qu)géz (pa )q)(;’)/aaz( P =P, 07 0):|

_5Ag% (g + k) y 12+ B2p* AR (v + )
36D pt 6D '

(B.133)
p7#0

For v # 0 we are only interested in the g-dependent terms, so that it is in
this case sufficient to consider

/ [ATD02(Q, —Q, k) + AV (=Q, Q. k)]

1/750 a

Ag o a Foyazz

~ [Vigiigs £ 3 S 6 0.~ = 8 o+ v.=p.-10)
aydv#0 p
10Ag? 2+ 52 > 2M8¢°
v5, ) _ ' B.134

- 383D? %Zp: e 3 | |

Second-order contribution to the flow of II{® from the leading cor-

(4)

rection to ® A~ Collecting all relevant terms, we find in the static case

7A53g2 Aﬁsgz
6D 120D
AP (v + )
6D
AB3g? 1183 13
6D [20 10

aA Z éiazz(qa —q, k) ~ -

«

[43 + 26(Vgs + Yg—k)]

(7q+k + Yg— k) + Vg T ”Yk]
(B.135)

so that

A?Bg? 13
Z/ V, 05 (q, —q, k) ~ bg (1 + 'Yk) :

12D? 5
(B.136)
i i ABg* 1183
/ 2 | Haazz aazz ~

(B.137)
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while for v # 0 we have

AQ 3
Z/ Z V (I)aazz Q, k) ~ 30%% (5 + ’}/k,) . (B138)
9 40

The total second-order contribution to the flow of 113*(k) from the first-order
correction to the irreducible four-point vertex thus reads

A%Bg3 13 A3pg* /183 A?
o (1+7k)+ bg <+%>+ ik (54 x)

12D2 5 6D2 \ 20 30D2
A2Bg3 A3Bg* /183
=5 (1+ ) + D7 <20 —l—’yk> (B.139)

First-order correction to the irreducible three-point vertex

Analogous to the previous calculation, we also have to derive the first-order
correction to the irreducible three-point vertex. To leading order in 1/D), this
vertex obeys the flow equation

1

5(3) (5) NI AC) 5(4)
aA |:¢A j|5410~425¢3 §T |:F (PA a1a2a3] - 8&1§&26‘3 Tr |:FA¢A,C~M1FA¢A,O~120~L3:|
= AD] = Sapma [APY] (B.140)
Qa1aQ3 Qlo2a3
(5) (3,4)
where the tensors A, and A" are defined as
(5) _ .80
AV, e = T [FA®) o] (B.141)
ALY n[E e, Fad ], (B.142)
Q10203 ’ ’
and we again use the notation
AV] o G(Ky + K+ Ky) AP (K K) (B.143)
a1ao03

for their components in Fourier space. According to the exact flow equa-
tion (B.103)) of I13*(k), the first-order correction to the irreducible three-point
vertex only appears in the expression

Z / VoVark®7(Q, —Q — k))(Q + k, —Q)
— AV, II8*(Q)) [1 — AV IIV(Q + K)]

%AZ/ V, Ve ®52(Q, —Q — k) (Q + k, —Q)

—2A / VaVark @3 (Q, —Q — k)2 (-Q.Q + k). (B.144)
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It is therefore sufficient to focus on the flow equation of ®3¥*(Q, —Q — k).
Together with Eq. it is also clear that, to leading order in 1/D, we can
neglect all g-dependent terms in the first-order correction to the irreducible
three-point vertex.

Contribution from Af’) The first contribution to the flow of the irre-
ducible three-point vertex is given by

Ao 1 V,07"* (P, —P,Q, —Q — k)
@-Q—k)~ Z/ [1— AV, bo(p)]

v
S NTETE0,0, v, —v /—p
g ; o '), [1— ABYV,]?
A
Bﬁ)’D Z@nyz(O 0,v,—v)
5(12 + B%v%)Ag?

where in the last line we have set S = 1/2.

