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In the preceding chapters, we have seen examples of interacting systems where mean-field
theory is a good starting point. In many cases however, fluctuations about the mean-field
approximation are important and cannot be neglected. In low dimensions, they often play a
crucial role and tend to suppress long-range order. In a more subtle way, they can also affect
the correlation functions near a second-order phase transition and invalidate the mean-field
predictions regarding their long-distance and long-time behavior.

In this chapter, we give a general introduction to the theory of second-order phase
transitions (i.e. transitions with a continuous order parameter and a diverging correlation
length). After a brief introduction to critical phenomena (Sec. 10.1), we review Landau’s
mean-field theory for a (classical) (¢?)? theory with O(N) symmetry (Sec. 10.2). By study-
ing fluctuations about the mean-field approximation, we find that Landau’s theory becomes
inapplicable near the transition for dimensions below the upper critical dimension d" = 4,
while long-range order is suppressed at and below the lower critical dimension d; = 2
(Sec. 10.3). We then discuss second-order phase transitions in the framework of the scaling
hypothesis and derive relations between critical exponents (scaling laws). The RG - with the
important notions of RG flows, fixed points and critical exponents - is discussed in Sec. 10.5.
We show how the RG naturally leads to universality and scaling. The critical exponents are
computed perturbatively near the upper critical dimension (Sec. 10.6), and near the lower
critical dimension in the framework of the NLoM (Sec. 10.7). The Berezinskii-Kosterlitz-
Thouless transition is discussed in section. 10.8. In section 10.9, we give a brief introduction
to the functional RG, the Wilson-Polchinski equation and its solution in the local poten-
tial approximation.! Details about the perturbative calculation of critical exponents and
the large-N limit of the (¢?)? theory or NLoM can be found in the appendices. We con-
sider only classical (thermal) phase transtions; (zero-temperature) quantum phase will be
discussed in chapter 12.

IThe functional RG will be discussed at length in chapter 11.
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10.1 Introduction to critical phenomena 605

10.1 Introduction to critical phenomena

Let us consider a system with the partition function

Z(K) = Tre PH (10.1)

where K = {K;} denotes a set of parameters or “coupling constants” (external fields,
microscopic parameters, etc.) of the Hamiltonian H, as well as temperature. We assume
that the thermodynamic limit exists, i.e. that the limit
F(K 1
f(K):‘}iinw%:f‘}ijrlmﬂ—Van(K) (10.2)
is defined.? When this is not the case, surface effects remain important in the limit V' — oo
and it is not possible to define a bulk free energy density f(K).

A region in the K = {K;} space where f(K) is analytic defines a phase of the system.
Phase transitions correspond to non-analyticities of f(K).> In general, the free energy of
a finite-size system is analytic. We are interested in the case where non-analyticities arise
from the thermodynamic limit V' — oo in which the number of degrees of freedom becomes
infinite, and focus on thermal phase transitions (i.e. transitions driven by thermal fluctua-
tions). Quantum fluctuations do not play an important role in the low-energy behavior of
a system near a finite-temperature phase transition and we therefore only consider classi-
cal models. Quantum phase transitions, i.e. zero-temperature phase transitions driven by
quantum fluctuations, are discussed in chapter 12.

10.1.1 Spontaneous symmetry breaking

There are different kinds of phase transitions. Some, such as the liquid-gas transition or
the Mott transition in solids,* do not break any symmetry. Others, e.g. the ferromagnetic
transition in a magnetic system (chapter 8) or the superfluid transition in a Bose gas (chapter
7), are associated with spontaneous symmetry breaking. We are interested in the case
where one of the phases has the full symmetry of the Hamiltonian, while the other one has
a reduced symmetry. It is then possible to introduce an order parameter which vanishes
in the “disordered” (symmetric) phase and takes a nonzero value in the “ordered” phase.’
Since the state of the system is determined by the minimum of the free energy F = E—T'S,
the disordered phase usually corresponds to the high-temperature phase (where entropy
effects dominate) and the ordered phase to the low-temperature phase.

In the following, we mostly use the language of the ferromagnetic transition and, unless
otherwise specified, consider an easy-axis ferromagnet (the easy axis determines the direction
of the magnetization). While the system is paramagnetic at high temperatures, below the
transition temperature T, there appears a spontaneous magnetization M in zero magnetic
field (Fig. 10.1). To understand the nature of the broken symmetry, we assume that the

2 A necessary condition for the thermodynamic limit to exist is that the interactions are sufficiently short
range.

3This definition is in fact ambiguous since it is sometimes possible to go from one phase to the other
without crossing a phase boundary. This is possible when, as in the liquid-gas transition, both phases have
the same symmetry.

4The Mott transition is a metal-insulator transition induced by the Coulomb repulsion.

5In the liquid-gas transition, although there is no spontaneous symmetry breaking, it is possible to define
an order parameter, namely the density of the fluid (or the difference between the density of the fluid and
that of the gas).
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Figure 10.1: Magnetization density of an easy-axis ferromagnet vs temperature in zero field
(left panel), and vs magnetic field below, above and at the transition temperature (right
panel).

Figure 10.2: Phase diagram of an easy-axis ferromagnet. The discontinuous transition line
(thick line) between states with magnetization density m(7T) and —m(T') terminates at the
critical point (T,, H = 0).
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Figure 10.3: Free energy density f(H) = F(H)/V and magnetization density m(H) =
M(H)/V of an easy-axis ferromagnet as a function of the magnetic field for finite and
infinite systems.

ferromagnet consists of a collection of spins S, located at the sites r of a lattice and parallel
to the easy axis. Because of time reversal symmetry in the absence of an external field,
the Hamiltonian H(S;) is invariant under spin inversion S, — —S,. In the ferromagnetic
phase, spin inversion is spontaneously broken. On the other hand, if the ferromagnet has no
easy axis but is isotropic, then the Hamiltonian is invariant under a simultaneous rotation
of all the spins, H(S,) = H(R(S:)), where R is an arbitrary rotation matrix acting in
spin space and the spin variables are now three-dimensional vectors. In the ferromagnetic
phase, spin rotation invariance is spontaneously broken: m = (S,) # 0. In this case, the
broken symmetry is continuous. We shall see that the nature (discrete or continuous) of
the spontaneously broken symmetry plays a crucial role in the low-energy properties of the
system.

The phase diagram of a ferromagnet is shown in figure 10.2. There is a discontinuity
in the magnetization density m as the magnetic field H goes trough zero for T' < T, (the
magnetic field is assumed to be along the easy axis of the ferromagnet). This discontinuity
terminates at the “critical” point (7., H = 0).%

Because of time reversal invariance, the free energy does not change if we reverse the
direction of the field, F(H) = F(—H). This implies

Of(H) _ _Of(-H) _ 9f(-H)
so that it seems that the zero-field magnetization density m(H = 0) = M (H = 0)/V must
vanish. This argument however requires f(H) = F(H)/V to be analytic at H = 0, i.e.
Of(H)/OH to be smooth at H = 0. While this is true if the volume is finite, this is violated
in the infinite volume limit when T' < T,:

Ay o (104

but oF (i)
. . 10OF

£0, (10.5)

6See footnote 11 page 609.
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608 Chapter 10. Renormalization group and critical phenomena

as illustrated in figure 10.3. Spontaneous broken symmetry is possible only in the thermo-
dynamic limit where the free energy density f(H) becomes non-analytic at H = 0.

To illustrate this point, let us consider spins Sy located at the sites of a lattice (with N
the number of sites). The probability to find the system in the state {Sy} is given by the
Boltzmann distribution
e—BH{S})

Z

If P({Sy}) is invariant under Sy — —Sy (time-reversal invariance), then (Sy) = TrP({S;})Sr =
0 and it seems that spontaneous symmetry breaking is impossible. At low temperature, for

a ferromagnetic coupling between spins, the latter are either “up” ((S;) = +m) or “down”
((Se) = —m). These two configurations are related by time reversal symmetry and their
probabilities are equal: Py = Ps. Now apply an external positive field H (H > 0). Due to
the coupling term —H ) S,

P({S:}) = (10.6)

R .
P

and
lim 22— (10.8)
N—o0 P@

Thus the presence of an infinitesimal field H — 07, together with the thermodynamic limit
N — o0, is sufficient to select the configuration €. The configuration © is inaccessible.
Equivalently, we could set H = 0 and use a restricted ensemble where the configuration &,
and more generally all microstates with a negative magnetization, is not allowed. The fact
that some part of the phase space is forbidden is known as ergodicity breaking.”®

10.1.1.1 Gibbs free energy

The stability of the system requires the isothermal susceptibility

_Om _l82F(H)

T OH V OH? (10.9)

X

to be positive. Thus F”(H) < 0 and the free energy is a convex function of the magnetic

field. This allows us to invert the relation m = —%g—f] and introduce the Gibbs free energy
G(m)=F(H)+VHm, (10.10)

defined as the Legendre transform of F'(H). G(m) satisfies the equation of state

0G(m) _
o =VH. (10.11)

From figure 10.3, one easily deduces the general form of the Gibbs free energy (Fig. 10.4).
The convexity of F(H) ensures that G(m) is also a convex function. In the ordered phase,
the (absolute value of the) magnetization is always larger than the zero-field result my =
—9f/OH |f—o+. The region | — mg, mg[ is not physically accessible.

7A detailed discussion of ergodicity breaking may be found in Ref. [19].
8Spontaneous symmetry breaking is further discussed in Sec. 3.6.2.
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Figure 10.4: Gibbs free energy G(m): high-temperature (left) and low-temperature (right)
phase.
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10.1.2 Landau’s classification of phase transitions

Landau distinguishes between discontinuous (or first-order) and continuous (or second-
order) phase transitions.” In a first-order transition, the order parameter is discontinuous
at the transition (Fig. 10.5). The correlation length ¢ is finite,'” and the two phases (or-
dered and disordered) coexist at the transition temperature T.. In a second-order phase
transition, the order parameter is continuous (Fig. 10.5) and the correlation length diverges.
Fluctuations become correlated over all distances, which forces the whole system to be in a
unique phase. The two phases of either side of the transition must therefore become identi-
cal at T,; as the correlation length diverges, the order parameter in the ordered phase goes
smoothly to zero. The ferromagnetic transition we have discussed above is an example of a
second-order phase transition.

When the correlation length is finite, we can view the system as a collection of subsystems
of size ¢4 (with d the space dimension) with no mutual interaction. By the central limit
theorem, we expect the fluctuations at large distances (> &) to have a Gaussian probability
distribution. By contrast, all degrees of freedom become correlated at a second-order phase
transition where £ diverges (Sec. 10.1.4). We will see that standard perturbation theories
break down in the vicinity of a second-order phase transition unless the dimension is high
enough or the interactions sufficiently long range (Secs. 10.2.1 and 10.3). The temperature
regime where the mean-field or Gaussian theories (Secs. 10.2 and 10.3) are not valid any
more is called the critical regime.!!

On the other hand, the divergence of the correlation length at a second-order phase
transition renders microscopic details irrelevant for the long-distance properties. As a con-
sequence, near the critical point, the singular part of the free energy and the asymptotic
behavior of the correlation functions depend only on general properties such as the space
dimension, the dimension of the order parameter or the symmetry and range of the inter-
actions. This essential property of second-order phase transitions is called universality. We
shall see that universal properties of a system near a second-order phase transition can be
accurately described within an effective theory involving only long-distance fluctuations.

Unless otherwise specified, we will only consider second-order (continuous) phase tran-
sitions in the following.

9Landau’s classification differs from Ehrenfest’s classification where a transition is said to be nth order
if all (n — 1)th-order derivatives of the free energy are continuous while there is at least one nth-order
derivative which is discontinuous. (Ehrenfest did not realize that some thermodynamic quantities (e.g. the
specific heat) can diverge rather than exhibiting a simple discontinuity.)

10The correlation length £ is a measure of the distance over which correlations are important; it will be
precisely defined in Sec. 10.1.4.

11 Second-order phase transitions are often called critical phenomena; the transition temperature is then
referred to as the critical temperature/point.
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m(T) m(T)

\ > — T
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Figure 10.5: Temperature dependence of the order parameter m(7') in a first-order (left)

and second-order (right) phase transition.

10.1.3 Critical behavior

The singular behavior at the critical point is characterized by a set of critical exponents
(Table 10.1). Below T, the magnetization density m(T, H) varies as'?

m(T,0) ~ (=t)? (T = T,), (10.12)

where

(10.13)
is the reduced temperature. At the transition temperature,
m(T., H) ~ HY®  (H - 0), (10.14)

which defines the exponent §. Near the critical point, when the system is about to sponta-
neously order, the susceptibility (i.e. the response to an external magnetic) becomes very
large and diverges at T,

(10.15)

L om { (T —TH),

TOoH|,_, L (=) (=T,

where the two exponents v and +' refer to the high- and low-temperature phases, respec-
tively. The critical behavior is also characterized by a divergence of the specific heat

e (T —T;),
or~{ Gy oo Ho-10)

with an exponent o or o’. In most cases, the exponents on both sides of the transition
coincide: v =4" and a = o’ (Sec. 10.4.2). The divergence of the correlation length and the
singular behavior of the correlation function are discussed in the next section.

10.1.4 Long-range order

A nonzero order parameter implies not only spontaneous broken symmetry but also long-
range order. In most cases of interest, the order parameter is the mean value of an observable
©(r). Besides m = {p(r)), one can also consider the correlation function of the ¢ field. In

12Note that we use the same notation for the critical exponent defined in (10.12) and the inverse temper-
ature 8 =1/T.
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Order parameter m(T,0) ~ (—t)? (T —-1T;,)

m(T,,H) ~ H/®  (H —0)
_om (T =T
T 9H =0~ { (- (T —1T))
e (T —TF)
<””{<4rd<T%zn
t—v (T — Tg")
o { (—t) (T—To)

Susceptibility X
Specific heat

Correlation length

. . 1
Correlation function G(r) ~ W (T = Tc)
1
Gp)~—— (=T,
O~ iy (=T

Table 10.1: Critical exponents at a second-order (continuous) phase transition.

the disordered phase, the order parameter vanishes and the correlation function decays
exponentially at large distances,

Clr 1) = (plr)o(e) ~ exp (1), (10.17)

Equation (10.17) defines the correlation length . For |r — r'| — oo, there should be no
correlation between the magnetization densities at point r and r’, so that

lim O —r') = (p() () = 0, (10.18)

|r—r’| =00

in agreement with (10.17). In the ordered phase, one finds instead

lim  C(r—1') = (p(r)) (o)) = m?. (10.19)
[r—r’|—o00
Equation (10.19) is the mathematical definition of long-range order; it suggests that ¢
diverges as T'— T.F. This can be shown to be a consequence of the (classical) fluctuation-
dissipation theorem (3.60),'3

=6 [ dirlpp() < p [ dire e~ pet (10.20)

Since the susceptibility x diverges at the transition [Eq. (10.15)], £ ~ ¢~ must also diverge
when T — T, which defines the exponent v.
In the ordered phase, it is convenient to work with the connected correlation function

G(r - ') = {(p(r) — m)(p(r') = m)) = Clr —v') = m?® ~ e~ ¥1/E, (10.21)

which defines the correlation length & for T < T.. Both x = SG(p = 0) ~ (ft)_”yl and
& ~ (=t)7v diverge when T — T, .'* In almost all cases, the correlation length critical
exponents v and v are equal (and 7/ = ) (Sec. 10.4.2).

13The correlation function C(r) ~ e~ I*I/€/|r|? generally decays faster then e~ Fl/€.
14The divergence of £ in the ordered phase as T — T is obtained from the same argument as that used
for the ordered phase with the correlation function C' replaced by its connected part G.
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N-component order parameter. For a N-component order parameter m = {(¢(r))
(e.g. N = 3 for a Heisenberg ferromagnet), the connected correlation function is
defined by

Gij(r —r') = ((@i(r) —mi)(p;(r') —m;)) = Cij(x —r') — mim;. (10.22)

If the system is isotropic (O(N) symmetry), the Fourier transformed correlation func-
tion takes the form

Giip) ="

T;ZL] G(p) + (5i,j — mT;ZLJ) G.1(p), (10.23)
where the longitudinal and transverse components, G| and G 1, are functions of |p|. We
shall see later on that when N > 2 and d < 4 neither G| nor G| decays exponentially
in space below T.,' so that the susceptibility y diverges in the whole low-temperature
phase and it is not possible to define a correlation length. It is nevertheless possible
to define a characteristic length, the Josephson length £, which diverges as T — T,
with an exponent v’ = v (Sec. 10.7.2).

10.1.4.1 Scale invariance

At the critical point (T = T,.), the correlation length & is infinite and the correlation function

decays as a power law,
1

G(r) ~ WTM’

(10.24)
where 7 is called the anomalous dimension (this terminology is explained in Sec. 10.4).°
Equation (10.24) will be derived in section 10.4. Under a change of scale, G(r) behaves as

G(r/s) = s772t7G(r) (10.25)

and is therefore invariant (apart from a multiplication by a factor s?=2%7). A critical system
exhibits scale invariance or self-similarity. The concept of scale invariance at the critical
point is central in the renormalization-group approach (Sec. 10.5).

10.2 Landau’s theory of phase transitions

10.2.1 Landau’s theory as a mean-field theory
10.2.1.1 Microscopic Landau’s theory

In a microscopic description, one would like to start from the partition function Z =
Tre AH. While the (quantum) Hamiltonian H is certainly necessary to understand the
microscopic origin of a phase transition, it is not crucial to understand the role of thermal
or quantum fluctuations in the vicinity of the phase transition. It appears more appropri-
ate to have a simplified description which emphasizes the role of the order parameter field
¢(r) associated with the order parameter m(r) = (p(r)). (r) is a quantum field or a
function of the classical dynamical variables. The order parameter field is usually defined

15Mean-field and Gaussian fluctuation theories predict G| (r) to decay exponentially below T¢ for any
value of N. For N > 2 and d < 4, this result is an artifact coming from neglecting the coupling between
transverse and longitudinal fluctuations (see Sec. 10.7.3).

161n Fourier space, Eq. (10.24) gives G(p) ~ 1/|p|?>~".
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10.2 Landau’s theory of phase transitions 613

at a mesoscopic scale A~! which is much larger than the lattice spacing (assuming that the
microscopic model is defined on a lattice) but small wrt macroscopic scales.!”