Contribution from AS\M) For the second contribution we first consider
the general relation

AP (1K)
= Z/ FU(P)SY™ (P, =P — K0) FY(P + K )&y (P + K1, — P, K»)
N2§39b7’?D Z Z B3 (p, —p — w1) Dy (p + wi, —p,ws). (B.146)
While the full contribution to the flow of ®3¥*(Q, —Q — k) is given by
Savianas AV HQ, —Q — k)
“APDHQ, 0 — k) + APV (LQ — K, k) + AP (K, Q), (B.147)

only the last term is independent of gq,

4),zz Ag* vk ( v
AE\34) y<k7Q)_263 b/ QDZZ(b’WS (bé’y y(p7_p7y>
Ag? _ 9
= (1= b,0) S Oov F Opv y 2

26D 20 v3 vp?
(12 + %) Ag*
12813 D ’

= (1-4,0) (B.148)
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where we have again set S = 1/2.

Second-order contribution to the flow of II{* from the leading cor-
rection to @5\3) We thus arrive at

(12 + 8%%) (5 + ) Ag?
128v3D ’

/q PR Q. ~Q — k) = —(1 - b,0) (B.149)

where the momentum integral removes the irrelevant g-dependent terms.
Integrating up the flow then leads to

/cp’”yz Q-Q -k~ (150" 1 (1“52”2)(“7’“)[\292] ,

| 65%v2D
(B.150)

so that the total second-order contribution to the flow equation of I15*(k)
from the first-order correction to the irreducible three-point vertex reads

2 /Q VoVars [B75(Q, —Q — k)5 (~Q.Q + k) — B3 (v, —1) 85" (—v, )]

N 52 (12 + B212)(5 + i) A2 g?
~ 2A\/Q‘/q‘/;1+k(1 51/,0) 16”(—”)( ) 6521/2D
Ye(5 + ) BN G 124+ 327 (5 + ) A%
3D? 2 gt 30D2 ' (B.151)

v#£0

First-order correction to II*(K) for w # 0

Since the polarization function IT13*(K) itself appears on the right-hand side of
its flow equation ([B.103)), we also have to evaluate its first-order correction in
1/D for finite frequencies. Assuming w # 0, the term involving the irreducible
four-point vertex is to leading order given by

Vq P (v, —1, w) Ag? ~ 2Ag?
- ~ — d?2(().() _
Z/ ]_—AVb/ ( )] 252b/D; 0 ( 5 ;W) szD’
(B.152)

while the term involving the irreducible three-point vertex yields

A Z/ Vo Ver @ (v, —v — w) B (v + w, —1)

A . 2A g2
sl B
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We thus find

A _
ONITE (k. i # 0)) = 20U Z0) 582 Dw,

which together with our earlier result (B.112)) for the static case leads to

2 1y AP (100" Ag*(1 — )
I (K) = 6(w)b [1 51D ((b’)2 v T (1- 5“’0)5w—2D'

(B.154)

(B.155)

Second-order contributions from the denominators

We are now in a position to evaluate the final contribution to the flow of
15 (k), which comes from the denominators in

zz B aazz Q7 )
) =53 [, o

A% / VaVair P (Q, —Q — )} (Q + k, —Q)
— AV (@) [1 = AVauITX(Q + k)]

(B.156)

Since the denominator of the second term only contributes to third order in
1/D, we are left with

_72/ V, 802 (1, —v, 0)

[1— AV, naa Q)

~= 552 ZZ@WZ v, —1,0) / Vy [2AVLIIE(Q) + ,.04(ABYV, )]
(B.157)

Subtracting the trivial leading correction, the first term in this expression is
easily evaluated as

_A 5228w 0) | V7M@) - 13 ()

5b///A3 2 ~ 2 V2
q)()[()fZZ 07 0’ O / V @OZOCZZ _ O
12b/D Z 0 ( ) a q ZO; VZ#) V v, ) 621/2
258A3g*  8BA3g* 1 43ﬁA3g4
= = B.158
72D2 D? 2 Byt T 120D2 ( )

v#0
where in the last line we have set S = 1/2. For the second term we find

56A394/ 4%_56/\394
2y /7 1D?

_2A352(b')32§>3a”(0,0,0)/qv; _— . (B.159)

«
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where we have used Eq. (B.67)). The total second-order contribution to the
flow of T13*(k) from the denominators is thus

43BA3¢g*  5BA3g* B 1078A3g*

120D? D> 120D%

(B.160)

Total second-order contribution to the flow of I15*(k)

Collecting all intermediate second-order results (B.139)), (B.151)), and (B.160)
yields

BA%g?

BASg4 (183 ) ’yk(5 + ’yk)ﬁAgg4 1076A3g4
e i —
apr U+ e (g t) + 30D2 12002
BA%g? BA3g*
=~ (14 ) + 007 (19 + 109k + v2)- (B.161)

Integrating this expression over A and combining it with our first-order
result (B.112), we arrive at the static, zero-field polarization function for
S =1/2 to second order in 1/D,

Lo G6+m) @0 +w) | gt (19 2
A T R V> 7= TR T &
(B.162)

Finally, via Eq. (3.135a) we can use this result to derive the 1/D expansion
of ', (k) to second order,

9°G+w) ¢Pl+w) g (11 %3)

/Fzz — 1 _
BETY (k) 9%+ 5D 3D? 18D?

Setting I'{”;(k) = 0 to compute the critical temperature, we find that a
phase transition first occurs for 42 = 1. This allows us to simplify the g* term
so that we end up with the quartic equation

PE+m) _gPlt+w) g
6D 3D2 18D?

1— g + (1—1%) =0. (B.164)

B.3.3 Second-order correction to I'{* for S — oo
First-order correction to the irreducible four-point vertex

Having derived the second-order correction to I'3* in Sec. for the quantum
limit S = 1/2, it is only natural to also consider the classical limit S — oc.
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Similar to the calculations for the Ising model in Sec. the classical limit
implies that all irreducible vertices with an odd number of external legs vanish
and that we do not need to introduce a temporal dependence. We start by
considering the flow equation of the irreducible four-point vertex, which to
leading order can be written as

(B.165)

Q1020304

Here the tensors ASXG) and AE\4’4) are defined analogously to the S = 1/2 case

in Sec. [B.3.2

[AE\ﬁ)}dldgdg@; = ;TI‘ [FA&)E\G,)éqdzdsdJ ’ (B166>
{A%A)}dldgdgdz; = ;Tl“ [FA&)%)éqszA(iE\%zing . (B167>

Note that, due to S — oo, the superindex & = («, 7, 7) can now effectively be
taken as time independent, which suggests the notation

Ay = (kg + kg + K + k)AL (B Ky K)  (B.168)

160304

for the tensor components in Fourier space. It is implied that these tensor
components as well as the irreducible vertices are properly normalized with
respect to f and S to render them dimensionless and finite; the last point
also applies to derivatives of the Brillouin function so that, e.g.,

S(S+1) 1,
3 et

1+1/8 1

b = 3 (B.169)

Contribution from Ag\G) We first consider AE?), for which we find

aazz 1 BV qB’Y’YaO&ZZ b,—p,q,—q, k
S APe(g g k)~ by [P0 :

242 Jp [1 — AbBV,)
Ag? ~ 8Ag?

~ A . B.170
2b'D ; ’ 9D (B.170)

Here we have introduced the notation

égﬂ...an = ég&l-.-an(kl — 0’ e kn—l = 0) (Bl?l)
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Contribution from A§\4’4) From our previous calculation (B.126)) we al-
ready know that in general

Ag* iy 1k = 5
A(4,4),a1a2a3a4 (kla kig, kg) ~ 2 Tkitke @75&1&2(1)67&3&4_ (B172)
A 4(V')2D %: ©
Specifying
AR (o, oy k) = AL (g, —q, k), (B.173)

we find that the fully symmetrized contribution reads

44 aazz
Z Salaz 013014 & (q7 —-q, k)

Ag Fydaa F0vzz Fydaz Fovaz
~ Z [(I)gé (1)37 + (Yg+k + Vtz—k)q)g(S (I)((S)7 }
avyd

i(%ﬁk + vq—k)} : (B.174)

Second-order contribution to the flow of II§* from the leading cor-
rection to <i>§\4) In total we thus find