The process of obtaining a low-energy effective description by averaging over many unit
cells is called “coarse graining”. The averaging procedure ensures that ¢(r) is a continuous
variable, and the partition function can be expressed as a functional integral, s

Z = /D[cp] e~ Slel, (10.26)

where the momentum of the Fourier transformed field ¢(p) satisfied |p| < A. Formally,
we can obtain the low-energy effective action S[¢p] from a partial trace over all microscopic
configurations compatible with a given configuration of the coarse grained field ¢(r). In
general the partial integration involves a finite number of degrees of freedom and S[g] is
an analytic function of ¢. In some cases, it is possible to explicitly derive S[¢] from a
microscopic action as in the example of classical spin models discussed in section 10.2.2.
In many cases however, we simply include in S[¢p] all terms allowed by symmetry within a
derivative expansion. For example, for a N-component field, the simplest action with O(N)
symmetry reads

stgl = [ {570 + ot + )7 (10.27)
corresponding to the so-called (¢?)? theory (or linear O(N) model).

Such an approach is clearly inappropriate to compute the transition temperature (which
depends on microscopic parameters of the system) but is sufficient to understand the behav-
ior of the system near the critical point and in particular the universal properties (Sec. 10.5).

We can compute the partition function (10.26) using the perturbative methods intro-
duced in chapter 1. The simplest approach is to perform a mean-field (or saddle-point)
approximation,

Zap ~ e Slel (10.28)

where the field ¢ is determined from the saddle-point equation 0.5/d¢ = 0. The free energy
is simply given by
1 1
F ==l Zye = 2S[m, (10.29)
where the actual value of the order parameter m = (¢(r)) is obtained by minimizing the
action.

10.2.1.2 Phenomenological Landau’s theory

It is possible to rephrase the preceding discussion from a more phenomenological point of
view with no reference to any microscopic model. In the phenomenological Landau theory
one postulates that the free energy density f = F/V is an analytic function of the order
parameter, whose absolute minimum specifies the state of the system. Near the critical point
of a second-order phase transition, the order parameter is small and f can be expanded in

17In practice, A~! is often identified with the lattice spacing.

18The action S[¢] is sometimes written as 8H|[¢)], or merely H[p], where H|[¢)] is the effective Hamiltonian.
It is often (somewhat improperly) referred to as the “microscopic” action.

9Tn a quantum description, the field ¢ would also depend on an imaginary time 7 € [0,3]. A classical
description is nevertheless sufficient to study the critical behavior at a finite-temperature phase transition
(Sec. 12).
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f(m)

T>TC() T=Tc'0 T<Tc‘0

Figure 10.6: Free energy density f(m) in zero field (h = 0) near a second-order phase
transition [Eq. (10.30)].

a power series. The form of f and its expansion must be consistent with the symmetries of
the system.

Let us consider the case of a N-component real order parameter m(r) and assume the
system to be O(N) symmetric: the free energy density is invariant if we uniformly rotate
the order parameter. For a uniform order parameter and in the absence of magnetic field,
f must be a function of the O(N) invariant m?. Near the phase transition, assuming that
the free energy density is an analytic function of m, we write

Bf = Bfo+ %OmQ n % (m?)’ —h-m, (10.30)
where the last term, which breaks the O(IN) symmetry, is due to the coupling to an external
field H = h/pB (i.e. the external magnetic field in the case of a ferromagnet). When the
order parameter is inhomogeneous, we must include in f a term corresponding to the energy
coast due to deviations from spatial uniformity. For a slowly varying order parameter, this
leads to the Ginzburg-Landau free energy

Flm] = / d%r f(m, Vi), (10.31)
where )
Bf = Bfo+5(Vm)* + Tm?+ 2 (m*)* —h-m. (10.32)

We will see below that higher-order terms such as (m?)3 or (m-Vm)? are negligible near the
phase transition. It is always possible to rescale the order parameter to set the coefficient of
(Vm)? equal to 1/2. The free energy functional (10.31) is identical to that obtained from a
saddle-point approximation of the (¢?)? theory [Eqs. (10.27,10.29)] and is to be identified
with the coarse-grained action S[m)] of the order parameter field.

fo is the free energy density in the disordered phase in the absence of magnetic field.
Since it is expected to vary smoothly with temperature, it is usually omitted. We assume

ro = 77()(T — TC()) (1033)

and neglect the temperature dependence of ug which, as we shall see, is unimportant near
the phase transition. The stability of the system requires ug > 0 (otherwise the free energy
is minimized for |m| — o).
The minimization of the free energy is straightforward (Fig. 10.6). In the presence of a
uniform field along the e; axis (h = he;), the magnetization density m = me; satisfies
98f _ Uo

oy = Tom+ ka” —h=0. (10.34)
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10.2 Landau’s theory of phase transitions 615

For a vanishing field, one finds

0 if T >T.,

m = 0 i o (10.35)

uo

i.e. a phase transition at the temperature Ty (referred to as the mean-field transition
temperature). It usually differs from the actual transition temperature T.. Right at the
transition and in the presence of an external field, the order parameter takes the value

6h 1/3
m(To, h) = (> . (10.36)
Uo
From (10.32) and (10.35), we deduce the singular part of the free energy,
3772 )
f=i Tary T T i TSt (1037

0 if T >Te.

The regular part of the free energy comes from the term f in (10.32), which we have omitted
in our discussion.

Equations (10.35) and (10.36) yield the critical exponents 8 = 1/2 and § = 3. Differen-
tiating (10.34) with respect to H = 8~ 1h, one obtains the uniform susceptibility

B
— f T>T
om 6 r 1 c0»
x =B~ = _ = (10.38)
Oh 1o+ Hm? i if T < Th,
2|rol
and a critical exponent v =+’ = 1. The singular part of the specific heat per unit volume,°
%S g LTt (10.39)
oy =-T—= = T .
v T2 3072 if T < Ty,
Uo
is discontinuous at the transition.
Let us now we consider the equation
0BF
0= (5” [(r;;] = romi(r) — V2my(r) + %m(r)Zmi(r) ~ h(r) (10.40)
in an arbitrary field h(r). From (10.40), we see that for ro and h small,
[ ~ [rof'/2,  [A] ~ Jrof*/2, % ~ [rol /%, (10.41)
m

so that all terms in (10.32) are of order rZ. Terms not included are of higher order and can

be neglected: (m?)3, (m-Vm)? ~ 3, (m?)* ~ rd, etc.
To compute the susceptibility
(Smi (I‘) 57’7’74(1‘)
it —1') = _ , (10.42)
’ GH;(r') =g 6h;(r') |—o

20The regular part of the specific heat comes from the term fp in (10.32).
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616 Chapter 10. Renormalization group and critical phenomena

Landau approximation Gaussian model

v=1u 1/2 1/2
3 1/2 1/2
=7 1 1
) 3 3
a=a ¢y, discontinuous 2—d/2
0 0

Table 10.2: Critical exponents of the (¢?)? theory with O(N) symmetry [Eq. (10.27)] in the
Landau approximation (Sec. 10.2) and in the Gaussian approximation for d < 4 (Sec 10.3).
(For d > 4, the Gaussian approximation predicts the specific heat to be discontinuous.)

we take the functional derivative §/d0h;(r") in (10.40) and set h(r) =0 (i.e. m(r) = mey),

(7“0 —-viy %mQ +di1 %mQ) Xij (r — r') = B0 j6(r — ). (10.43)

In Fourier space, we finally obtain

B .
x|(p) =x1(p) = O if T>Ty (10.44)
and
P;+2|7“0| it T < T, (10.45)
XL(P) = ?

where x|| and x are the longitudinal and transverse components of the susceptibility (see
Eq. (10.23)).?! Equations (10.44) and (10.45) imply x(r) ~ e~ *I/¢ with??
-1/2 .
. Ty if T >Tg,
&= { 12r0|~Y/2 if T < Te, (10.46)
and therefore a critical exponent v = ' = 1/2. The connected correlation functions G|(p)
and G (p) of the order parameter field ¢ can be deduced from (10.44) and (10.45) by using
the (classical) fluctuation-dissipation theorem x;;(p) = BGi;(p) [Eq. (3.60)]. We deduce
that the anomalous dimension 7 vanishes: G(p,T.) = 1/p?. The critical exponents obtained
within the Landau approximation are sometimes referred to as “classical” exponents (Ta-
ble 10.2). The 1/p? divergence of the transverse susceptibility for p — 0 is a manifestation
of Goldstone theorem; it will be further discussed in section 10.3.2.

21Gince the magnetization is along the e axis, X| = x11 and x1 = Xx22.
228ee footnote 15 page 612.
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10.2 Landau’s theory of phase transitions 617

10.2.1.3 Effective action I'lm] within the Landau approximation

It is sometimes convenient to work with the effective action I'lm] (or the Gibbs free energy
G[m] = B~ !'T'[m]) rather than the Helmholtz free energy F[h] or the microscopic action
S[e].2* When the system is coupled to an external field, the partition function reads

Z[h] = / D[] e~ Slel+/ d'rhe (10.47)
and the order parameter is given by
01n Z[h]
The effective action is defined as the Legendre transform
I'[m] = —In Z[h] +/ddrh -m, (10.49)
where h = h[m] is obtained by inverting (10.48). It satisfies the equation of state
0T [m)]
= h;(r). 10.
Smar) (r) (10.50)

In the mean-field approximation, In Z[h] = —S[p]+ [ d%r h- ¢, where ¢ satisfies the saddle-
point equation

0Slpl 4 oy
Sou(e) hi(r) = 0. (10.51)
We deduce
i
[ g I8 00 [Ny 80 |
e e | GG e
= ou(r), (10.52)
so that the effective action
I'[m] = S[m)] (10.53)

reduces to the microscopic action within the Landau (mean-field) approximation, in agree-
ment with the general discussion of section 1.7.2. The zero-field (connected) correlation
function Gy;(r —r’) = (pi(r)e; (")) — (pi(r)){p;(r")) [Eq. (10.21)] is given by the inverse of
the two-point vertex

5T [m] 52 S[m]

@) _ ) = = == .
L ) dm;(r)om;(x’) dm;(r)om;(x’) (10:54)

m(r)=m m(r)=m

(see Sec. 1.6.2), i.e.

00— 40
, 2 (10.55)
I (p) = p + 70 + G,

where m is determined from the stationarity condition éI'lm|/dm = 0 [Eq. (10.50)]. We
thus recover the mean-field propagator G;; = T'x;; [Eqgs. (10.44) and (10.45)].

23The effective action I'[m)] is introduced in Sec. 1.6.2.
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618 Chapter 10. Renormalization group and critical phenomena

10.2.1.4 Universality

Within mean-field theory, the critical exponents of the (¢?)? theory (10.27) are independent
of the values of the coupling constants 79 and ug. Two apparently different systems share the
same set of critical exponents: this is called universality. Two systems with the same critical
exponents are said to be in the same universality class. We shall see that the universality
predicted by the Landau theory is too strong. The critical exponents take their mean-field
(“classical”) value only above the upper critical dimension d". When d < d, they generally
depend on the dimension d, the number N of components of the order parameter as well
as the symmetries and range of the interactions. The explanation of universality and the
computation of the critical exponents is one of the great successes of the renormalization
group (Sec. 10.5).

10.2.1.5 Breakdown of mean-field theory

Mean-field theory is a good approximation if fluctuations of the order parameter about its
mean value are small. Since we have been able, using the fluctuation-dissipation theorem,
to obtain the correlation functions from the mean-field theory, we can check the internal

consistency of the theory. Let us consider a coherence volume V ~ &% ~ |r0\’d/ 2 in which
the fluctuations are correlated. The average magnetization is
a [6lrol a1
M~Vm~ 8y — ~ & (10.56)
Uog
and the fluctuation
AM? ~ /ddr A (((r) — m)(p(r') —m)) ~ V/ddr G(r) ~ ¢+2 (10.57)

(for simplicity we assume a scalar order parameter, i.e. N = 1) can be related to the
correlation function?*

dlp  eiPT e~ Irl/e
G = [ e~ (156, (10.58)
We therefore obtain AL
E ~ g, (10.59)

When d > 4, the rhs of (10.59) vanishes as T' — T, and £ — oo, and the mean-field theory
appears internally consistent. When d < 4, the mean-field theory is clearly not reliable in
the vicinity of the critical point. The dimension d} = 4 where the mean-field theory breaks
down is called the upper critical dimension. The criterion AM? ~ M? giving the size of
the critical region is known as the Ginzburg criterion; it will be discussed in more detail in
section 10.3.4.

10.2.2 (?)? theory for classical spin models.

Let us first consider the Hamiltonian

1
BH = — > oiKijo; =Y hioi (10.60)
] %

24Correlation functions in real space are discussed in Sec. 10.3.1.
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10.2 Landau’s theory of phase transitions 619

of the Ising model, where o; = +1 is a classical spin variable and i denotes a site of a
d-dimensional cubic lattice. h;/f is an external magnetic field and K;; = 8J;;. We assume
the exchange coupling constant J;; to be equal to J for nearest-neighbor spins and to vanish
otherwise. The mean-field Hamiltonian is obtained by writing o; = (0; — m;) + m;, with
m; = (o), and linearizing wrt the fluctuation term o; — m;,

7

1
BHyr = — Z(h +> Kijmj)(fi + 5 > mikim;. (10.61)
J (2%

A self-consistent equation for m; is obtained by computing the mean value (o;) with (10.61),

Tr(o-ie_BHMF)

i = Tr(@—BHMF>

— tanh (i + Y Kigm; ). (10.62)
J

In the absence of external field (h; = 0) and for a uniform order parameter m; = m, we
obtain

m = tanh(2dKm), (10.63)

where K = fJ. Equation (10.63) admits a nonzero solution when 2dK > 1, i.e. below the
mean-field transition temperature T,q = 2d.J.

To rewrite the Ising model as a functional integral over a continuous field ¢;, we use the
identity

6% Zz] oiKijoj _ / dﬂpz 6*%21‘,]’ WiK£1¢j+Zi Pioi (1064)
7

—0o0
(Hubbard-Stratonovich transformation) and rewrite the partition function as
o0 -1
7 = / Hd@z 67%Zi,j(¢i7hi)Kij (ej—hji)+2; pioi (1065)
{o} "7 i

(we have shifted the field ¢; — ¢; —h;). The sum over the discrete variables o; can be done,

Z 621 Pioi — H 2 COSh(Q@i)7 <1066)
{oi} g

which leads to

7 /OO dgoz ei%Zi’J((pi—hi)Kfjl(soj—hJ)+Zi 1n(2cosh<pi). (1067)

— 00

The Fourier transform of K;; is given by

d 2
K(p) =2K ) cos(q,) = 2K (d - I;) +0(ph), (10.68)
so that ,
K~ '(p) = 2Kd)™* (1 + gd) +0O(ph), (10.69)
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620 Chapter 10. Renormalization group and critical phenomena

where we have taken the lattice spacing as the unit length. Assuming the field ¢ to be small
(which allows us to expand In(2 cosh ¢;)) and slowly varying (which justifies the continuum
limit), we obtain the action

Sid= [ @ |(gxa = 3) #* + s (V9* + 15+ (10.70)

4Kd 2 8K d? 12

in zero magnetic field. With an appropriate rescaling of the field, equation (10.70) takes
the form (10.27) with a momentum cutoff A ~ 7, N =1, and

To d Uug 4J2d4 d2
2T Gy EgE Ty

2 TcO
for T near the mean-field transition temperature T,y. It should be noted that the derivation
of (10.70) is questionable since the matrix K;; has no inverse. This difficulty is circumvented
in (10.68) and (10.69) by considering the small p limit of K (p).
This derivation can easily be generalized to a spin Hamiltonian H = %Z” Ji,jSi - S;

(10.71)

where S; is a N-component spin with 8?2 = 1. N =2 (N = 3) corresponds to the classical
XY (Heisenberg) model. The long-distance physics of this model is described by the action
(10.27) of the (¢?)? theory with ¢ a N-component field.

The (¢?)? theory is not strictly equivalent to the original spin model since we have ne-
glected (¢2)3, (¢2)%, etc., as well as higher-order derivative terms. However these terms can
be ignored at the mean-field level in the close vicinity of the phase transition (Sec. 10.2.1).
Furthermore, they do not affect the long-distance (universal) physics. In particular, the
value of the critical exponents is the same in the spin model and in the (¢?)? theory. In the
renormalization group sense, both models belong to the same universality class (Sec. 10.5).
The utility of the (¢?)? theory is that it allows us to use powerful field theoretical methods
to study the critical behavior (Secs. 10.6 and 10.B).2°

10.2.3 First-order phase transitions

The Landau theory can also be used to study first-order phase transitions although the
order parameter is not necessarily small at the transition (unless the transition is weakly
first order). Let us consider the free energy density

Bf =Bfo+ Z—Omz —uzm® + %Trﬁ (10.72)
for a scalar order parameter, where ro = 7o(T — Tp) and wug,u3 > 0 are independent of
temperature.’® The cubic term in (10.72) makes the transition first order: the order pa-
rameter is discontinuous at the transition (Fig. 10.7). The phase of the system is determined
by requiring the free energy to be minimum. In the high-temperature phase, m = 0 and
f = fo. The first-order transition temperature 7. and the value of the order parameter m.
at T, are obtained by requiring that f(m.) is a minimum of f(m) and that the ordered and
disordered phases have the same free energy,

Bf(m)=m (ro — 3uzm + @m2> =0,

6
(10.73)
Bf(m) =m? (%0 — uzm + %mQ) =0,

25See also chapter 11.
26Note that if the order parameter vanishes in the disordered phase, then df/0m|m=0 = 0 and there is
no linear term in the free energy density f(m).
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f (m)
% | >

T>T, T=T T<T

c c

Figure 10.7: Free energy density f(m) near a first-order phase transition. f(m) is defined
by (10.72) (top) and (10.77) (bottom).

where we have assumed that fo(7.) = 0. This yields

U,2
Toc = ,FO(TC - TO) = 12737
uo

w (10.74)
me =12=2
ug
In the disordered phase, the entropy density s = S/V = —39f/9T is simply given by
s = —0fo/0T. In the ordered phase, an elementary calculation gives
afO T 2
=————m"T. 10.
s 5T " 2™ (10.75)

The entropy density is therefore discontinuous at the transition from the low- to the high-
temperature phase,
2
6u
As = 2T.7 (3> , (10.76)
uo
which corresponds to a latent heat Q/V = T.As per unit volume.
Another exemple of first-order phase transition is provided by the free energy density
To 2 Up
= —m —_—
Bf = Bfo+ Fm? + =
When ug > 0, the phase transition is second order and the sixth-order term can be neglected
when the order parameter is small. If ug < 0, the sixth-order term is necessary to maintain
stability. In this case, the transition is first order (Fig. 10.7). The transition temperature 7,
and the value of the order parameter at T, can be calculated as in the preceding example,

(m?)® + ug (m?)”. (10.77)

0 if Uug 2 0,
Toc = 770(TC — To) = 1 Ug 2 (1078)
% (g) if (') S 0,
and
0 if wg >0,
m? = |uo| (10.79)
¢ if <0.
48u6 ! v = 0
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Uy
A

second-order line

=r0

first-order line
-

Figure 10.8: Phase diagram obtained from the free energy density (10.77).

The phase diagram in the plane (rg,ug) is shown in figure 10.8. The line of second-order
transitions (ug > 0) and that of first-order transitions (up < 0) meet at the tricritical point
To = Upg = 0.

10.3 Gaussian model

The simplest improvement of Landau’s theory consists in taking into account Gaussian
fluctuations of the field ¢ about its saddle-point value. For T > Ty, this amounts to
neglecting the interacting part of the action. For T' < Ty, we write the field as

o(r) = < —677¢ + tp’l(r)> e + Z@;(r)e,— (10.80)

to i=2
(with e; the direction of the order parameter) and expand the action to quadratic order in
¢'. This gives
1 .
3 > lei(p)*(P* + 7o) it T > Ty,
p,i

Sle] = (10.81)

N
1 .
Swr+5 ) [Isoi(p)|2(1>2 —2r0)+ |tp;(p)|2p2} it T<Ty,
p i=2
for the (4,02)2 theory (10.27).

10.3.1 Correlation functions

The propagator G;; = T'x;; deduced from the action (10.81) agrees with (10.44) and (10.45).
The longitudinal propagator reads>”

1

Gip) = —— ), 10.82

1P) = e (10.82)

with & = 7‘0_1/2 (12r0|7¥2) if T'> T, (T < T.o). In the disordered phase, G| = G, while
1

Gi(p) = b2 (10.83)

27See footnote 15 page 612.
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10.3 Gaussian model 623

in the ordered phase. The Gaussian fluctuations do not change the value of the order
parameter m = (p(r)) and the transition temperature is still given by T.o. The critical
exponents 3, d, v, v and the anomalous dimension 1 keep their mean-field value (Table 10.1).

Correlation functions in direct space (d > 2).*® To obtain G(r) and G (r), we
need to Fourier transform 1/p? and 1/(p? 4+ ¢72). The Fourier transform G(r) of 1/p?

satisfies

- V?G(r) = é(r). (10.84)
Since G(r) = G(|r|), VG(r) = G'(|r|)ﬁ and equation (10.84) can be solved by con-
sidering?’

/ dr 5(r) = 7/ A VP G(r) = 7/ dS - VG(r) = — e/ SuG (x]),  (10.85)
1% \% S

where V' and S are the volume and the surface of the sphere of radius |r| centered at
the origin. Sq = 27%2/I'(d/2) is the surface of the unit sphere in d dimensions. From
(10.85), we deduce G'(|r|) = —|r|*~*/Sq and

1
6= [ dp et | @rosaE 07 (10.56)
(2m® p ~5r In|r|+const if d=2,
™

where we have used lim|y|_,o G(r) = 0 when d > 2. When d = 2, the constant can be
fixed if one knows the long- or short-distance behavior of G(r).
We now consider the Fourier transform G(r) = G(|r|) of 1/(p? 4 £72). Tt satisfies

(V2462 Gr) = (— S — B +s—2) G(r) =d(r).  (1087)

Let us try a solution G(|r|) o< e~*/¢ /|r|P which decays exponentially at large distance.
For |r| # 0, equation (10.87) is satisfied if

p(p+1) 2p 1 d—1/(p 1 1
N A N CEH R (10:59)

The choice of £ as the decay length ensures that the constant term vanishes. For |r| < &,
the 1/|r|?® terms are the most important and we must have p(p+ 1) —p(d —1) = 0, i.e.
p=d—2orp=0. Since for |r| < £ we must reproduce the result (10.86), we deduce

p=d—2and
PN o eI/ ,
/ )i p? 1 €2 o (A= 2)5a] if |rl<¢ and d>2. (10.89)

The |r| dependence is logarithmic when d = 2 [Eq. (10.86)] and the assumption G(|r|)
e~ I"1/¢/|r|P is not correct. For |r| > &, the 1/|r|¢ terms dominate in (10.88) and
therefore 2p — (d — 1) = 0. We thus obtain
dip e G-z omIrl/g
@m)Tp? + &2 7 (d—2)Sq f[@ D72
where the prefactor is fixed from the condition that (10.89) and (10.90) match for
e| ~ €.

it || > ¢, (10.90)

28In one dimensional, a straightforward calculation gives ffooo g—z qziZiQ = %e*“”'/&,
29Eq. (10.84) is Poisson’s equation satisfied by the potential G(|r|) created by a charge located at r = 0

and (10.85) is nothing but Gauss’ theorem.
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These results can also be obtained from the exact solution

a2 £
G(r) = (2m) WKM*?WUI‘V&), (10.91)

where K,, is the modified Bessel function of the second kind. Equations (10.89) and
(10.90) are then simply obtained from the following asymptotic properties,

Ko@)~ (2) e @ m 1),

2
Kn(z) ~ @ (g)_n (r < vn+1andn>0), (10.92)
Ko(z) ~ —1In (g) — (x < 1),

where v ~ 0.5772 is the Euler constant and I'(z) the Gamma function. The last
equation gives the behavior of the two-dimensional correlation function in the limit
Ir|/¢ < 1 in agreement with (10.86). For d = 3, one deduces from (10.92) with
n = 1/2 that

e—Irl/e

G(r) = = (10.93)

10.3.2 Goldstone’s theorem

In the broken-symmetry phase, G, (p) = 1/ p? and the uniform transverse susceptibility
x1 =BG, (p = 0) is infinite: it requires an infinitesimal field to rotate the direction of the
magnetization. This result is due to the existence of soft modes, i.e. field configurations
¢(p) whose action S[p] vanishes in the long-wavelength limit p — 0. It can also be seen
as a manifestation of Goldstone’s theorem for quantum systems discussed in section 3.6.3:
a spontaneously broken continuous symmetry implies the existence of a low-energy mode
whose energy wyp, vanishes for p — 0.°C For the (¢?)? theory with O(N) symmetry, there
are N — 1 Goldstone modes.?! These modes play a crucial role since they often give the
main contribution to the observables of the system. When N = 1, the broken symmetry is
discrete and there are no Goldstone modes (as expected since it is not possible to produce
slowly varying rotations from one state to an equivalent one).

Another important consequence of a spontaneously broken continuous symmetry is the
emergence of rigidity. Let us write the field as ¢(r) = m(e; + 6@ (r)e; + d@, (r)), where
d¢| denotes a longitudinal fluctuation and dg, L e; a transverse fluctuation, i.e., in the
limit §¢; — 0, a fluctuation of the direction of the magnetization. According to (10.81),
the action corresponding to transverse fluctuations reads

SI6%.) =5 3200, (-p)GT ()5p. (p) = 7 [ dtr (VEp.)? (10.94)

(with ps = m?), which implies that the transverse correlation function is given by

m2

GLp) = 2,
1(p) oD

(10.95)

30Goldstone’s theorem requires the interactions to be short range (Sec. 3.6.3).

31More generally, let us consider a model with a symmetry group G, and call H the subgroup of G which
leaves the order parameter m = (o (r)) invariant. Then there are g — h Goldstone modes, where g and h are
the number of generators of the Lie algebras of G and H. For the (¢2)? theory, G = O(N), H = O(N — 1),
g= %N(N —1)and h = %(N — 1)(N — 2), so that there are g — h = N — 1 Goldstone modes.
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10.3 Gaussian model 625

in agreement with the general discussion of section 3.6.3 on spontaneous symmetry break-
ing and Goldstone’s theorem (see Eq. (3.322)). Equation (10.94) shows that any spatial
variation of the order parameter in the direction perpendicular to the ordering raises the
energy of the system. In the mean-field (Landau) approximation, the stiffness p, = m? is
simply given by the square of the order parameter. The stiffness plays an essential role in
superfluid systems where it determines the superfluid density (chapter 7). We shall see in
section 10.8 that in certain two-dimensional systems, the stiffness can be finite although

there is no broken symmetry.

10.3.3 Mermin-Wagner theorem — Lower critical dimension

For the ordered phase to be stable, the fluctuations of the ¢ field must be finite. For N > 2,
we can study the stability by looking at the most dangerous modes, namely the transverse
fluctuations d¢p | = mdp |,

d A
Gouf) = (V-1 [ G RGum) = (v -1y [ (10.96)

When d < 2, the integral is infrared divergent and the assumption of spontaneous symmetry
breaking cannot be maintained: thermally excited transverse fluctuations destroy long-
range order. We recover the Mermin-Wagner theorem discussed in section 3.6.4: at finite
temperature, a continuous symmetry cannot be broken in dimension d < 2 in systems with
sufficiently short-range interactions. The dimension at and below which fluctuations prevent
long-range order is called the lower critical dimension d_ . For the (¢?)? theory with N > 2,
d.; = 2. The Mermin-Wagner theorem does not, however, preclude a phase transition
(without long-range order) in two-dimensional systems with a continuous symmetry. The
most famous example of such a transition is the Berezinskii-Kosterlitz-Thouless transition
in the two-dimensional XY model (Sec. 10.8).

When N = 1, the broken symmetry is discrete and there are no Goldstone modes. It is
nevertheless possible to determine the lower critical dimension from a simple argument based
on the Ising model. We assume a d-dimensional hypercubic lattice, a coupling constant J
between nearest-neighbor spins (Sec. 10.2.2), and periodic boundary conditions. In the
ground state, all the spins are up. Let us now consider a configuration with an island of
down spins with a linear size L equal to a fraction of the linear size N of the system. The
energy of such a configuration is E ~ 2JL%!, while the entropy (related to the number of
ways to locate the island in the system) S ~ In(N —L) ~ In L. In one dimension, the entropy
term always dominates in the thermodynamic limit L, N — oo, and we expect the formation
of islands of down spins to lower the free energy, which makes the magnetization vanish.
In contrast, for d > 1, the energy term dominates and the presence of islands increases
the free energy.?> We then expect the magnetization to remain finite at sufficiently low
temperatures.®> We conclude that the lower critical dimension of the Ising model (and the
(p?)? theory with N = 1) is d_ = 1.

32This argument does not say anything about islands with typical sizes L < N (e.g. a single down spin).
For d > 1, a small density of such defects does not destroy long-range order.

33The existence of a finite temperature phase transition in the two-dimensional Ising model is confirmed
by Onsager’s exact solution [48].
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i critical behavior not
given by mean-field theory

d, d;
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No ordered
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Mean-field theory
is correct

» d

Figure 10.9: Long-range order and critical behavior vs lower (d_ ) and upper (d) critical
dimensions.

10.3.4 Breakdown of mean-field theory — Upper critical dimension

In the preceding section, we have seen that the mean-field theory breaks down at the lower
critical dimension d_ since it erroneously predicts long-range order for d < d_. In this
section, we show that mean-field theory also breaks down below the upper critical dimension
d¥ (df > d7) in a slightly more subtle way. Although long-range order is not suppressed
for d7 < d < df, the critical behavior in the vicinity of a second-order phase transition is
not given by mean-field theory (as already anticipated in section 10.2.1) (Fig. 10.9).

10.3.4.1 Fluctuation corrections to the specific heat — Ginzburg criterion

In the Gaussian approximation, we can integrate out the ¢ field and compute the free
energy. In the disordered phase, one finds

z=T](ro+p*) """ (10.97)

(see equation (10.81)), where we have neglected an unimportant multiplicative constant.

The (most) singular part of the specific heat (per unit volume) ¢y = —Tg;é reads

’ NT? 72 N A Ip
e = 0 :—TQFQK/ dlpl7—5———3>
VS e 2T R [ P

|d71

(10.98)

where Kyq = Sy/(2m)¢ = 1/2¢174/2T(d/2). Setting x = |p|¢ = |p|r0_1/2, this result can be
rewritten as

: N
Ciing 2 T 2F81<d547dI(A§)7 (1099)
where A i1
I(AE) = —_— 10.1
(Ag) /0 dx(l P (10.100)

If d > 4, the integral I is dominated by the upper cutoff, I ~ (A&)4=*/(d — 4), while
I ~1n(Ag) for d = 4. If d < 4, the integral is independent of A{. We therefore obtain

Ad—4
; N ) 1_4 if d>4,
Cy €~ E(TFO) K4 x ln(Af) it d=4, (10.101)

I~ if d< 4.
When d < 4, the specific heat diverges as T — T,

M8~ e (T = Top) ™, (10.102)
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0 0

Figure 10.10: Specific heat below and above d = 4 in the Gaussian model. The dashed line
shows the result of the mean-field approximation. The smooth contribution coming from
fo in (10.30) is not shown.

with a critical exponent o = 2 — d/2 (the divergence is logarithmic for d = 4).
A similar analysis can be made below the transition temperature T9. From (10.81), we

obtain 1/ _(N—1)/2
Z = Zyr [[ (®* = 2r0)" "~ (p?) : (10.103)
P

We deduce the singular part of the specific heat

V" = Uin + 2(T70)? Kat" 1 1(A),
Ad74

if d>4,

= s + 2T Kax § 10 i gy (10.104)
Iet=4 if d< 4,
where & = |2ro|~'/2. While for d > 4 the specific heat remains discontinuous at the

transition, the fluctuation corrections to the mean-field result yields a divergence when
d < 4 (Fig. 10.10). As far as the critical behavior is concerned, this is the only change
wrt mean-field theory, since all other critical exponents are unchanged (Table 10.2). The
divergence of the specific heat implies that the mean-field results are not reliable below
d = 4 in the vicinity of the phase transition: fluctuations dominate the thermodynamics
and the predictions of Landau’s theory are not valid. We therefore recover our previous
result that the upper critical dimension is d = 4 for the (¢?)? theory (Sec. 10.2.1).

Below the upper critical dimension, the mean-field theory remains valid sufficiently far
away from the transition. One can estimate the temperature at which the mean-field the-
ory breaks down by comparing the mean-field discontinuity to the fluctuation correction,
ACV,MF ~ Cv A, i.e.

N_ . _ _
Acy,mF ~ Edeo Ay d/2=2 (10.105)

(the factor N/2 is absent for ¢ < 0), where ¢ is defined in (10.13). & ~ (7oTw)~ /2 is a
microscopic length, of the order of the correlation length far away from the transition. Thus,
for the mean-field theory to be valid below the upper critical dimension, the temperature
must satisfy the Ginzburg criterion

NK 1/(2—d/2)
d > . (10.106)

> ta ~ <
i 26§ Acy,vr
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tqg = |Te—Te|/T. is related to the Ginzburg temperature T, the temperature corresponding
to the onset of the critical regime where fluctuations become important.*

In practice, the mean-field theory can be valid very close to the transition temperature
if & is large. This is the case in systems with long-range forces or in conventional super-
conductors where £y ~ 1000 Angstroms corresponds to the BCS coherence length (Sec. 7.5)
and is sufficiently large to make the critical regime unobservable. In many systems however,
& is of the order of a few Angstroms, and the crossover from mean-field to critical behavior
is observable.

One can also define a Ginzburg length {¢ = £(tg) ~ §0t51/2, ie.

1/(4—d _
2§gACV,MF> /=) N ( 6 )1/(4 d) (10.107)

ba~ o < NK, NKgug
Below the upper critical dimension d, £ becomes larger than £z when |t| < tg (critical
regime). We shall see in section 10.6 that for a critical system (T = T.), {¢ separates a
high-momentum (perturbative) regime |p| 2 551 where the Gaussian model is essentially
correct from a low-momentum (critical) regime where the propagator acquires an anomalous
dimension.

The fact that Gaussian fluctuations yield strong corrections to the mean-field results
calls into question the validity of the Gaussian model itself when d < 4. One could try
to perform a systematic loop expansion about the mean-field solution (see Sec. 1.7.2) and
see whether it converges or not. Simple dimensional analysis is sufficient to answer this
question. In the high-temperature phase, the loop expansion is merely an expansion wrt
ug. The actual expansion parameter can be identified by dimensional analysis. Since S|¢]
is dimensionless, we must have [(V¢)?] = d, and therefore [p] = (d —2)/2.3> Similarly, one
finds [rg] = 2 and [ug] = 4 — d.*® In terms of the dimensionless variables

~ r o — - —
I = 3 P(F) = D 20p(r),  ay = 4 g (10.108)
(with & = ral/Q), the action becomes
- d ~ 1 ~\2 1 -2 ﬂo ~ 92\ 2
Slg] = [ diF §(V;<p) NELART (@) - (10.109)

In dimension d > 4, since tig — 0 when T — T,o, it is reasonable to expect mean-field
theory to become increasingly accurate as the transition is approached. For d < 4 on the
other hand, ug diverges as T — T, and perturbation theory becomes meaningless. If we
estimate that perturbation theory breaks down when g ~ (£/£¢)*~¢ becomes of order 1,
we recover the Ginzburg criterion (10.106).

34 Stricto sensu there are two Ginzburg temperatures, one (Tg) above and one (T ) below T.. Fluc-
tuations are important in the temperature range [TC:,TC‘H. In Sec. 10.7.3, we shall see that for N > 2
(continuous broken symmetry) the Gaussian approximation breaks down in the whole temperature phase.

35The notation [A] = n means that the quantity A is expressed in units of L™" (with L the unit length).
For example, [r] = —1 and [p] = 1.

36[rg] = 2 and [ug] = 4 — d are referred to as the naive scaling dimensions of rg and ug (see Sec. 10.4).
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10.3.4.2 One-loop correction to the two-point vertex I'®)(p)

Let us consider the lowest-order (one-loop) correction to the two-point vertex I'®)(p) =
G(p)~! [Eq. (10.55)]. In the high-temperature phase (m = 0), one finds

N +2 ddq
F(Q) = 2 /
(P) = p" + 70+ ——uo (%)dGo(q)

lq|*!