Foaazz 2Ag2 3
> P (q, —q. k) ~ — {5 + 2 (Vg + vq_k)} , (B.175)
a 9D 5
which integrates to
Faazz Faazz A292 3
> [®5e* (g, —q. k) — 257 | ~ — oD {5 + = (e + yq_k)} . (B.176)

[0}

According to Eq. (B.122)), the total second-order contribution to the flow of
1157 (k) from this first-order correction is then given by

Y Z / 5‘/ (I)aazz q,—q, k) — AV Z /q Bzqu [ét]x\azz((b —-q, k) - (i)gcazz]

AgPy,  BAg
“Top? T ep? (B.177)
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Second-order contribution from the denominator
It now remains to evaluate the contribution from the denominator of the first
term in Eq. (B.103]),
S / BV, 067 (q, —q, k)
25 g [L - ABV 115 (@)
= S0 [ BV [ABVITE (@) + 2NV BV,
= q

2A0 27 72 A292 / 2
N_g/qg v l1— S+ 2(AVBV)
Ag2 A394 A3g4 Ag2 5A3g4
3D ' 6D D2 3D 6D?’ (B.178)

where we have used Eq. (B.67)) as well as our first-order result (B.112)).

Total second-order contribution to the flow of 115 (k)

The total second-order contribution to the flow of 115*(k) thus reads

Mgy 5Agh BNt Algiy
- = B.179
10D* © 6D*  6D?  10D*’ (B-179)

so that the static, zero-field polarization function for S = oo is to second
order in 1/D given by

2 3

2z g 9k

Inverting this expression and using the relation (3.135a)) yields

v 1 9 Pw g
NS (l~c)+5vk:b,[1+2D—10Dz+4D2 : (B.181)

which together with the condition I'3*(k) = 0 for a phase transition results in
the quartic equation

2 3 4

P P g
1— g _ 9 _y. B.182
9%+ 55~ 1002 T apz = (B.182)




Appendix C

Deutsche Zusammenfassung

C.1 Renormierungsgruppe

Da sich die vorliegende Arbeit hauptséchlich mit der Anwendung der Re-
normierungsgruppe (RG) auf Spinsysteme beschiftigt, soll diese Methode
hier kurz vorgestellt werden. Da die RG konzeptionell sehr stark durch die
Arbeiten von Wilson gepragt wurde [19-22] 28, 29] und die in Kap. [2/ und
benotigten Methoden der modernen funktionalen Renormierungsgruppe
(FRG) dort konkret hergeleitet werden, soll im Folgenden insbesondere auf
die Wilsonsche RG eingegangen werden. Die grundlegende Idee ist, ausgehend
von einem mikroskopischen Modell iterativ Freiheitsgrade zu eliminieren.
Dabei besteht eine Iteration jeweils aus zwei Schritten: Dezimierung und
Reskalierung. Im ersten Schritt findet eine Reduktion der Freiheitsgrade statt,
indem wir diese ausintegrieren oder eine partielle Spur berechnen. Intuitiv
lasst sich dieser Vorgang so vorstellen, dass man das System mittels der RG
durch ein Mikroskop betrachtet und schrittweise "herauszoomt', um schlieflich
Informationen tiber die makroskopische Figenschaften des Systems zu erhal-
ten. Nach der Dezimierung ist es notig, alle Langenskalen so zu reskalieren,
dass die Gitterkonstante wieder ihren urspriinglichen Wert annimmt. Durch
diesen zweiten Schritt ist es moglich Fixpunkte zu finden, an denen sich das
System invariant beziiglich der kombinierten Wirkung von Dezimierung und
Reskalierung verhélt. Eine anschauliche Darstellung dieser beiden Schritte im
Ortsraum ist in Abb. gezeigt.

Allerdings hat sich gezeigt, dass es in der Praxis niitzlicher ist, im Impuls-
raum zu arbeiten. In der einfachsten Variante eines harten Cutoffs unterteilt
man die Fourierkomponenten der relevanten Felder ¢ in einen makroskopi-
schen Teil 3 und einen mikroskopischen Teil o3 ,

p(k) = @}, (k) + o5, (). (C.1)
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Abbildung C.1: Schematische Darstellung der beiden RG-Schritte im Orts-

rauimn.