9>+ 7o’

N+2 A
=p2+ry+ TKduo/ d|q] (10.110)
0

where Go(q) = (q2 + r9) 7! is the bare propagator. We deduce

N+2 Ao gt
r'®p=0=r=r +7Ku/d
(p ) 0 6 duo o \01|q2+r0

N+2 A gli!
~ —K d 10.111
o+ g K [ dlal . (10.111)

where the replacement of ro by 7 in the last term introduces corrections of order u2 which
are beyond the one-loop accuracy. The critical temperature is obtained from the condition

N+2 A
0=r=ro(T: —Teo) + TJrKduo/ dlq| |q|"*. (10.112)
0

For d > 2, the integral in the rhs is convergent and the perturbative calculation of the shift
T. — T of the transition temperature makes sense. Subtracting (10.112) from (10.111) to
eliminate Ty, we obtain

~ N+2 A |q|?1
=7(T-T,) — —K dlq| ———5——~. 10.113
r TO( ) 6 dUoTA |q| qg(qg I T‘) ( )
If d > 4, the integral converges even when r = 0. In the limit » — 0, we then obtain
_ 'FO(T - Tc)
=T —T.) —Cr = ————=, 10.114
r=ro(T = T) = Or = " (10.114)

with C a constant. Since x~! ~ r ~ T — T,, the susceptibility critical exponent keeps its

mean-field value v = 1. On the other hand, the integral in (10.113) diverges when d < 4
and r — 0, thus signaling the breakdown of the perturbative expansion. For d < 4, we can
write

N+2 -
r=o(T = To) — ~— 2 Rar(v/r)*, (10.115)
where
~ AV zd-1 & -1 T Ky
K;=K dr———— ~ K d =—— . 10.116
¢ d/o xe(x2 +1) d/o xe(xQ +1) 2 sin(wd/2) ( )

Since the integral is convergent for |x| — oo, we have taken the limit A — oco. Equa-
tion (10.115) is incompatible with » ~ T — T, and the value of the critical exponent =
cannot be equal to the mean-field prediction v = 1. We can recover the Ginzburg crite-
rion (10.106) for the validity of the mean-field approximation by demanding the last term
in (10.115) to be a small correction,

N+2 - _ N+2
6 uoKd(ﬁ)d 4:—’ 6

ugKalro(T — T.)]**7? < 1. (10.117)
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10.4 The scaling hypothesis

An essential feature of second-order phase transitions is the divergence of the correlation
length & ~ |t|7". The scaling hypothesis states that this divergence is responsible for the
singular dependence on t = |T'—T.|/T. of physical quantities. It leads to “scaling laws”, i.e.
relations between critical exponents (Table 10.3). The scaling hypothesis will be justified
by the RG approach in section 10.5.3.

If & were the only relevant length scale stricto semsu, the singular behavior could be
simply obtained from (naive) dimensional analysis. For a physical quantity X with naive
scaling dimension d$ = [X] (also called engineering dimension),*” the singular part would
indeed be given by X ~ & —dX . We shall see below that the singular behavior is determined
by a scaling dimension dx which may differ from d%. The difference between dx and d%
determines the “anomalous” dimension of X. For the latter to be nonzero without violating
dimensional analysis, another characteristic length @ must necessarily be involved (besides

the correlation length &) to yield the (dimensionally correct) result X ~ £~4x gdx —d% 38

10.4.1 Scaling form of the correlation function

Let us first consider the propagator G(p) = (p(p)p(—p)) in the ¢* theory with a one-
component field. From (naive) dimensional analysis, [¢(r)] = d/2 —1 and [G(p)] = —2, one
can write the singular part of G(p) in the scaling form

1 a
G(p) = EQ (p£,§> : (10.118)

where a is a characteristic length which does not diverge at the transition.?” The following
discussion can be straightforwardly generalized to the case where the function G depends
on several lengths a1, as... We assume that in the limit |p|§ — oo, |pla — 0 and a/§ — 0,
G behaves as

g (|p|f, 5) ~ (Pl (/6 (€ = oo). (10.119)

For G(p) to be defined and nonzero at the critical point, we must have 1 = o = 7. We
deduce

a
G, Te) ~ —5—- (10.120)
Ip[>~"
More generally, in the vicinity of the critical point, one can write*’
1 a
o= s i )
Ip[>~7 i 3
1
= ||T_’7 [G(Ip|&, 0) + higher powers of a/¢], (10.121)
p
37Recall that a quantity X has (naive) scaling dimension d% = [X] if it is expressed in physical units of

L—4% (with L the unit length).

38For a thorough discussion of anomalous dimensions, see [8].

39q is typically the Ginzburg length £5 (Sec. 10.3.4), which in many model is of the order of the lattice
spacing (i.e. the inverse of the upper momentum cutoff A of the theory).

40To avoid a proliferation of symbols, we denote different scaling functions by the same symbol. For
instance, in Eqgs. (10.118,10.121,10.124) G denote different functions.
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where the scaling function G has a well-defined limit when £ — oo (G ~ a”). Consider now
the change p — sp, £ — /s and a — a/s. Recalling that G ~ a", we have G(sp{/s,a/s) =
s72G(p, €, a) in agreement with the naive scaling dimension [G(p)] = —2 of the propagator.

If we are interested in the long-distance physics near the phase transition, we can take
the limit £/a — oo while keeping |p|¢ fixed. From (10.121) we then obtain

Glp.€) = TGPl Glop.€/5) = 32 G(p.¢). (10.122)

and it appears that the field has acquired an anomalous dimension,

R (10.123)

_d
) 2 ° 9

[p(P)] = —1+n/2, ie dy,=[p(r)]

d?a = d/2 — 1 is often referred to as the canonical dimension of the ¢ field and 1/2 as its
anomalous dimension.*! The correlation function can also be written in the form

G(p,§) = Tx9(|plé), (10.124)

where y = T 'G(p = 0,¢) is the susceptibility. The function G(x) is then a universal
scaling function (independent of the parameters of the model). In particular, G(0) = 1.
If we consider the propagator to be a function of (p,t), instead of (p, &), one has

1 e v -
G(p,t) = ng(lplltl ), G(5p>51/ t) = s *"G(p, 1), (10.125)

or, in real space,

1

G(r,t) = =

G+(|r||t]"),  G(r/s,st) = sTEG(r, 1). (10.126)

In the presence of a magnetic field, equations (10.126) become

G(r,t,h) = s~ 271G (x /s, s'/"t, s h)
1 h
= amay I+ | [l x ) (10.127)
== ]

where dj, denotes the scaling dimension of the field (see Sec. 10.4.2) and A = vdj, is some-
times referred to as the gap exponent. We now allow for different scaling functions, G4 and
G_, above and below the critical temperature T, and assume v = v/ (this assumption will
be justified below). Equations (10.125-10.127) show that the correlation function satisfies a
generalized homogeneity relation.*?> Using (10.125) with p = 0 and s = |t|~¥, one obtains
X~ G(p=0,t)~ [t|'"2) ie.

y=9=v(2-n). (10.128)

This result,*® which relates the critical exponents v, v and 7, is called a scaling law.

411t is customary to refer to n (and not 1/2) as the anomalous dimension.

42 A function f(z) is said to be homogeneous if it satisfies f(sx) = s¥ f(x) for any rescaling factor s. More
generally, a function f(x1,--- ,2,) is homogeneous if f(s*1zy,---,sFnx,) = s¥ f(z1,- -+, xn).

43Similarly, from (10.125) with t = 0 and s = 1/|p|, one obtains G(p,t = 0) ~ 1/|p|>~" in agreement
with (10.120).
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Fisher vy=v(2-n)
Rushbrooke a+28+v=2
Widom B(6—1)=7~

Josephson a=2-—vd

Table 10.3: Scaling laws [Egs. (10.128,10.131,10.136,10.138)]. All exponents are the same
above and below T,.

In practice, we never consider explicitly microscopic lengths, as we did in this section,
to derive scaling forms of correlation functions or thermodynamic quantities. We simply
consider the scaling dimensions of the quantity of interest and its argument. For instance,
in the case of the correlation function G(p), we use d, = (d —2+1n)/2, [p] =1, [{] = -1
and dimensional analysis to directly obtain equation (10.122), where the scaling function G
is universal (in a sense that will be thoroughly explained in section 10.5.3) except for its
amplitude.** The anomalous dimension 7 introduced here is a priori unknown and could in
fact be zero. We shall now show that all other critical exponents defined in section 10.1.3,
namely «, 3, v and 4, are fully determined by v and 7.

10.4.1.1 Scaling of the stiffness

The preceding discussion applies with no change to the disordered phase of the O(N)-
symmetric (¢?)? theory where G;; = §; ;G. The ordered phase is characterized by long-
range transverse correlations and a finite stiffness ps [Eq. (10.95)]. ps vanishes as ¢ — 0~
with an exponent z which can be obtained from dimensional analysis. From (10.94), since
the action is dimensionless while [d¢ | (r)] = 0, we deduce that

P =d—2, (10.129)
ie.
s ~ é_,((172) ~ (_t)y(d72) ~ (_t)Z/B*VW (10130)

for t — 07, where the last result is obtained using the scaling law (10.131) derived in
section 10.4.2.%%:46 When the anomalous dimension vanishes, one obtains ps ~ (—t)2? as in
Landau’s theory (ps = m?).

10.4.2 Scaling form of the free energy density

The magnetization density m being the average value of the field, one expects m ~ =% ~
—t)¥de for t < 0,0 i.e.
(=) :

B =wvd, = g(d—2+n). (10.131)

44Note that for a scaling function to be universal (possibly up to a nonuniversal normalization) its argu-
ments must have both vanishing scaling dimensions and dimensionless physical units.
45In Eq. (10.130) ¢ should be understood as the Josephson length; see Secs. 10.1.4 and 10.7.2.
6Since ps vanishes in the high-temperature phase, it has no regular part for ¢ — 0. The same is true
for the order parameter m.
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Since In Z is dimensionless and [V] = —d, the free energy density f = —T'InZ/V does

not carry an anomalous dimension and has scaling dimension d. Its singular part satisfies
fs ~ €147 From

Afs 1 9fs
m =

_ == 10.132
OH T Oh’ ( )
we deduce that the magnetic field has scaling dimension

1
dy=d—dy = 3(d+2-1n).

form

(10.133)
In practice, the anomalous dimension 7 is small and dj is positive.
analysis, we can therefore write the singular part of the free energy density in the scaling

Using dimensional

fo(t,h) = €7 FL(hg™). (10.134)
In zero field, f, = £~ 9FL(0) ~ [t|%, and we obtain
82f5 dv—2
ey =T omy ~ 1777 (10.135)
ie.

a=a =2-vd. (10.136)
For the magnetization m ~ £9%~4F" (h¢dr) to be defined at T,, we must have F/(z) ~
gld=dn)/dn = gdo/dn for ¢ — oo, This implies

m(T,) ~ hte/%, (10.137)
and a critical exponent
d d+2—
s=n_oten (10.138)
d, d—-2+n
The scaling form (10.134) of the free energy density is often written as

h
fo(th) = [t Fy (tIA> ; (10.139)
form*®

where A = vdp, = 2 — a — 3 is the gap exponent. The equation of state then takes the

10fe _ _ItP ., ( h
_— =_ . 10.14
Ton - T =\ B (10.140)
It seems that we could postulate a more general form,

oy, (N
fs(t,h) = |t ]-'i<t|Ai>7 (10.141)

with different exponents for ¢ > 0 and ¢t < 0. For h # 0, i.e. away from the critical point
t = h =0, the free energy density must be analytic in ¢,

fs(tv h) = fO(h) + tfl(h) + O(t2>

(h # 0). (10.142)
47Tt would be more correct to write f ~ T¢~%. However, the factor T is not singular and can be omitted.
48In Eq. (10.140) the scaling function F4 cannot be “fully” universal for reasons given in footnote 44.
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Expanding (10.141) for ¢ — 0, we obtain

p+ q+
fs(t,h) = |t]>7o= {Ai (ﬂhAi) + By (ﬂhai) +] , (10.143)

where pi,qs+ are the leading powers in the expansion of g1 for large arguments (AL is
positive). Equations (10.142) and (10.143) require pt AL =2 — oy and g+t AL =1 —ay, S0
that

fo(t,h) = AphPex)/Bs 4 B pU-ow)/Ax gl 4 O(42). (10.144)
Continuity at ¢t = 0 forces (2—a4)/Ay =(2—a_)/A_ and (1 —a;)/Ay =(1—a_)/A_,
which implies ay = a- and Ay = A_. We conclude that the critical exponents are

necessary the same for ¢t > 0 and t < 0, which justifies the assumption v = v/ used earlier.

Scaling laws, summarized in Table 10.3, imply that there are only two independent
critical exponents, e.g. v and 1. Relations involving d are called hyperscaling relations.
They apply only to transitions that are fluctuation dominated, i.e. at or below the upper
critical dimension d}. Hyperscaling is satisfied by the mean-field exponents only at the
upper critical dimension. Above d, it breaks down because of the existence of a dangerously
irrelevant variable in the renormalization-group sense (see Sec. 10.6.1).

Scaling functions in mean-field theory. For N = 1, we can rewrite the correlation
function obtained within Landau’s theory [Egs. (10.44,10.45)] in the scaling form

G(p) = T'xG(|p[¢), (10.145)

with x = T7'¢? and G(z) = (1 + 2%)~'. This Lorentzian form of the correlation
function was first proposed by Ornstein and Zernicke. The free energy density

2
—g& if h=0andr <0,
f(ro,h) = 615 Thass (10.146)
S i re=0
can be written in the scaling form
2 h
f(TO, h) == Tof W y (10147)
where the scaling function F satisfies
lim F(z) = fg,
xz—0 Q’UJO
61/3 Tyd/3 (10.148)
dim Flo) = =37
0

10.4.3 Finite-size scaling

Experiments, as well as many numerical calculations, use finite systems.** How does the
finite size of a system affect the various scaling forms discussed above and suppress a phase
transition that would exist in the infinite-size limit? To answer this question one simply

49Finite-size scaling plays also an important role in the study of quantum phase transitions (Sec. 12.2).
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considers the size L of the system as an additional relevant length scale. Since [L] = —1 the
scaling form of the free energy, in the absence of a magnetic field, becomes
1 o . _ t|mv

fs(t, L) = 6—]—} <£L> or, equivalently, fy(t, L) = [t|*~*Fx <| ‘L ) ,  (10.149)

where £ (t) ~ [t|7" is the correlation length of the infinite system. We expect Fyi(z <
1) ~ const so that when L > &, the thermodynamic properties are those of the infinite-
size system. By contrast, when L < £, the system is no longer governed by the critical
point. The actual correlation length £(¢, L) cannot grow beyond L and the phase transition
appears rounded.

One can write the correlation length of the finite-size system in the scaling form

¢(t,L)=LE (52‘3) or &(t,L)=LE <|tL_> . (10.150)

We expect Z(z < 1) ~ x and Z(x > 1) ~ const so that (¢, L) ~ & for L > & and
E(t,L) ~ L for L < £. In the latter case, £(t, L) should be an analytic function of ¢, i.e.

L
&(t, L)
Thus if we plot L/£(¢, L) vs t (i.e., in practice, vs a coupling constant K') for various values

of L, all the curves will pass through the same point when ¢ = 0 (i.e. K = K.). This allows
us to determine K. and the critical exponent v using

0 L 1
In — = t+ —In L. 10.152
n@K ) . const + > 1n ( )

= A+ BtLY" + O(t%). (10.151)

10.5 The renormalization group

In the previous sections, we have seen that standard perturbation theory and mean-field
approaches break down below the upper critical dimension. In this section, we discuss an
alternative method, Wilson’s renormalization group (RG). Instead of considering all degrees
of freedom on the same footing, one first integrates out short-distance (or high-energy)
degrees of freedom. This leads to an effective theory for the long-distance (low-energy)
degrees of freedom. This approach is interesting in particular (but not only) for the study
of critical phenomena where (at least for universal quantities) an effective description based
on the low-energy degrees of freedom should be sufficient.

10.5.1 Renormalization-group transformations

A transformation whereby a subset of (short-distance) degrees of freedom is integrated out is
called a RG transformation. For definiteness we consider a field theory with a N-component
real field o(r) as in the (p?)? theory discussed in previous sections and assume an ultraviolet
momentum cutoff A. We denote by S[p; K] the action with K = {K;} a set of coupling
constants. A RG transformation consists in two steps:

e Mode elimination.”® In the first step, one eliminates the short-distance (or high-

energy) degrees of freedom. This is achieved by writing the field as
p(r) = ¢ (r) + (1), (10.153)

50 Also called decimation or coarse graining.
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where ¢_(r) has Fourier components in the range 0 < |p| < A/s and ¢ (r) in
A/s < |p| < A (with s > 1). One then integrates out the “fast” modes - to obtain
an effective action for the “slow” modes ¢_. The action S[p_; K] governing the
dynamics of the slow modes is defined by a new set K. of coupling constants. In
general, the functional form of the action is not preserved, and the set K. is larger
than K.%!

e Rescaling. In the second step of the RG transformation, one rescales momenta and
coordinates,

p =sp and r' =r1/s, (10.154)
thus restoring the momentum cutoff to its original value (0 < |p’| < A). One also
defines a rescaled field,

() = A (K (x), (10.155)

or
1

1IN
©'(p') N
Equation (10.156) defines a linear RG transformation, since the new field depends

linearly on the old one. We will see below how to determine the value of the rescaling
parameter A\;(K), which is conveniently written as

A(K) = 5%/ Z,(K), (10.157)

where d is the canonical dimension of the field ¢(r) (Sec. 10.4). Z,(K) determines
the anomalous dimension 7 when the system is critical (Sec. 10.5.2).%? The rescaling
(10.154) and (10.156) transforms K. into a new set K’ of coupling constants.

/ddr'e*ip/'”/cp’(r') =5 2\ (K)p_(p). (10.156)

These two steps can be summarized by®?

oSl iK'l _ {/ D] eS[<P;K]} . (10.158)
A/s<|p|<A @(p)—si/2 X, (K)~ 1’ (p’)

The coupling constants K| are naturally associated with the momentum scale A/s and are
often referred to as the coupling constants at the scale A/s.

The momentum-shell RG we have described so far is not the only possible RG procedure.
In particular, for some models such as classical spin models, it is possible to implement a
real-space RG following Kadanoff’s idea of block spins. This approach has played a very
important role in the genesis of Wilson’s RG. Quite generally, we can therefore view a RG
transformation as a transformation

K(s) = Ry(K) (10.159)

(s > 1) acting in the space of possible actions {S[p; K]} (or Hamiltonians {H(K)}). Since
two successive transformations R, and R,, should be equivalent to R, ,, the actions

51For instance, if the initial action corresponds to a (¢2)?
include a (¢?)3 term, etc.

527, is the inverse of the so-called wave-function renormalization factor.

53We ignore any additive contributions to the action S[¢’; K’] coming from the mode elimination or the
Jacobian due to the change of variables ¢ — ¢’. These matter only when considering the free energy and
will be discussed at the end of section 10.5.3.

theory, the renormalized action is likely to
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10.5 The renormalization group 637

Sle; Rs, (Rs, (K))] and S[p; Rs, s, (K)] should agree up to a global rescaling of the fields.
One can always choose the rescaling parameter A;(K) so that

Rslsz = R51R52~ (10160)

The RG transformations { Ry} then form a semi-group. This term refers to the action of the
RG transformations in the space of field configurations. As some short-scale information
is lost in the mode elimination, the procedure cannot be inverted. There is however no
problem in inverting the transformation K — K(s) = Rs(K) in the space of the parameters
of the action.

10.5.1.1 Infinitesimal RG transformations

In practice, one often chooses s = e with dl — 0 and integrates out fields with momenta

in the infinitesimal shell A(1 — dl) < |p| < A. After [/dl infinitesimal RG transformations,
momenta have been rescaled by a factor s = limg;_,o(1 + dl)l/dl =¢el. With s; =1+ ¢ and
s2 = s (e = 0), equation (10.160) gives the differential RG transformation

0K (s)

54 = B(K(s)), (10.161)

where the beta function ORy (K (s))
s/ S
BIK(s) = —5

is a function of K(s) only (and not of both K(s) and s). It is sometimes convenient to
consider K (s) as a function K (1) of the variable [ = In s (and similarly for the field rescaling
factor Z; = Z4(K)). We can define a “running” (I-dependent) anomalous dimension »; by

(10.162)
s'=1

m =0 InZ (10.163)
ie.

l
Zl+dl = Zlemdl or Zl = exp (/ dl/m/> 5 (10.164)
0

so that \j4q = )\le(dg+”l/2)dl. 7; is a function of the running coupling constants K;(l). We

shall see below how it is related to the actual anomalous dimension 1 when the system is
critical.

10.5.1.2 Advantages of the RG approach

There are several advantages in computing the partition function by means of RG transfor-
mations rather than e.g. standard perturbation theory:

e Since a RG transformation involves only a finite number of degrees of freedom, no
singularity (divergence) is expected. Singular behavior can arise only after an infinite
number of iterations in which all degrees of freedom in the thermodynamic limit have
been integrated.

e The RG turns out to be an efficient computational tool which often goes well be-
yond standard perturbation theory. Suppose for instance that we compute the change
4 K;(s) of the coupling constants to a given order in a series expansion wrt Kj(s).
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638 Chapter 10. Renormalization group and critical phenomena

Solving the flow equations 3;(K(s)) = s K;(s) = 4 K;(l) partially resums the per-
turbation series to infinite order. For this reason, perturbative RG approaches (i.e.
based on a perturbative calculation of the beta functions f3;(K)) are sometimes re-
ferred to as RG improved perturbation theories. However, the computation of the
beta functions need not be based on perturbation theory, and the RG provides a
natural framework to set up non-perturbative approaches. This will be illustrated in
section 10.9 and more generally in chapter 11.

e A RG transformation is not a mere scale transformation as the coarse graining (mode
elimination) changes the coupling constants of the action. By iterating the RG trans-
formations, one generates a trajectory K(s) in the coupling constant space. The set
of all such trajectories, obtained from different initial conditions K (s = 1) generates a
RG flow. One generally finds that the trajectories flow into fixed points K* = R (K™*)
of the RG transformation. We shall see in the following sections that the fixed points
govern the long-distance physics and explain scaling and universality observed in the
vicinity of a second-order phase transition.

10.5.2 Fixed points

In a RG transformation Rg, the correlation length transforms as £(K(s)) = £(K)/s.>* At
a fixed point K* = Ry (K™*) of the transformation, we must have (K*) = {(K*)/s which
implies that £(K™*) can only be zero or infinity. We refer to a fixed point with £ = oo
as a critical fixed point, and a fixed point with £ = 0 as a trivial fixed point. Critical
fixed points describe the singular behavior at a second-order phase transition (Sec. 10.5.3),
whereas trivial fixed points describe the various phases of the system (see below).

The set of initial conditions K which flow to a given fixed point is called the basin of
attraction of that fixed point. The basin of attraction of a critical fixed point is often called
the critical manifold or critical surface. Let us consider a physical system represented by
a point K in the coupling constant space. A point K(s) = Rs(K) of the RG trajectory
originating from K has a correlation length (K (s)) = £(K)/s < &(K). If the point K
belongs to the critical surface, lims oo Rs(K) = K* and in turn lims_, . £(K(s)) = oo,
which implies that £(K) = oco. We conclude that all points on the critical surface have
infinite correlation length.

10.5.2.1 Local behavior of RG flows near a fixed point
Near a fixed point K* the RG transformation K’ = R(K) can be linearized,

0K
K|~ K} ! K, — K*
7 7 +;(9KJ K*( J ])
=K +ZTij(S)(Kj - K7), (10.165)
J
where -
K!
i(s) == - (10.166)
’ OK; | g

541n the low-temperature phase of the O(N) model with N > 2, £ should be understood as the Josephson
length £;. See Secs. 10.1.4 and 10.7.2.

© N. Dupuis, 2022



10.5 The renormalization group 639

The matrix T;;(s) is real, but in general not symmetric and therefore not necessary diago-
nalizable.”®> We nevertheless assume that the right eigenstates e(®) form a complete basis
with real eigenvalues /\2“) ,

S T(s)el™ = Al (10.167)
J

The group property (10.160) implies that the matrices T'(s) for different s commute. It is
thus possible to diagonalize them simultaneously in a basis {e(®)} which does not depend
on s. Equation (10.160) also implies that A = gvo Writing 0K; = > taez(a), we can
express the action near the fixed point as

Slp; K] = S[g; K7 + Z 0KiAil) = Sl K]+ Y taOale], (10.168)

where Oy =3, ega)Ai. The t,’s are called the scaling fields (or scaling variables) and the
O, ’s the scaling operators (or scaling directions). In the linearized RG transformation 7'(s),
the scaling field ¢, is multiplied by sY~. We are then led to distinguish three cases:

1. yo > 0: the scaling field increases with s. ¢, is called a relevant scaling field.

2. Yo = 0: the scaling field does not change as s varies and is called a marginal field. To
determine its behavior, one must go beyond the linear approximation. If ¢, turns out
to be (ir)relevant, it is said to be marginally (ir)relevant. Marginal scaling fields are
responsible for logarithmic corrections to scaling and are important at the upper and
lower critical dimensions (Secs. 10.6.2 and 10.7.2).

3. Yo < 0: the scaling field decreases as s increases and is called an irrelevant field.

It should be remembered that the terms relevant, marginal and irrelevant should always
be specified with respect to a particular fixed point. To complete the description of
the linearized RG transformation 7'(s), one should determine the rescaling parameter A,
[Eq. (10.156)]. Since a field rescaling multiplies K; by some power of A\,(K),?® the only pos-
sible form compatible with ,\2‘”) = g¥o is Ay = s% . With s = ¢!, we obtain \; = elds Z =
!¢ which implies that the running anomalous dimension 7; = 7 is independent of [ and
d, = d?o +1/2. We will see below that d, is nothing but the dimension of the field and n
the anomalous dimension (Sec. 10.4.1).

Thus if we start with a set of coupling constants near the fixed point K* but not in the
basin of attraction, the flow along the relevant directions e(® (y, > 0) will go away from
the fixed point. The irrelevant directions e(®) (y, < 0) correspond to direction of the flow
into the fixed point (for an example, see Fig. 10.11 below). If there are N relevant scaling
fields t1,--- ,tn, we need to fix t; = --- =ty = 0 to be in the basin of attraction in the
linear approximation. This condition defines the plan tangent to the basin of attraction at
the fixed point.

10.5.2.2 Global properties of RG flows

The global behavior of the RG flow determines the phase diagram of the system. In general,
any point in the coupling constant space flows to some fixed point. The state of the system

551f T;;(s) is not symmetric, there is no guaranty that the eigenvalues are real and that the right or left
eigenstates form a complete basis.
56For instance, if K; appears in the action as Kipj, -+ 9jn, Ki = A5 "K; when ¢; — )\S_lcpj.
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€

Physical line

Figure 10.11: RG flow near a critical fixed point (for simplicity, only one of the two relevant
directions is shown). Two RG trajectories are shown (thick solid lines): one on the critical
surface (gray area) flowing into the fixed point, the other one near the critical surface. The
physical line meets the critical surface at the critical point K..

described by this fixed point represents the phase at the original point in the coupling
constant space. The phase diagram is therefore determined by the global topology of the
RG flow.>”

The distinction between relevant and irrelevant scaling fields, as well as between critical
(£ = o0) and trivial (§ = 0) fixed points, implies a classification of different types of fixed
points. Let us briefly list the most important ones:*®

o Stable fized points (or sinks) have only irrelevant scaling fields and trajectories can
only flow into them. Sinks correspond to stable bulk phases (§ = 0), and the nature
of the coupling constants at the fixed point characterize the phase. All points in the
basin of attraction of the sink correspond to physical systems in the same phase.

e Unstable fized points have only relevant scaling fields and all trajectories flow away
from them. These fixed points have no direct physical meaning but play a role in the
global topology of the RG flow.

e There are also fized points with both relevant and irrelevant scaling fields. Of particular
interest are the fixed points with two relevant scaling fields and an infinite correlation
length (critical fixed point). In this case, two variables (e.g. temperature and magnetic
field) must be tuned to reach the fixed point. Trajectories which start slightly off the
critical surface initially flow towards the fixed point, but are ultimately repelled from
the fixed point along the two relevant directions to flow into a stable fixed point
(sink) corresponding to the phase of the system (Fig. 10.11). Such a critical fixed
point corresponds to a phase transition between two stable phases of matter and
the RG flow in its vicinity determines the critical behavior at the phase transition
(Sec. 10.5.3). When the temperature changes, K varies along a line in the space of
coupling constants, the physical line, which (in zero field) meets the critical surface at
the critical point K. (T = T).

Critical fixed points with more than two relevant variables are generically called mul-
ticritical fixed points. Tricritical fixed points have three relevant variables; three

57This point will be illustrated in Sec. 10.6 and following ones.
58The following list is not exhaustive. For a more complete discussion, see Ref. [3].

© N. Dupuis, 2022



10.5 The renormalization group 641

parameters (e.g. temperature, magnetic field and pressure) must be tuned to hold the
system at the critical point.

In some cases, it is possible to obtain a continuum of fixed points in the coupling constant
space. A well-known example is the line of fixed points in the RG flow of the two-dimensional
XY model (Sec. 10.8). RG flows can also exhibit more exotic behavior such as limit cycles
or even chaotic behavior.

10.5.3 Universality and scaling

Let us consider a critical fixed point K*. We denote by h and ¢; the two relevant scaling
fields, and by to, - - - , irrelevant scaling fields. We assume that there are no marginal fields.”
If t; and h are initially very small, then K first moves towards K* and remains a long “time”
near K* before eventually going away along the relevant directions. The critical behavior
emerges from the long time where the flow is determined by the vicinity of the fixed point.
Now the fixed point K* = Rs;(K*) and the linear approximation to R (i.e. the eigenvalues
sY> and the eigendirections e(a)) are properties of the RG transformation itself. Thus the
dynamics near the fixed point is independent of the initial conditions of the RG trajectory.
All systems represented by a point K near the critical surface of the fixed point K* therefore
exhibit the same critical behavior (universality). We show below how, by considering a RG
transformation near a critical point, we can justify the results obtained from the scaling
hypothesis (Sec. 10.4).

10.5.3.1 Correlation length

Let us first consider the correlation length £ in the absence of magnetic field, and assume
that the relevant field ¢; vanishes linearly with T — T.: ¢4 ~t = (T — T.)/T.. In a RG
transformation, £(K) = s£(K'), so that

f(tl,tg,--') zsﬁ(syltl,syztg,---) (10.169)

in the region near K* where the transformation can be linearized,’® with y; > 0 and
0> ys >ys > ---. Setting s ~ |t;|~1/¥1, we obtain®!

E(tr ta, o) ~ Jta| TG |2 g, ), (10.170)
In the critical region, defined by |t1|_92/y1t2 < 1, all irrelevant scaling fields can be set
to zero to leading order and we deduce & ~ [t;|~1/¥1 ~ |T — T.|~'/¥1.52 The correlation
length diverges at the transition with the exponent v = 1/y;. The correction-to-scaling
exponent w = —ys, defined as the absolute value of the largest negative eigenvalues y;, not
only determines the size of the critical region but also gives the leading correction to the
critical behavior € ~ [¢t|~1/¥1. From (10.170), provided that £(41,t5, - --) is analytic in ¢},
we deduce

€~ [t (14 Ag[t]/v 4.0, (10.171)

59Marginal fields are considered in Secs. 10.6.2 and 10.7.2.

60 An (approximate) condition is that |t;| and s¥i|t;| are at most of order 1.

61Here and in the following, we do not write the microscopic length scale that is needed to make dimen-
sional sense of these equations.

62We can set t}, = [t1]|7Y2/Y1ty = 0 in (10.170) only if £ is an analytic function of to. If not, t2 is called a
dangerously irrelevant variable (see Sec. 10.6.1 for an example).
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642 Chapter 10. Renormalization group and critical phenomena

where AL is a non-universal constant.

If the point K representing the system is too far away from the fixed point K* for the
RG transformation to be linearized, one must first consider a RG transformation K(§) =
Rs(K) which brings K(5) = K near the fixed point where its subsequent evolution can
be obtained from the linearized RG transformation. The previous argument then gives
£(t)) = s&(sY/Vt) ~ |t1|77 in the critical region. But #;, which vanishes for t = 0, is
expected to be proportional to t = (T'— T,)/T., and therefore &(t;) = 3¢(1) ~ [t|77.

The scaling dimension dj, of the other relevant field (the magnetic field) is easily obtained
from the following argument. Since the magnetic field contributes to the action a term
ffddrh - ¢(r), it couples only to the p = 0 mode and is not affected by the partial
integration of fields with momenta A/s < |p| < A. The renormalization of h is therefore
entirely due to rescaling of momenta (or lengths) and fields,

/ddrh-go(r) = sdAS(K)*l/ddr'h.ga/(r’), (10.172)
ie. W = s%h (h = |h|) with
1
dp=d—dy = (d+2-n) (10.173)

(we use \;(K) = s% in the critical regime). In practice, the smallness of 7 ensures that dj,
is positive and h a relevant scaling field.

10.5.3.2 Order parameter
The RG transformation K — K’ [Eq. (10.158)] implies

= l/D[(P] ©i(r) e SleiK]
7/1) (p;(r/s)efs[so’;K’]
= X(K) " my (K, (10.174)

where m;(K") is the mean value of }(r") = ¢}(r/s) computed with the action S[¢’; K']. Ne-
glecting irrelevant scaling fields (assuming that there is no dangerously irrelevant variable®?),
we obtain

m(t,h) = s~ em(s*/Vt, s h) (10.175)

in the critical regime. For t = 0 and h # 0, we obtain m(0,h) ~ h%/% ie. a critical
exponent

dh d+2—7]
g=ch T2 0 10.1
d, d—-2+n (10.176)
For h =0 and t < 0, m(t,0) ~ (—t)"% so that
B =wvd, = g(d— 2+7). (10.177)
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10.5.3.3 Correlation function

The two-point correlation function satisfies
Gy ) = [ Dleleilppy(-p)e e
- */D K) 72 (sp)g}(—sp) e I
= T\ (K)™ ZG”(sp,K) (10178)
when |p| < A/s, and in turn
Gij(r/S;K/):/ dp/ e T/s S K
|<A (27T)d

— ddp ip~r)\ K 2G.. .K
- \p\<A/sW€ s(K)°Gij(p; K)

~ A (K)2Gyj(r; K)  for |r|>>%. (10.179)

For a linearized RG transformation, equation (10.179) implies
Gij(l‘; tl,tg, B ) = SiQd“’Gij(I‘/S; Syltl, 8‘7’I2t27 e ) (10180)

Thus G;; satisfies a generalized homogeneity relation in agreement with the scaling hypoth-
esis (Sec. 10.4). On the critical surface (¢; = 0), setting s = |r|, we obtain®

Gij(r; 0, tQ, s ) = |r|72d¢Gi]—(r/|r|; O, |I‘|y2t2, te ) (10181)
If |r|¥2]ta| < 1 then all irrelevant scaling fields can be neglected and one obtains

1 1
Gij(r;0, 82, ) ~ c[24 — rjd-2tn

(10.182)

The more negative ya, the larger the critical region (in coordinate space) |r|¥2|ts| < 1 where
(10.182) holds. Away from the critical surface (t; # 0), setting s = [t1|~*/¥* in (10.180),
one finds

Gij(rity,ta, -+ ) = [t22 /G ([t [V e 41, || 792/ Yy, - ). (10.183)

In the limit where |t;|7¥2/¥1¢, can be set to zero, we obtain the scaling form

1 r
Gij(rty,ta,---) = WT_H]]?; (€> ) (10.184)

where & ~ |t1|7Y! ~ |t|7" is the correlation length (in agreement with (10.126)).
A similar analysis can be made for the Fourier transformed correlation function, starting
from
Gij (p; tl,tz, e ) = Sdizd“’ Gij(sp; Syltl, 8y2t1, e ), (10185)

63Because of space isotropy, G;;(r/|r|; 0, |r|Y2tz,- - ) is independent of r/|r|.
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where d — 2d, = 2 — 7). At the critical point t; =0,
Gij(p; 0, t2,---) = [p|~*""Gis(p/[P]; 0, [P ¥*t2, - --). (10.186)

In the critical regime (in momentum space) |p|~¥2|t2| < 1, one obtains

1
Gij(p;0,t2,- ) ~ T (10.187)

On the other hand, for p = 0,
Gij(03ty,ta, ) = |t1]~(@2de) /11 Gy;(0;1, [t1]7¥2/ Y1y, - ), (10.188)
so that the susceptibility x ~ G;;(p = 0) ~ [t|~7 diverges with an exponent®!
d—2d
y=—""2=v(2-n). (10.189)
Y1

Finally, in the presence of an external field,
Gij(r,t,h) = s~ 2 Gyj(r/s, s*/"t, s h) (10.190)

in the critical regime, where we use the scaling variable ¢ rather than ¢;. With s = |r|, we
obtain

1 +(r h
Gij(r,t,h) = ngj (Ea |t|A> ) (10.191)

where A = vdy, is the gap exponent introduced in section 10.4.2.