Die Unterteilung erfolgt dabei durch den Cutoff Ay mittels der Heaviside-
Funktion,

Pho (k) = O(No — |K[)e(k),
P, (k) = O(lk| = Ao) (k). (C.2)

Indem wir zu Beginn nur iiber den mikroskopischen Teil ¢} —integrieren,
erhalten wir eine Formulierung des Systems beziiglich der Impulsskala Ag;
mathematisch driickt sich dies durch die Wirkung Sa,[¢},, ga,] aus, wobei
der Vektor g,, alle vorkommenden Kopplungskonstanten beinhaltet. Der
RG-Schritt der Dezimierung lésst sich nun dadurch definieren, dass wir eine
zweite Impulsskala A < Ag einfithren und nur die Freiheitsgrade ausintegrieren,
deren Impuls in das Intervall [A, Ag] fallt, wodurch wir die neue Wirkung
Saler, ga] erhalten. Grundsatzlich entspricht dies der in Kap. |2| verfolgten
Strategie, wobei die dort verwendete technische Durchfiihrung mittels eines
Litim-Regulators eine effizientere Version des harten Cutoffs darstellt. Der
Reskalierungsschritt lasst sich nun einfach durchfithren, indem wir reskalierte
Impulse

k = bk (C.3)
und reskalierte Felder
p(k) =072\ Zyp(k) (C4)

einfihren mit b = Ag/A > 1. Wahrend sich der Exponent D, aus einer
einfachen Dimensionsanalyse ergibt, ist die Berechnung von Z, nichttrivial,
da in diesen Faktor Wechselwirkungseffekte einflieen. Zuletzt driicken wir
die Wirkung Sx[¢}, ga] durch die reskalierten Grofen aus und bringen die
Wirkung in dieselbe Form, die sie vor der Dezimierung hatte. Diese Forderung
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definiert impliziert die reskalierten Kopplungskonstanten g,. Daher lasst
sich eine einzelne Iteration der RG auch als Funktion darstellen, die Punkte
im Raum aller moglichen Kopplungskonstanten aufeinander abbildet. Fiir
infinitesimal kleine Schritte beschreibt die sukzessive Anwendung der RG
daher eine Kurve in diesem Raum, was als Fluss der Kopplungskonstanten
bezeichnet wird. Ein Beispiel fiir den Fluss in einem zweidimensionalen
Unterraum ist im néachsten Abschnitt in Abb. [C.4] dargestellt.

Der letzte wichtige Teil betrifft die Existenz von Fixpunkten. Diese zeich-
nen sich dadurch aus, dass die dazugehorigen Kopplungskonstanten g* durch
eine Iteration der RG auf sich selbst abgebildet werden. Da die reskalierte
Korrelationsldange durch

S

£ = (C.5)
gegeben ist und wir an einem Fixpunkt & = £ fordern, folgt sofort die wich-
tige Erkenntnis, dass die Korrelationslinge an einem Fixpunkt entweder
verschwindet oder divergiert. Letzterer Fall tritt bei kontinuierlichen Pha-
seniibergangen wie dem Berezinkskii-Kosterlitz-Thouless-Phaseniibergang
auf, der im néichsten Abschnitt betrachtet wird. Betrachtet man nun das
Verhalten der Kopplungskonstanten in der Néhe eines solchen kritischen
Fixpunktes, so findet man tiblicherweise, dass fast alle Kopplungskonstanten
gegen Null flielen; diese werden daher als irrelevant beziiglich des betrachteten
Fixpunkts bezeichnet. Zur Berechnung der universellen Eigenschaften des
kritischen Fixpunktes ist es daher ausreichend, nur eine kleine Untermenge an
Kopplungskonstanten zu betrachten. Diese Tatsache wird explizit in Kap.
ausgenutzt, was dort eine analytische Betrachtung ermoglicht.

C.2 Berezinkskii-Kosterlitz-Thouless-
Phaseniibergang

Im zweiten Kapitel dieser Arbeit betrachten wir den BKT-Phaseniibergang,
der nach Berezinkskii, Kosterlitz und Thouless benannt ist [48-52]. Das
einfachste Modell zur Beschreibung dieses kontinuierlichen Phaseniibergangs
ist das zweidimensionale XY-Modell

Hyy =—J) 8i*Sivy=—J ) cos(0isy — 0:). (C.6)

iy (2

Dieses besteht aus klassischen Spins s; = e, cos 8; + e, sin ¢; mit fester Lange,
die auf den Gitterplétzen r; eines quadratischen Gitters befestigt sind und die
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Abbildung C.2: (a) Schematische Darstellung des XY-Modells. Die durch
den Polarwinkel 6 parametrisierten klassischen Spins (schwarze Pfeile) wech-
selwirken tber die Néachste-Nachbar-Wechselwirkung J (rote Linien, gezeigt
fiir den zentralen Spin) miteinander. (b) Beispiel fiir eine Spinkonfiguration,
die einen Vortex mit Vortizitdt ¢ = 1 und einen Antivortex mit Vortizitat
g = —1 aufweist.

iiber eine Nachste-Nachbar-Wechselwirkung J > 0 miteinander wechselwirken.
Eine graphische Darstellung dieses Systems ist in Abb. ) gezeigt. Wahrend
das System offensichtlich einen ferromagnetischen Grundzustand besitzt, ist
eine langreichweitige Ordnung bei endlichen Temperaturen aufgrund des
Mermin-Wagner-Theorems [47] nicht moglich. Dies schliefit jedoch nicht die
Existenz eines kontinuierlichen Phaseniibergangs aus, wie wir im Folgenden
sehen werden. Dazu ist es notig, das emergente Phénomen von Vortizes und
Antivortizes zu betrachten.

Intuitiv bezeichnen diese eine spezielle Konfiguration der Spins, bei der
diese kreisformig um einen zentralen Punkt ausgerichtet sind [siche Skizze
in Abb. [C.2b)]. Mathematisch ist es niitzlich, die ganzzahlige Vortizitét ¢
einzufiihren: Dabei entsprechen Vortizes einer positiven Vortizitit, wahrend
fiir Antivortizes ¢ < 0 gilt. Wie in Abb. ) zu sehen ist, heben sich die
Effekte von Vortizes und Antivortizes gleicher Vortizitat fiir grofere Abstande
auf, was die Interpretation von ¢ als Ladung nahelegt. Damit ldsst sich nun
der BKT-Phaseniibergang qualitativ beschreiben: Fiir kleine Temperaturen
T < T, liegen Vortizes und Antivortizes nur in eng gebundenen Paaren von
verschwindender Vortizitat vor. Diese Phase weist eine quasi-langreichweitige
Ordnung auf, bei der die Spin-Spin-Korrelation fiir grofe Abstdnde mit einem
Potenzgesetz abfillt [Abb. [C.3p)]. Erst bei der kritischen Temperatur 7,
werden die groBten Vortex-Antivortex-Paare aufgebrochen, sodass fir T' > T,
ungebundene Vortizes und Antivortizes energetisch moglich sind. Dies fiihrt
dazu, dass die Spin-Spin-Korrelation fiir grole Distanzen exponentiell abféllt,
was einer ungeordneten Phase entspricht [Abb. [C.3p)].
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a) 0<T<T., b) T>T,:
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Abbildung C.3: Intuitive Darstellung des BKT-Phaseniibergangs. (a) Bei
hinreichend niedrigen Temperaturen liegen Vortizes (rote Punkte) und Antivor-
tizes (blaue Punkte) nur in eng gebundenen Paaren vor. Das langreichweitige
Verhalten der Spin-Spin-Korrelationsfunktion entspricht daher einem Potenz-
gesetz und wird durch die anomale Dimension n(7") charakterisiert. (b) Fir
T > T, ist die Existenz von freien Vortizes und Antivortizes moglich. Dies
fithrt zu einem exponentiellen Verhalten der Spin-Spin-Korrelationsfunktion
mit einer endlichen Korrelationsliange &(T).