10.5.3.4 Free energy

To obtain the critical exponent av we must consider the free energy. So far we did not keep
track of any possible additive contribution to the action produced by the RG transforma-
tion. Let us follow the convention that the action vanishes for ¢ = 0 and write additive
contributions explicitly. The first step in the RG transformation (coarse graining) will in
general yield an additive contribution to the action,

7 = /D[(p] e SleiK] — /D[(p<]e—S[¢<;K<]—BVA(K-,s). (10.192)

When rescaling the momenta and fields, ¢’(p’) = s~%2)\;(K)¢_(p), one should take into
account the Jacobian,

Z — /D[(Pl} e—S[Cp/;K/]—BVA(K,S)—BVB(K,S)’ (10.193)
where N
o—BVB(K.s) _ H {AS(K)’lsd/Z ) (10.194)
(0<Ipl<A/s)

641f N > 2, this result holds only in the high-temperature phase, since the susceptibility x = BG| (p=0)
diverges in the whole low-temperature phase (see Secs. 10.1.4 and 10.7.2.
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If we denote by f(K) and f(K') the free energy densities associated with S[p; K] and
Sle's K7,

e BVIK) /DM ¢~ Sleik]

(10.195)
BV I _ /D[w’] oSl K]
(V' = s71V), we then obtain
f(K)=s"f(K') + A(K,s) + B(K,s), (10.196)
ie.
f(t,h) = s79f (s /78, s h) + A(t, s) + B(t, s) (10.197)

if we ignore the irrelevant fields. Note that A + B cannot depend on h, since the latter
couples only to the uniform part ¢(p = 0) of the field. With s = [¢|7" ~ £, we deduce

h
o (MA) AW ) + B ). (10.198)
If we could discard the term A 4+ B, we would have derived the scaling form of the free
energy. There is however no reason for A(¢, [¢|7") (which represents the free energy density
of the modes |p| > ¢71) and B(t, [t|™") to be less singular than the free energy density
[t|% g1 of the modes |p| < ¢71. A detailed calculation (see below) shows that

h .
Fth) = [t g+ (ItIA> + [t]" g, (10.199)
from which we deduce the specific heat per unit volume
0% f
=-T— ~ ¢ 10.2
ev =Tz ~ It (10.200)

in zero field, with a = 2 — dv.

It should be noted that A or B type terms did not appear in the calculation of m(t, h
or Gij(p,t,h). The reason is that G;;(p,t,h) (for |p| < A/s) and m,(t,h) = (pi(r)) =
V=12(p;(p = 0)) do not directly involve the fast modes |p| > A/s and are affected by the
RG transformation only through the renormalization of the coupling constants K’ = R (K).
By contrast, the free energy involves all Fourier components in a direct manner.

To derive (10.199), let us first consider a RG transformation with s = e®!,

FK) = e " f(Rai(K)) + A(K, Al), (10.201)
where Ra; = R,_.a1 and A(K, Al) = A(K,e®) + B(K, e?!). Using
f(Rai(K)) = e 2 f(RA(K)) + A(Rar(K), Al), (10.202)
we obtain
FK) = e [e*dA’f(Rzl(K)) + A(Rau(K), Al)] + A(K, Al). (10.203)
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After 1/Al iterations, we have
1/Al-1
FE) =e M f(R(K) + Y e ™AA(RK(K), Al). (10.204)

m=0

Comparing with (10.196), we deduce

1/Al-1
A(K,e')+ B(K,e') = > e ™ A(RK(K), Al)
m=0
l
’ 1 -
_ 1 _=l'd q. - ,
_/0 dl' e Al%rgo AIA(P” (K),Al), (10.205)

where we have taken the limit Al — 0. Since A(K,1) + B(K,1) =0,

) (10.206)

N _
C(K) = AI}IBO EA(K, Al) = 0s[A(K, s) + B(K, S)HS:
and equation (10.205) can be rewritten as

Ins , s /
A(K, s) + B(K, s) = / dl' O (Ry (K)) = %s/*dc(Rs,(K)). (10.207)
0 0
Equation (10.207) implies
s%[A(t, $)+ B(t,s)] = s~ (R.(K)) = s~C(s"/"t) (10.208)

and, setting s = |¢|7" ~ &,

68%(A+B) = (| C(£1) ~ &7 (10.209)
We finally obtain
g — 1% g dv—1
i (A+B) = f o ae (A+ B) ~ [t] (10.210)
and
At [t7Y) 4 B, )E]77) ~ [t ™. (10.211)

Together with (10.198), this proves equation (10.199).

[Ecrire fonctions d’echelle sous la forme F(h/hy,...) avec hy facteur metrique. Les facteurs
metriques s’eliminent dans certains rapports, e.g. rapports d’amplitude.]

10.5.3.5 Universal scaling function and two-scale universality
10.6 Perturbative renormalization group
In this section we show how the critical exponents can be computed perturbatively wrt

€ = 4 — d near 4 dimensions (see also Appendix 10.A). We start with the RG solution of
the Gaussian model before considering the (¢?)? theory.
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10.6.1 RG solution of the Gaussian model
10.6.1.1 RG equation

In the high-temperature phase, the Gaussian model is defined by the action
1 d 2 2 1 2
Slel =5 [ d'r [(Ve)* +70@°] = 5 0i(=p)(P? + 70)¢i(P), (10.212)
Pt

where ro = 7o(T — Tro). The integration of fields with momenta A/s < |p| < A yields a
constant contribution to the action (i.e. a contribution to the free energy) which we ignore
in the following. Rescaling the momenta, p — p’ = sp, to restore the original value of the
cutoff, we obtain

Sle] = % Z @i(—p)(s7*p* + 10)0i(P).- (10.213)

We then rescale the field, ¢(p) — sd/Q_dgap(p) with d?a = % the naive scaling dimension
of ¢, to restore the coefficient 1/2 of the (V¢)? term,

1
Slel = 3 Z @i(—p)(P* + 57r0)pi(P). (10.214)
o 3%
We deduce the RG equation

ry = srg. (10.215)

In the presence of an (external) magnetic field h, we must include in the action the term
— [d%rh - ¢(r). The RG equation satisfied by the field is given by (10.173),

W = sih, (10.216)
where d) = d —d), = d/2 + 1. Equations (10.215,10.216), together with the vanishing

anomalous dimension 1 (d, = dg)7 could have been anticipated on purely dimensional
ground. The RG transformation for the Gaussian model is a mere scale transformation.

10.6.1.2 Fixed points

For h = 0, equation (10.215) admits two fixed points:
e a critical fixed point 75 = 0 (to be referred to as the Gaussian fixed point) obtained

for T = T and corresponding to the scale invariant action S[p] = % [ d%r(Ve?) (€ =
00). 19 is a relevant scaling field with eigenvalue y = 2, which yields v = 1/y = 1/2.

e a high-temperature fixed point 7§ — oo with the action S[p] = %0 / d%re? corre-
sponding to a vanishing correlation length £ = 1/4/r§ — 0.

The RG flow is shown in figure 10.12.
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h
0 I

Figure 10.12: RG flow for the Gaussian model. The Gaussian fixed point is located at the
origin rg = h = 0.

10.6.1.3 Critical exponents

One can obtain the correlation length from &(rg) = s&(rf) = s€(s%rg). With s = 7"0_1/2

obtains £(rg) = 1 1/25(1) x 7"0_1/2
derived from the scaling law

, one

, i.e. v =1/2. Similarly, the susceptibility exponent is

), (10.217)

0
Gii(PyTo) - d Gn(svaO) =S Gu(SPwS TO) = To Gzz(pr
where the last result is obtained with s = r; 12 We deduce that the susceptibility x =
BGii(p =0,19) ~ 1/rg diverges with the exponent v = 1 when o — 0.

10.6.1.4 Stability of the Gaussian fixed point

The Gaussian model ignores the ug(?)? term of the O(IN) model (10.27) as well as other
terms which would then be generated by the RG procedure, e.g. ug(p?)3, UogOQ(VgO)Q
At the Gaussian fixed point, the field has scaling dimension dO d’ , and we deduce

[ug) =4 —d, [ug)]=6-—2d, [v]=2-d, etc. (10.218)
In a RG transformation,
uf) = st Uy + -+
uf = 5572y 4 - - (10.219)
vé = sQ_dvo + -

For small coupling constants, the leading terms in (10.219) come from the rescaling of mo-
menta and fields, and reflect the canonical dimensions (10.218) (i.e. the scaling dimensions
at the Gaussian fixed point). The ellipses stand for higher-order (at least quadratic) terms
which are generated in the coarse graining step of the RG transformation when the starting
action is not quadratic. Since all canonical dimensions, except [rg] = 2, are negative for
d > 4, the Gaussian fixed point rg = ug = ug = v9 = --- = 0 is stable (i.e. has only one
relevant direction besides the magnetic field) and the critical exponents take their classical
values. Note that this conclusion (which merely follows from a dimensional analysis of the
action) has already been reached in section 10.3.4. In section 10.6.2, we shall see that at
the upper critical dimension d} = 4, the Gaussian fixed point is still stable but the critical
behavior is modified by logarithmic corrections.
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10.6.1.5 A dangerously irrelevant variable in Landau’s theory

From the analysis of the Gaussian model, we conclude that the hyperscaling law

dy  d+2
=-hb—-__= (10.220)
9,  d—2

)
agrees with the mean-field result § = 3 only for d = 4 whereas one expects it to be also
valid for d > 4 since the Gaussian fixed point is then stable. This discrepancy is due to the
fact that ug is a dangerously irrelevant variable for d > 4; although irrelevant, it cannot
be ignored. Dangerously irrelevant variables lead to a breakdown of hyperscaling relations
above the upper critical dimension d.

We observe that the partition function with ug = 0 is not defined for T' < T, so that
in this case ug has to be included into the analysis one way or the other. Let us try
to understand the role of the irrelevant variable up (we now assume d > 4) in the RG
framework.

The singular part of the free energy satisfies the scaling law

f(t, hyug) = s~ f (st sdzh,seuo) (10.221)
(with v =1/2), where t ~T — Teg and e =4 — d (e < 0 for d > 4). We deduce

10
m(t, h,ug) = _TeT£ = s*dgm(sl/”t7 sthh, s“ug). (10.222)

For h = 0 and with s = |¢|7", we obtain

m(t,0,up) = [t["%>m(£1,0, |t| ™ uo). (10.223)
Since € < 0, it is tempting to set |[t| "¢ug = 0 when |¢t| — 0. If we do so, we obtain a
critical exponent 8 = Vdg = % in disagreement with the exact result § = 1/2 for d > 4.

The reason for this disagreement can be understood from Landau’s theory. The mean-field
result m = \/—6r¢/ug clearly shows that we cannot set ug = 0 in the scaling law (10.223).
The correct result is obtained if we write

m(t,0,u0) = [t["% g (|t| ™ uo) (10.224)
with g_(z) ~ z=/2 for  — 0. Then

|t|(de+5)

£,0,u0) ~ for t<0 10.225
m(t,0,ug) = or ( )
so that 1
_ 048\, _
B=v (dw + 5) —v=3. (10.226)

The fact that the function g_(z) is not analytic for z — 0 shows that wug is a dangerously
irrelevant variable; although irrelevant it cannot be set to zero.
The value of § can be obtained in a similar way. For ¢t = 0,

m(0, h,up) = s_d(sf)’m(O7 s@hh, sup)

= h”l(vjﬂ/"l(})wn(()7 1, h*E/dguo)
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= he/d g(h= Ty, (10.227)

Again it is not possible to set h~¢/ d?LuO = 0 in the scaling function g(z) even though
h=</dhyy — 0 for h — 0. Landau’s theory gives g(z) ~ z~/3 for z — 0 so that

m(0, h,ug) ~ pldo+5)/d (10.228)
ie.
i (10.229)
5= _ =3, ,
&+ 5

in agreement with the mean-field result.

10.6.2 The ¢ expansion

We now consider the (¢?)? theory (10.27). For d < 4, ug becomes a relevant variable and
the Gaussian fixed point rg = ug = 0 does not describe the phase transition. We expect
the transition to be described by another fixed point with only one relevant scaling field
(besides the magnetic field). We will see that the fixed point value uf is of order e =4 — d
for d near 4. This enables us to compute the critical exponents below the upper critical
dimension d = 4 within a systematic ¢ expansion. Furthermore, to order e, it is sufficient
to compute the RG equations to one-loop order.

10.6.2.1 One-loop RG equations

Following the general RG procedure (Sec. 10.5.1), we split the field ¢(r) = ¢ _(r) + ¢ (r)
into slow and fast modes and rewrite the action as

Slp + @] = Solp] + Sitle] + Solwps] + Sintle<, p]- (10.230)

The first two terms in the rhs denote the action in the absence of fast modes (¢ = 0), while
the last term denotes the interacting part of the action involving fast modes (Sint[¢ <, @~ =
0] = 0). The integration over the fast modes can be done using the linked cluster theorem
(Sec. 1.5),

/ Dl ] exp{—Solp=] — Sl -]}

= Zp,> exp {2:1 (—nl')” (Sint [P ‘P>}n>07>,c}
= Zp,> exp {Z connected graphs} , (10.231)
where
(o> = Zj,> /D[¢>]...€—So[¢>} and  Zos = /D[cp>]e_50[“’>]. (10.232)

The notation (---)g > . means that only the connected graphs are to be considered. The
action Sint [, ¢~ ] contains several types of vertex depending on the number of legs corre-
sponding to slow and fast modes,
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XXX

where a slashed line indicates a fast mode. The cumulants (---)g > . either contribute to
the free energy or renormalize the action of the slow modes.

Let us first discuss the case N = 1. The one-loop correction to the self-energy of the
slow modes is obtained from a vertex with two lines corresponding to fast modes,

X — G

ds(p) = “20 ][ Go(q), (10.233)

ie.

where Go(q) = (g® + r9)~'. We use the notation f_ to indicate that the momentum

integration is restricted to fast modes A/s < |q| < A. Similarly, the one-loop correction to
the (bare) 4-point vertex

U
P(4) (p17p2:p33p4) = Voézl pi,0 (10234)

of the slow modes is represented diagrammatically by

XX o

dr(0,0,0,0) = _%ug ][ G3(q) (10.235)
q

ie.

for vanishing momenta p; = --+ = py = 0. Equations (10.233) and (10.235) follow from
standard diagrammatic rules (SC 1.5). The momentum dependence of dT'¥) (p1, p, P3, P4)
generates new terms in the action, e.g. ¢?(V¢)?, which do not modify the critical exponents
to O(e) and can therefore be ignored (see the discussion below).

For the O(NN) model, the bare 4-point vertex is given by

48,
4) ) 1nt[§0]
T (P1, P2, P3, P
(PP Ps Pa) = 5 o~ )b ()
= Wfszi ps,0 (0i,0k,1 + 0i k00 + 05,1051) - (10.236)

It convenient to represent this (fully symmetrized) vertex as

X >l

where
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Figure 10.13: One-loop corrections to the self-energy (a) and the 4-point vertex (b).

i l
U
Sl =
J k

The one-loop corrections to the self-energy and the 4-point vertex are shown in figure 10.13.
This leads to

N +2
dx(p) = —¢—o ][ Go(a) (10.237)
q
and
N
drz('?l)cl(o’ 0,0,0) = — (8;,0k,1 + 05,1051 + 05,105 ) ?J;/Su% 7[ Gi(q). (10.238)
q

For N = 1, one recovers the previous results (10.233) and (10.235). The one-loop correction
due to the fast modes leads to a change of the parameters ry and ug of the action of the
slow modes,

N +2
=+ uo][ao(q),
q

(10.239)

N +38

u6 = Uo — Tug ][ G%(Q)~
q

To complete the RG procedure we must rescale momenta (p — p’ = sp) and fields.
Since the (V¢)? term is not renormalized (the self-energy correction d¥(p) is momentum
independent), the field rescaling is simply ¢(p) — go’(p)sid/2+d2><p(p). Finally, it is also
convenient to multiply 7o by A~2 and ug by A4* to obtain coupling constants in dimen-

sionless units. This yields the flow equations
N+2
fé = 82 l:fo + %ﬂoAZid ][ Go(q):| s
q

L. [ N+8ﬂ(2)A57[G§(q)] (10.240)
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for the dimensionless variables 7y and .5 Using

A d—1 Ad—2
fewnzm[ dlg 19 g, A g
q

_ 247 147
ot TR -
q €
Gha)=Ki[ dd = Kigro ol
]i 0 (1—dD)A (@2 +10)? (1 +179)?
for s = e (with dl — 0), we finally obtain the equations

dr N+2 u

ﬂ:2f0+7+[(d U0~,

dl 6 1 + To

diig N+8 a2 (10.242)

W = €Up — 6 d (1 + f0)2

satisfied by 7 (1) and o (1).

10.6.2.2 Fixed points and critical exponents

The RG equations (10.242) admit two fixed points: the Gaussian fixed point 7§ = 4§ = 0
obtained in section 10.6.1 and the Wilson-Fisher fixed point

1IN +2

Sk T 2
Ty = 2N+86+O(€ ), 10213
i = o< 4 O(e),

N+8K,y

where K, = 1/872. To obtain the critical exponents associated with these fixed points,
we need to find the eigenvalues e¥1% and e¥24 of the linearized RG transformation T'(dl)

defined by
5fo(l + dl) - 5’/:0(0
( siio(+dl) ) = T sa00) ) (10.244)
where §7y = 7o — 7 and 0ty = U — 4. Equation (10.244) can be rewritten as
d oo\ _ T(dl)—1 [ 67
dl ( S ) T Sig )’ (10.245)

where the matrix
equations

has eigenvalues y; and ys for dl — 0. From the linearized RG

d (7 \_ (2 YK, 7o
I ( i ) = < 0 . i (10.246)

about the Gaussian fixed point, we obtain the eigenvalues y; = 2 and y» = € and the
corresponding eigenvectors

1 -1
e = ( 0 > 5 €y = ( 12 ) 5 (10.247)
(N+2)K4

65FEven without the last rescaling (which implies that 7o and %o are expressed in dimensionless physical
units), ro and ug are “dimensionless” to the extent where they are expressed in units of (A’/A)l"0] and
(A’/A)[“‘)], respectively, i.e. in units of the running cutoff A’ = A/s. This property, which is a consequence
of the rescaling of momenta and fields, is crucial for the existence of a fixed point of the RG equations at
criticality.