In der Sprache der RG lédsst sich dieser Phaseniibergang durch das
Verhalten der Kopplungskonstanten g; und 7; charakterisieren, wobei er-
stere der reskalierten Vortex-Fugazitdt und letztere der dimensionslosen
Temperatur entspricht. Deren Fluss wird durch die Kosterlitz-Thouless-
Renormierungsgruppengleichungen

8[@[ = (2 — W/Tl)gl, (C?)
g?

8[7’[ = ZL s (08)
8w

beschrieben; das entsprechende Flussdiagramm in der Nédhe des BKT-
Phaseniibergangs ist in Abb. gezeigt. Urspriinglichen wurden die
Kosterlitz-Thouless-Flussgleichungen mithilfe einer spezifischen Formulie-
rung der RG im Ortsraum hergeleitet [51H53]; dieser Zugang hat allerdings
den Nachteil, dass er recht schwierig auf andere Probleme verallgemeinerbar
ist. Der erste Teil von Kap. [2| beschaftigt sich daher mit der Herleitung die-
ser Flussgleichungen innerhalb der FRG, wozu wir im Impulsraum arbeiten
und den weitverbreiteten Litim-Regulator [77] verwenden. Die Grundlage
bildet dabei Abschn. 2.2 wo wir das XY-Modell durch das Villain-Modell
[67] ndhern und mittels mehrerer Transformationen eine duale Darstellung
dessen herleiten. Das resultierende “Dual-Vortex”-Modell wird durch die
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Abbildung C.4: Flussdiagramm fiir die Kosterlitz-Thouless-Renormierungs-
gruppengleichungen und , die den Fluss der Vortex-Fugazitat
und der dimensionslosen Temperatur 7; beschreiben. Auf der linken Seite der
Separatrix (rote Linie) fliefit das System in das Kontinuum an Gaufischen
Fixpunkten (griine Linie), was der quasi-langreichweitig geordneten Phase bei
niedrigen Temperaturen entspricht. Die ungeordnete Phase bei hohen Tempe-
raturen entspricht dem rechten Bereich, wo ¢, und 7; divergieren. (Abbildung
tibernommen aus Ref. [54])

Zustandssumme
Zyviain = || ( > ) ¢~ Saunlm] (C.9)

mit der Wirkung
Sdual[m] 2 Z A T)’LZ Zwk |mk| (ClO)
i

beschrieben. Das auffallige an dieser Darstellung ist, dass das Feld m; nur
ganzzahlige Werte annehmen kann, sodass wir die iibliche Formulierung der
FRG mittels Funktionalintegralen nicht anwenden kénnen. Daher verwenden
wir die von Machado und Dupuis entwickelte Gitter-FRG [76], die auch fiir
ganzzahlige Felder giiltig ist. Dazu regularisieren wir die Wirkung,

Salm] = ;;[wk T Ra(k)] a2 (1)

wobei der Litim-Regulator gegeben ist durch
Ry(k) = (A — wg)O(A — wg). (C.12)
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Diese Wahl hat den Vorteil, dass die Felder m; bei der Anfangsskala

Ao = max Wy = 8 (C.13)
vollstandig entkoppeln,
A A
Selm] = 50 > Im|* = ?0 m?, (C.14)
k i

sodass wir fiir die Anfangsbedingung nur einen einzelnen isolierten Gitterpunkt
betrachten miissen. Dies ermoglicht die analytische Herleitung der Kosterlitz-
Thouless-Flussgleichungen (C.7)) und , was wir in Abschn. mittels
der “vertex expansion” und in Abschn. mittels der “derivative expansion”
zeigen. Schlieflich verallgemeinern wir unsere Methode in Abschn. 2.6 und
auf das O(2)-Modell sowie auf das stark anisotrope XXZ-Modell. Dies ermog-
licht uns zu zeigen, dass schwache Amplitudenfluktuationen sowie schwache
Auslenkungen aus der xy-Ebene in der Ndhe des BKT-Phasentibergangs nur
zu nicht-universellen Anderungen fiihren, sodass der Phaseniibergang erhalten
bleibt und in der gleichen Universalitatsklasse wie der des XY-Modells liegt.

C.3 Funktionale Renormierungsgruppe fiir
Spinsysteme

Der letzte Teil der vorliegenden Arbeit beschéftigt sich mit der Entwicklung ei-
ner neuen Formulierung der FRG fiir Spinsysteme. Aufgrund der nichttrivialen
Kommutationsrelation fiir quantenmechanische Spinoperatoren,

|52, 8%] = ies7, (C.15)

lasst sich die tibliche Formulierung der FRG fiir bosonische oder fermionische
Felder nicht direkt auf diese tibertragen. Bisher wurde dieses Problem da-
durch gelost, dass man die Spinoperatoren auf bosonische oder fermionische
Freiheitsgrade abbildet und die FRG fiir das resultierende Modell 16st, was in
der Praxis allerdings mit verschiedenen Néherungen verbunden ist.

Einer der Hauptvorteile der in Kap. Vorgestellten Spin-FRG (SFRG) liegt
daher in der Tatsache, dass diese direkt iiber die Spinoperatoren selbst formu-
liert ist. Moglich ist dies dadurch, dass Spinoperatoren an verschiedenen Git-
terplatzen miteinander kommutieren, sodass die imaginarzeitgeordneten Spin-
korrelationsfunktionen bosonische Kubo-Martin-Schwinger-Randbedingungen
erfillen. Die su(2)-Algebra der Spinoperatoren wird dabei komplett tiber
die Anfangsbedingungen des FRG-Flusses berticksichtigt, welche daher eine



176 C. Deutsche Zusammenfassung

vergleichsweise hohe Komplexitdt aufweisen. Indem wir einen Cutoff A in
das generierende Funktional der zusammenhangenden imaginérzeitgeordne-
ten Spinkorrelationsfunktionen einfithren, welches durch eine Spur iiber den
gesamten Spinraum definiert ist, konnen wir in Abschn. durch einfaches
Ableiten nach A eine exakte Flussgleichung fir dieses generierende Funktio-
nal herleiten. Ausgehend davon folgen wir der iiblichen Formulierung der
FRG, um mittels Legendretransformation eine exakte Flussgleichung fiir das
generierende Funktional der irreduziblen Vertizes zu erhalten,

oT's[m]
ong (t

aAfA[n]:;Tr{(fx[nHRA aARA} / St (©19

Diese entspricht in ihrer Form exakt der Wetterichgleichung [34] fiir bosonische
Felder. Um ein konkretes Beispiel fiir die Struktur der SFRG zu geben, wenden
wir diese daraufhin auf das Spin-S Ising-Modell an und demonstrieren zwei
verschiedene Methoden zur Berechnung der kritischen Temperatur 7..

In Abschn. zeigen wir, dass sich mittels einer Hubbard-Stratonovich-
Transformation eine alternative Variante der SFRG herleiten lasst. Neben der
Tatsache, dass diese eine einfachere Form der Anfangsbedingungen fiir quan-
tenmechanische Spinsysteme erlaubt, stellt sie auch eine direkte Verbindung
zum spindiagrammatischen Formalismus von Vaks, Larkin und Pikin (VLP)
[TH3] her. Als Demonstration dessen zeigen wir explizit anhand der freien
Energie und der longitudinalen Polarisationsfunktion, wie sich die von VLP
berechneten fithrenden Korrekturen beziiglich einer Entwicklung in der inver-
sen Wechselwirkungsreichweite innerhalb der SFRG herleiten lassen. Dartiber
hinausgehend nutzen wir die Hubbard-Stratonovich-SFRG auflerdem, um die
kritische Temperatur fiir das quantenmechanische Spin-S Heisenberg-Modell
mit ferromagnetischer sowie antiferromagnetischer Austauschwechselwirkung
zu erhalten.

Abschlieflend entwickeln wir in Abschn. [3.4]eine weitere Variante der SFRG,
bei der die Hubbard-Stratonovich-Transformation nur im longitudinalen Kanal
durchgefiithrt wird. Diese Hybrid-SFRG sollte insbesondere in der geordneten
Phase von Vorteil sein, da in diesem Fall eine unterschiedliche Behandlung
von transversalen und longitudinalen Fluktuationen naheliegt.
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