T(dl)—1
dl
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to O(e?). The linearized RG equations about the Wilson-Fisher fixed point read

. N+2. N42 K .
i 5,{:0 — 2- me 6 1+gs 57:0 , (10248)
AN 0 —€ g
to order e. We thus obtain the eigenvalues y; = 2 — %—ize + O(e?) and y2 = —¢ + O(€?).

To O(e"), the eigenvectors are given by (10.247). The Wilson-Fisher fixed point is in the
direction es from the origin (Gaussian fixed point) since

( "o > = lMeeg +O(é%). (10.249)
Yo /) wr +

For d > 4, the Gaussian fixed point has one relevant direction (e;) and governs the
critical behavior. The correlation length critical exponent takes the classical value v =
1/y1 = 1/2. On the other hand, the Wilson-Fisher fixed point is not physical since 4§ < 0
for e < 0, and has two relevant directions (besides the magnetic field). For d < 4, the
Gaussian fixed point has two relevant directions. The critical behavior is governed by the
Wilson-Fisher fixed point which has only one relevant direction. The critical exponent v is
given by

1 1 N+42¢

[ 2 10.2
V==t st T 0@ (10.250)

whereas the correction-to-scaling exponent (Sec. 10.5.3) takes the value
w=—ys = e+ O(?). (10.251)

The anomalous dimension 7 vanishes to O(e) since the field has been trivially rescaled in
the RG procedure. All other exponents can then be deduced from the scaling laws derived
in sections 10.4 and 10.5.3,

N+2e¢ 9

:1 _—
v=1+ 5153 T O

1 3 €

=——= + O(?),
8 2 2N+38 (<) (10.252)
§=3+e+0O(),

4—Ne 9
“=N3s2 9

If ug vanishes, the phase transition is governed by the Gaussian fixed point even when
d < 4. If ug is finite but small and T' = T, the RG trajectory spends a lot of “time” near the
Gaussian fixed point before eventually flowing into the Wilson-Fisher fixed point. We can
describe this crossover behavior with two relevant scaling fields #; and f, at the Gaussian
fixed point, defined by

7 - - N +2)K. N +2)K.
1:0 = tlel + t2e2 = T‘~0 + wﬂo e; + wﬂer. (10253)
(%) 12 12
The singular part of the free energy satisfies®®
f(tl, 'LLO) = Sidf(sylth SyQ’u,o) = |t1|d/y1g:|: (’U,o‘t1|7¢) (10.254)

66Eq. (10.254) can be alternatively written as f(1(1),di0(1)) = s~ % f(t1(s), o(s)).
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(we consider o rather than £,), where y; = 2 and y» = €. The crossover exponent ¢ is
given by
Y2
¢p==>0. (10.255)
Y1

Thus we expect to see effective Gaussian behavior when ug|t;|~® < 1 and critical behavior
(governed by the Wilson-Fisher fixed point) when ug|t;|~% > 1.

To ensure that the preceding discussion is correct, we have to verify that the omitted
coupling constants do not modify the critical exponents to O(¢).5” Even if we start from the
(p?)? theory, the RG procedure will generate all coupling constants allowed by symmetry.
An arbitrary coupling w, different from 7y and @, satisfies the RG equation

%" = (d + O(e%))w + O(af, tow, w>, - - -), (10.256)

where d2 is the engineering dimension of @ while the O(e?) term comes from the anomalous
dimension 7 of the ¢ field. There is no term linear in @ in (10.256) since the only O(7y)
terms enter the RG equation of 7y and o.%® The fixed point value w* is of order €2
or higher. Thus the Wilson-Fisher fixed point is characterized by an infinite number of
nonzero coupling constants, but only 7§ and g are of order e.

We must now ask whether the O(e?) couplings can change the values of the critical
exponents to order e. Only terms of order € are important for the equation fixing 77, so that
W = O(€?) is negligible. By contrast, if a O(e?) term enters the equation diiy/dl linearly,
@y will change to order € and in turn the critical exponents. Thus the ug(¢?)3 term, which
contributes to dug/dl, is potentially dangerous. The leading contribution to diig/dl comes
from®?

o1 P j off P
q —-q q —q
P2 Py — > P P)
P3 P} P3 o

where q = —p; — p2 — p3 = p} + ps + %, |a] € [A(1 —di),A] and |ps|, |pi| < A(1 —dl)
(i =1,2,3). Now the g term contribution to diip/dl must have p; = po = p} = p5 = 0:

>
>

But the condition p; = ps = pj = p5 = 0 implies that p3 = —p% = —q, which is
in contradiction with |ps|,|p5| < A(1 — dl) and |q| € [A(1 — dl),A]. Thus 4s does not
contribute an O(e?) term to the equation for @}, and the critical exponents to order € are
unchanged.

67See Ref. [3] for a thorough discussion.

68The only diagrams of order g are the one-loop self-energy diagram (which contributes to dfg/dl) and
the bare vertex @ (which gives the term linear in @g in dig/dl).

69There is also a contribution to g coming from the ig(p?)* term which turns out to be O(e3) for
ug ~ ﬂg.
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Figure 10.14: Solution of the RG equations (10.242) for initial conditions near the critical
surface (d =3, N =1, A =1, 7§ ~ —0.1 and af ~ 10.66): T > T, (top) and T < T,
(bottom). The vertical dotted lines show the Ginzburg scale l¢ = In(Afg) ~ 3 and the
correlation length scale Ig = In(A&) ~ 12.

10.6.2.3 Flow diagrams

The analysis of the RG equations (10.242) is not restricted to the determination of fixed
points and critical exponents. In figure 10.14 we show typical solutions for generic initial
conditions near the critical surface (i.e. 7'~ T,) for d = 3 and N =1 (boldly extrapolating
the result of the e-expansion to e = 1). The top plots correspond to T" > T. and the
bottom ones to T' < T.. In both cases, one can identify a critical regime (in momentum
space) where 7 and g are nearly equal to their fixed point values 7§ and 4. Note that
o can take negative values as long as Go(p) = (p? + o) ! remains positive for |p| = A(l),
ie. 147y > 0. The critical regime begins when A(l) ~ 551 ~ ué/(d%), where £g is the
Ginzburg length introduced in section 10.3.4. Tt ends when A(l) ~ £~! where ¢ is the
correlation length. The critical regime is preceded by a perturbative regime A(l) > £
where the Gaussian approximation is essentially correct (Sec. 10.3.4).7

Since the relevant scaling field ; o e!/¥ grows exponentially near the fixed point (which
implies 67 o e'/¥ and 6@ o el/”), it is possible to obtain the value of the critical exponent
v from the behavior of 7y and g in the critical regime. To this end it is convenient to define
a “running” critical exponent v; by

1 d .

w T d In |[7o — 751, (10.257)

in the same way as we have defined a running anomalous dimension n; [Eq. (10.163)]. Near

"0Strictly speaking, o (1) must be small for the perturbative regime to exist. The fact that ag = O(e) for
d = 4 — € does not say anything about the value of ug(l) for A(l) > 551.
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Figure 10.15: Schematic flow diagrams in the (79, @) plane obtained from the linearized
one-loop RG equations for d > 4 (left) and d < 4 (right). G indicates the Gaussian fixed

point and WF the Wilson-Fisher fixed point. The gray areas correspond to the nonphysical
region 4o < 0.

the end of the critical regime, we observe that 1v; takes a constant value which can be
identified with the actual value of the exponent v; the obtained value clearly differs from
the mean-field value v = 1/2 (Fig. 10.14). In principle, the anomalous dimension 1 can be
obtained by a similar method, since the (running) anomalous dimension 7; coincides with 7
when ¢! < A(l) < 551. It is however necessary to go beyond the one-loop RG equations
to obtain a nonzero anomalous dimension (see chapter 11).

When T > T, the flow for A(l) < 7! is characteristic of the disordered phase. 7
takes a large value (79 > 1) which suppresses the perturbative corrections to the coupling
constants. The flow of 7y and g is then purely dimensional, i.e. 7o ox €2 and %y o e,
while the “dimensionful” variables satisfies drg/dl ~ dug/dl ~ 0 [Eq. (10.239)]. v; takes
the mean-field value 1/2. This is a general feature of Wilson’s RG: a “gapped” fluctuation
mode, with propagator G(p) ~ (p? + ¢72)~1, does not contribute to the RG flow once
Al) < €71

When T < T, the critical regime is followed by a decrease of 7o until 1 + 79 = 0,
which corresponds to a pole in the propagator Go(q) = (g2 + 79)~! for || = A. One
could try to circumvent this difficulty by expanding the action about one of its degenerate
minima. For NV > 2 however, one would have to deal with the nontrivial physics of the low-
temperature phase due to the (gapless) Goldstone modes associated with the spontaneous
broken symmetry, an impossible task within the framework of the perturbative RG we have
discussed so far. The ordered phase of the (¢?)? theory with N > 2 will be studied in
section 10.7 from the NLoM (see also Secs. 10.B and 10.C).

By solving the RG equations (10.242) for various initial conditions, we obtain the flow
diagrams shown in figure 10.15 for d > 4 and d < 4. The critical line (or, more precisely,
the line tangent to the critical line at the fixed point) is determined by

- N +2
t = 67 + %K@ﬁo =0, (10.258)
where the relevant scaling field ¢ is defined by
57 . ~
< 523 ) = f1e1 + t2es. (10.259)
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We see that fluctuations lead to a reduction of the transition temperature compared to the
mean-field result. For a given value of 1 (0), we need to choose 7p(0) < 0, i.e. T. < Tpo, to
be on the critical line (Fig. 10.15).

10.6.2.4 The upper critical dimension

At the upper critical dimension d} = 4, 1 is a marginal variable. To obtain the critical
behavior, one must go beyond the linear approximation. We shall see that the Gaussian
fixed point governs the critical behavior (g is marginally irrelevant at the Gaussian fixed
point) but the mean-field predictions are modified by logarithmic corrections.

Expanding the one-loop RG equations (10.242) to quadratic order in 7y and @g, we
obtain

dt- - N+4+2_ .

M op, - M Rk fay + Oa2),

dl 6 (10.260)
diig N+ 8K -2
dup N H8 . -

dl 6 rO

where £, is the relevant scaling field defined in (10.259). The second equation gives

1o (0)
1+ M Kyiig(0)1

dio(l) = (10.261)

tig(l) vanishes for | — oo, but only logarithmically wrt the running momentum cutoff
A(l) = Ae~!. From

dint N+2
;l L _og_ 7; Kyiio, (10.262)
we then deduce .
(1) o 1, (0)e2~ Vs (10.263)

when M8 Ko (0)1 > 1.
To obtain the correlation length (or the Josephson length £y for N > 2 and T' < T.) we
use £(£1(0),0(0)) = €'€(£1(1), @o(1)) and choose [ such that |£;(1)| ~ 1 and dig(1) < 1, i.e.
21 1

- N2
~ (I [F(0)]| . (10.264)
|t1(0)] | |

We then have &(#1(1), (1)) ~ £(1,0) ~ 1 and therefore

N42
¢ T — T||*™+9, (10.265)

1
U
\/|T—Tc||n

where we have used 51(0) o« T — T,.. Thus the marginal variable 1 leads to a logarithmic
correction to the mean-field result £ ~ 1/+/|T — T,|.

Similarly, we can compute the uniform susceptibility”* x = 8G;;(p = 0) starting from

X(E1(0), @p(0)) = e @24y (£ (1), 0 (1)), (10.266)

"1 The uniform susceptibility is defined in the ordered phase only for N =1 (see Sec. 10.7.3).
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e €,

€; €;

Figure 10.16: RG trajectories on the critical surface (e; is a relevant direction): without
marginal variable, ya,y3 < 0 (left), and with a marginally irrelevant variable, yo = 0 and
y3 < 0 (right).

where d — 2d), = 2 (7 = 0). When [t1(1)] ~ 1 and @y < 1, the ths in (10.266) can be
calculated by perturbation theory, which yields

1 N+2
~ e I T = T V5. (10.267)

Again, we obtain a logarithmic correction to the mean-field result x ~ 1/|T —T,.|. Note that
there is no logarithmic (In |p|) correction to the critical correlation function G;;(p) ~ 1/p?
since the anomalous dimension 7 vanishes for d = 4 (see Appendix 10.A).

To obtain the singular part of the free energy, we use

F(E1(0), a0(0)) = e f(E1(1), ao(1)).- (10.268)

Let us assume that the system is in the low-temperature phase. For |¢;(I)| ~ 1 and @o(l) < 1,
the rhs in (10.268) can be calculated within mean-field theory,”

0, 70(0) ~ e 0~ (o), (10.269)

where we have used 7o(I) ~ #1(I) ~ 1, Gp(l) ~ 1/l < 1 and (10.263). With [ given
by (10.264), we finally obtain

F(E1(0)10(0)) ~ ~[£:(0)P[1m £ (0)[| 7. (10.270)
Since #1(0) o< T — T, we deduce the (most) singular part of the specific heat,”
4N
Cy ~ |n|T — T.|| ™. (10.271)

Thus the singular part of Cy diverges for N < 4 but vanishes for N > 4. These results

significantly differ from the Gaussian model predictions Cy ~ |In|T — Te|| (Sec. 10.3.4).
Logarithmic corrections are a generic consequence of a marginally irrelevant variable.

Figure 10.16 shows two trajectories on the critical surface with and without a marginal

72The singular dependence of f(Z1 (1), dio(l)) on (1) is due to iip(l) being a dangerously irrelevant variable
in the low-temperature phase (see Sec. 10.6.1).

73This result can also be obtained from the high-temperature phase using f(#1(1),%0(1)) ~ f(t1(1)) for
ao(l) = 0 and s(4=9 =1Ins for d — 4 (s = €l).
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Exponent Gaussian model  O(e) O(e%) Numerics
v 1/2 0.583  0.6290(25) 0.6302(1)
3 1/2 0.333  0.3257(25)
~ 1 1167 1.2380(50)
) 3 4
a 1/2 0.167
" 0 0 0.0360(50) 0.0368(2)

Table 10.4: Critical exponents obtained from the e expansion [19] and numerical methods

(Monte Carlo and high-temperature series) [50] (d =3 and N = 1).

variable. In the absence of a marginal variable, the trajectory rapidly converges to the fixed
point. On the other hand, when there is a marginally irrelevant variable, the trajectory first
moves closer to the corresponding axis (because the irrelevant variables rapidly decrease
to zero) before converging to the fixed point due to the slow vanishing of the marginally
irrelevant variable. When the relevant field £; is nonzero but small, the trajectory eventually
runs away from the fixed point. Nevertheless, the marginal irrelevant variable still controls
the (slow) approach to the fixed point and leads to logarithmic corrections.

10.6.2.5 Utility of the ¢ expansion

The € expansion to first order does not yield reliable estimates of the critical exponents of
three-dimensional systems. Its great virtue is to provide a technically easy way of deter-
mining what kind of universality classes one can expect. Although the value of the critical
exponents changes when one goes away from the upper critical dimension, the topology of
the flow diagram does not. One can therefore investigate the phase transitions and their
universality classes in various models. Furthermore, the € expansion can also be applied to
the analysis of systems near the lower critical dimension (see Sec. 10.7).

Calculating the critical exponents to order €2 and beyond in the Wilson approach is
quite complicated as one must keep track of additional coupling constants besides 7y and
1. In practice, higher-order calculations are carried out using field theoretical perturbative
methods (see Appendix 10.A for an introduction to this type of approach). The expansion
has been pushed to O(e®). Although the series in € is only asymptotic, it can be evaluated
by the Borel summation method. Results for three-dimensional systems are in very good
agreement with numerical approaches. Table 10.4 shows the critical exponents obtained
from various methods for d = 3 and N = 1.7* Note that the crude estimates obtained from
the O(¢) expansion with € = 1 are closer to the exact results than those of the Gaussian
model.

74In chapter 11 we shall see that the non-perturbative RG is also a powerful tool to compute the critical
exponents with high precision.
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10.6.2.6 The large-river effect and the field-theoretical approach

-large-river effect: universality in a broader sense. -continuum limit possible thanks to
Gaussian fixed-point. Trajectories parametrized by a single parameter (at criticality): field-
theoretical approach -non-critical quantities not accessible in that case, by contrast to the
Wilson RG, in particular in its functional version (cf. Ising model in NPRG chapter).

10.7 The nonlinear ¢ model

In section 10.2.2, we have argued that the critical behavior of the lattice classical spin model
H=J% S Sr (SZ = 1) with O(N) symmetry is described by a (¢?)? field theory.
In this section, we study the former model at low temperatures in the ordered phase by
expanding about the classical configuration S, = (1,0,---,0). We assume N > 2. For
T < T., the spontaneous symmetry breaking gives rise to a nontrivial physics due to the
(gapless) Goldstone modes. We shall see that, rather surprisingly, the low temperature
expansion allows us to study the critical behavior near d = 2 when N > 2.
We thus start from the partition function

1 h
Z = /D[n] H(S(nf -1) exp{2 Z(Dﬂnr)2 +—- an} (10.272)
g g

r r,p r
of the NLoM on a d-dimensional hypercubic lattice, where

Dyn, = 2t — T (10.273)
a

(with @ the lattice spacing) denotes a discrete derivative, g = T//Ja?, h is an external field
and 4 = 1,--- ,d. In the continuum limit, the partition function of the NLoM is often
written as

Z = /D[n] 5(n? — 1) exp {—219 /ddr(Vn)2 + g . /ddr n} . (10.274)

However, a proper handling of the measure requires to define the model on a lattice and
take the continuum limit only at a later stage (see below).

10.7.1 Perturbative expansion

In the limit of a vanishing coupling constant, g — 0, the dominant field configuration is
n, = (1,0,---,0) if the field h = (h,0,---,0) (h > 0). To study the fluctuations about this
configuration, it is convenient to use the parametrization

ny = (op, Tr), (10.275)

where o, denotes the component of n, along h and 7, is a (N — 1)-component field perpen-
dicular to h. For small fluctuations, || < 1 and o, > 0, we can express o, = (1 — 7,)'/2
in terms of 7, using n? = 1. It is then possible to derive an effective action for the 7 field
by integrating out oy,

7= [ Pl T (0% + w2 = esp{ 50 37 (D) + (Dume®] S|

T, r
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— [ Prle{ - 5 3 [(Dum? + (D, 2]
VIR Y -, (10.276)

where the integration over m, is restricted to || < 1. The last term in (10.276) comes
from the measure D[n] [[, §(n2 — 1) in the functional integral (10.272).7°

We are now in a position to take the continuum limit ¢ — 0 whereby r becomes a
continuous position variable and D,m, = 9,7 a standard derivative. The term coming
from the measure becomes
g/ddr In(1 — 7?%) where p= L Z =a ¢ (10.277)

%
peBZ

is the number of degrees of freedom per unit volume. In the continuum limit, the Brillouin
zone (BZ) is replaced by a spherical region of radius A with the same volume,

dp Kq
= —d = — = — d
p=a = / (271_)(1@(1\ Ipl) ] A% (10.278)

The final form of the action therefore reads

Sl = = / dtr [(Vr)? + (V1 - 2]

2g
_h [ g a2 P g — 2
dry1—m +2 d*rln(l — %) (10.279)
g

(we set the lattice spacing a equal to unity), where the 7 field satisfies the constraint || < 1.

The minimum of the action is reached for w = 0. For small g, we expect the dominant
fluctuations to satisfy || ~ ,/g. Field configurations with |m| ~ 1 give exponentially small
contributions (of order exp(—const/g)) to the partition function that can be neglected in
the perturbative approach (¢ < 1). This allows us to ignore the constraint |7| < 1 and
freely integrate over m, from —oo to co. The expansion wrt g is then similar to a loop
expansion (Sec. 1.7), the only difference being that the term coming from the measure is
not multiplied by 1/g. To leading order (using || ~ /9g),

1
So[m] = % /ddr [(Vm)? + hr?], (10.280)
and the propagator of the 7 field reads

9
p2+h

Go(p) = (mu(P)mu(—p)) = (10.281)

Alternatively, one can obtain the action (10.280) by introducing a rescaled field 7, = g~ /%7

and then setting g = 0. For h = 0, the state with n = (1,0,---,0) spontaneously breaks
the O(N) symmetry, and Sp[r] is nothing but the action of the N — 1 Goldstone modes (to
leading order). A nonzero field h explicitly breaks the O(N) symmetry and gives a “mass”

"5We have used [do§(c? + 72 —1) = [do6(c — V1 —m2) < exp{—3In(1 —w2)}.
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term to the Goldstone modes. From (10.280) and (10.281), we deduce the (bare) stiffness

of the NLoM, 76
p) = L (10.282)
g
In the RG language, the action (10.280) corresponds to the Gaussian fixed point g = 0.
This fixed point is stable if the O(N) symmetry remains spontaneously broken for g = 0%
and h — 0. We can repeat the argument of section 10.3.3 to show that this should be the
case for d > 2. The reduction of the order parameter by fluctuations is given by

(o)) =1~ 3 {m(r)?) + O(g?)

. (N=Dg [ dp 1
- /(

— +0(g° 10.283
for h = 0. The momentum integral in (10.283) is infrared divergent for d < 2, so that
long-range order cannot exist in that case (Mermin-Wagner theorem; Sec. 10.3.3). On the
other hand we expect long-range order for d > 2 when g is small enough. This suggests that
higher-order vertices neglected in (10.280) are irrelevant at the Gaussian fixed point when
d>2.

Alternatively, one can check the stability of the Gaussian fixed point using dimensional
analysis. By expanding the various terms in (10.279), we find two types of vertices: (7 -
Vm)?(w?)" and (7?)". At the Gaussian fixed point, the 7 field has scaling dimension”

[7] = ——. (10.284)
A vertex with 2n fields and 27 derivatives has then dimension
Ynr = d —n(d —2) — 2r. (10.285)

The vertices (- Vm)?(m?)" are relevant for d < 2 and irrelevant for d > 2. The vertices
(m2)™ are relevant for d < 2. Surprisingly, a finite number of them are relevant also for
d > 2, which seems to contradict our expectation that the Gaussian fixed point should
be stable for d > 2. In fact, the vertices coming from the measure maintain the O(N)
symmetry of the action and ensure that the propagator of the 7 field remains gapless to
all orders in perturbation theory. Their relevance does not, as we shall see, invalidate the
conclusion that the Gaussian fixed point is stable for d > 2.

10.7.2 RG approach

To implement the RG procedure, we proceed as in the case of the (linear) O(N) model
(Sec. 10.6.2). We split the field w(r) = 7<(r) + 7~ (r) into slow (Jp| < A/s) and fast
(A/s < |p| < A) modes and integrate out the latter. Since the renormalization procedure
maintains the O(N) symmetry for h = 0, the action of the slow modes must be of the form
Sn] = %g, [d%r(Vn)? — }gl—,/ [ d% n up to higher-order (irrelevant) terms in the derivative
expansion. It therefore depends only on the two renormalized coupling constants g’ and A’

6Eq. (10.282) follows from pQ = o2/g with ¢ = 1 the order parameter in the classical configuration
ny = (170"" 70)
77To define the scaling dimension of the field, it is convenient to use the rescaled field 7, = g~

Slry] = 3 [dr [(Vmr)? + h?], [me] = d/2 — 1.

/27, Since
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7TV1 du 7T1/1 7TV2 d,, 7TV2 @7@17@) 7Tu77u

PO
y /\?m

Figure 10.17: (a) Diagrammatic representation of the three terms of Si[mw]. The slashed
lines represent the spatial derivative d,,. (b) One-loop diagrams obtained from the diagrams
shown in (a).

as well as on a field renormalization factor necessary to keep the normalization n? = 1. This
implies that the vertices in the action (10.279) are not independent. For instance, the ratio
of the coefficients of (- V)% and (V)? is one. If this ratio were different, the action
would not have O(N) symmetry. Thus we need only consider RG equations for the two
independent coupling constants g and h/g.

10.7.2.1 One-loop RG equations

To obtain the RG equations to lowest order, it is sufficient to consider the O(g) correction
to Sy,

Sylm] = % / d'r|(m - V) + ( 2] - / dly 2. (10.286)

The three terms in S; are diagrammatically represented in figure 10.17a. Integrating out
the fast modes, one finds

7 = /’D[ﬂ— _SU /D —So =51 [ <+77]+0(g?)
/D _SO ]‘(Sl[“<+7">]>0,>+0(92)7 (10287)
where
1 /
(Silm=+ 770> =5 D m (=PI () Y [P*+ %] Go ()
gV <= =
h < < / /
177 QAN = 1)+ 275 (=p)ms (p) Y Go(P)
9 p,v p’
1
= 5P Y (=) (p). (10.288)
P,V
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The notation Z/p, means the sum over p’ is restricted to the fast modes A/s < |p/| < A.
The first two terms are represented by the diagrams of figure 10.17b. The last term in
(10.288) is obtained from £ [ d%r (w<)? by writing p = p= + p~ with

p” = %Z = ][ (V = ) (10.289)

and including the contribution —1p> [d% (w<)? in the action of the slow modes. We
therefore obtain the following action of the slow modes to leading order,

1 N-1
S[r<] = —(1+dI) /ddr(Vﬂ'<)2 + n (1 + dI) /ddr(ﬂ'<)2, (10.290)
2g 2g 2
where
dI = 7[ Go(p) (10.291)
P
and we have used
][ p°Go(p) = gp” — hdl. (10.292)
P

Rescaling momenta and field, i.e. r — ' =r/s and #< — w<’ = Ax<, we reproduce the
original action Sp[mw <]+ O(g) but with renormalized coupling constants,

(1+dHA2s972,
N-1
= (1 + dI) A 25,
g 2

To obtain the field rescaling factor A, one could compute the renormalized coefficient of
(< - Vm<)2. Because of the O(N) symmetry, this coefficient should be equal to the
coefficient of (Var<)2. Alternatively, one can notice that h/g scales trivially. The O(N)
symmetry implies that the renormalization of h/g does not depend of the direction of the
field h. If one couples h to m, (rather than to o), one obtains the following term in the
action,

>Q =

(10.293)

U=

E drﬂ' r
-1 /d (1), (10.294)

Since h/g couples to 75 (p = 0), it is not affected by the integration of 7~ and its renor-
malization is entirely due to the rescaling of momenta and field,

nh
— = -5\l (10.295)
9 9

Comparing (10.295) with (10.293), we deduce

N-1
A=1+ = —dl,

102 (10.296)
/ (1+¥d1) 827d.

- 1+dI
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B(3)

Figure 10.18: 8 function 8(g) = dg/dl of the NLoM for d < 2 and d > 2.

Taking s = e? (dl — 0) and using
dl = gK4A2dl (10.297)

for h = 0, we can transform the RG equations (10.296) into a differential equation for the
coupling constant g(I). Introducing a dimensionless coupling constant § = A%2~%g, we finally
obtain

dg ~2 ~3

5 = ¢ + (N —2)Kq43° + 0(3°), (10.298)
where e = d — 2.

It is possible to deduce the (running) dimension d,(l) of the field from the rescaling
factor A [Eq. (10.296)]. Because the propagator Go(p) depends explicitly on the coupling
constant g, one should however disentangle the contribution to A coming from the running
of §. Let us consider the rescaled fields 7, = g(I)~'/?m and /. = g(I 4+ dI)~'/?>=’, where
7’ = Aw. The scaling dimension d, = [m,] can be deduced from the behavior of the 7,
field in the renormalization process, i.e.

1 de(Ddl . _ g(l) 1z
wo=e T =\ <g(l+dl)> T (10.299)
(see Sec. 10.5.1) with
A=1+ %g(l)]{ddl +O(dI?). (10.300)
Equation (10.299) gives
dy (1) = % + %g(l) (10.301)

and in turn the (running) anomalous dimension
n(l) = Kag(l). (10.302)

10.7.2.2 Fixed points and critical exponents

As expected, g is irrelevant at the Gaussian fixed point ¢ = 0 for d > 2 and relevant for
d < 2 (Fig. 10.18). In the following, we assume N > 2; the case N = 2 will be discussed
later.

For d < 2, the growing of the coupling constant invalidates the perturbation approach
and indicates that the system is disordered for any finite value of § in agreement with
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the Mermin-Wagner theorem. Let us consider the two-dimensional case where g = g is

On utilise K, = marginally relevant,
1/2m777 9(0)
gy = — I (10.303)
1—2=24(0)1
We can obtain the correlation length from
. g(l) dg
£(6(0) = €a)e! = etayen] [0 (10.:304)
g(0) B(9)
where 8(g) = dg/dl is S function. For g(l) < 1, we can use (10.298) to obtain
27 1 1
&(g(0)) = &gl exp{ (—)} 10.305
(900) = o) exo] 575 (5~ =5 (10.305)
For g(I) ~ 1, we expect £(g(I)) ~ A™1, so that
_ o _ 27 pY
~ A1 ) =A"! 2 10.
13 exp((N_2)9> exp (N—Q) (10.306)

for g = ¢g(0) < 1. The correlation length diverges exponentially with 1/g.

For d > 2, there is a critical fixed point §* located away from the origin corresponding
to a second-order phase transition between an ordered phase (described by the Gaussian
fixed point § = 0) and a disordered phase (Fig. 10.18). Near the lower critical dimension
d_. = 2, this fixed point and the associated critical exponents can be obtained within an e
expansion (¢ = d — 2). To leading order in ¢, one finds™

g = N% 5€+ O(e?),
g*_ . (10.307)
_ 9 2y _ 2
n—27r+(9(€) N72+O(6)‘

We can determine a characteristic length £ from (10.304). If g(0) is close to §g*, we linearize
the 5 function,

o
T=@-8E)+0 (-3, (10.308)
to obtain 8"
_ep 3O =g | ‘
3 5()‘51(0) — 7 ; (10.309)

which holds provided that |g(I) — §*| < 1 (thus allowing the linearized form (10.308) to be
used). To eliminate the dependence on [ in (10.309), we note that we expect £(I) ~ A1 for
g(1) ~ 2g* (the factor 2 is somewhat arbitrary here) in the disordered phase, and (1) ~ A~1
for g(I) ~ g*/2 in the ordered phase. We conclude that

E~lg—g ™ (10.310)

(g = §(0)) diverges at the transition with an exponent

v = = (10.311)
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Figure 10.19: Solution of the RG equation (10.298) for §(0) smaller but very close to the
critical point §* (d = 3 and N = 3). The dotted vertical line indicates the Josephson scale
l; =In(&sA) separating the critical regime | < [y from the Goldstone regime [ > 1.

10.7.2.3 Josephson length and stiffness

While the characteristic length £ is naturally identified with the correlation length in the
disordered phase, its physical meaning is less clear in the ordered phase. Let us consider
the coupling constant (/) in the ordered phase. When §(0) is close to §*, one can identify a
critical regime | < Iy where g(l) is very close to the critical value §* and n; ~ n (Fig. 10.19).
For I > 1y, g(I) goes to zero and the long-distance physics is governed by the Gaussian
fixed point § = 0. Thus the Josephson length &; ~ A~ !¢l separates a critical regime and
a “Goldstone” regime where the Goldstone modes are effectively non-interacting.

Since the stiffness has scaling dimension [ps] = d — 2 (Sec. 10.4.1), the renormalized
stiffness satisfies

ps(G(1) = ps((0))el=L. (10.312)

In the low-temperature phase, the coupling constant G(I) goes to zero for | — oo and we
can read off the renormalized stiffness directly from the renormalized action,

(@) = Aa0) = S 100, (10313
so that
o—(d=2)1
e = pu(3(0) = A2 fim (10.314)
Using the solution }
g(l) = g (10.315)

_ o(d=2)1 _ g
1—el )(1 _«3(0))

of the RG equation (10.298), we finally obtain

ps = p° <1 — N(O)> . (10.316)

g*

At the transition (§(0) — §*), the stiffness vanishes with an exponent v(d — 2) = 1.

"8Note that the one-loop RG equations (giving B(3§) to O(§?)) are sufficient to obtain the fixed-point
value g* and the anomalous dimension 7 to O(e).
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In the Goldstone regime, one can also compute the connected propagator of the longi-
tudinal field o using o ~ 1 — 72 /2 for small transverse fluctuations,

(oo (0)) = § (w7 (0))e = § SR O)e = o (e)m, (0))?
N II“IQ% (10.317)

where (m,(r)7,(0)) ~ 1/|r|%"2 is the Goldstone modes propagator in the limit g — 0
obtained from the Fourier transform of 1/p2. The last result in (10.317) is obtained using
Wick’s theorem (which holds at the Gaussian fixed point). We therefore deduce that the
longitudinal propagator

In|p| for d=4,
(o(P)o(—p))ec ~ |p|i_d for d<d (10.318)

is singular for p — 0 below four dimensions. (Equations (10.318) hold for |p| < &;1.)
This result should be contrasted with the predictions of the Gaussian approximation (which
neglects the coupling between transverse and longitudinal fluctuations) to the (¢?)? the-
ory, according to which the longitudinal fluctuation mode is gapped and the longitudinal
propagator finite in the limit p — 0 [Eq. (10.82)]. The longitudinal propagator singularity
~ 1/|p|*~4 is weaker than that (~ 1/|p|?) of the transverse propagator for d > d_ . Both
singularities would coincide at the lower critical dimension d_ = 2 if long-range order were
not suppressed by fluctuations thus making the propagator of the n field gapped and O(NV)
symmetric.

10.7.2.4 Non-linear sigma model vs (¢?)? theory

The € = d — 2 expansion of the NLoM near the lower critical dimension bears some sim-
ilarities with the e = 4 — d expansion of the (linear) O(XN) model near the upper critical
dimension (section 10.6.2). In both approaches, we find a second-order phase transition and
are able to compute the critical exponents to order € using a perturbative (one-loop) RG.
In the linear O(NN) model near criticality, we found two characteristic lengths, the correla-
tion length (or the Josephson length in the ordered phase) £ and the Ginzburg length &¢.
These two characteristic lengths, which determine the critical regime ¢~ < |p| < f&l in
momentum space, are related to the two (bare) parameters, ro and ug, of the model. By
contrast, there is only one coupling constant in the NLoM and therefore one characteristic
length, the correlation length (or the Josephson length) &, the critical regime being defined
by &' <[ p| <A

Since the (p?)? theory and the NLoM derive from the same spin model H = J > (o) Se
S,/, they should belong to the same universality class. There are two limits where this
can be shown explicitly. i) In the large N limit: to all orders of the 1/N expansion, the
correlation functions in the critical regime have the same asymptotic behavior in both
models (Appendix 10.B). ii) Near two dimensions: when d — d_, amplitude fluctuations
play no role in the critical behavior of the (¢?)? theory which then reduces to that of the
NLoM discussed in this section (chapter 11).

However, in contrast to the (?)2 theory, the NLoM does not yield estimates of the
critical exponents in three dimensions, the € = d — 2 expansion being not Borel summable.

© N. Dupuis, 2022



670 Chapter 10. Renormalization group and critical phenomena

10.7.2.5 The O(2) NLoM

If N = 2, the one-loop correction to the 5 function vanishes and 3(§) = dg/dl reduces
to the purely dimensional term —eg (coming from the rescaling of momenta and fields)
[Eq. (10.298)]. With the parametrization n = (cos#,sin#), one can write the NLoM as a
free field theory,

S[0] = % / i (V0)2. (10.319)

The result 8(g) = —eg is therefore exact (to all orders in the loop expansion) for the O(2)
model.

For d > 2, the continuous symmetry remains broken for any value of g (the fixed point
g* = 2me/(N —2) = oo for N — 27), with a mean value of the field given by |[(n(r))| =

(€M) e,
)] = exp (5000 =exp (- / 2). (10.320)

Spin-wave excitations alone are not able to disorder the system. There is however no
doubt that the original lattice model (10.272) (XY model) is disordered at sufficiently high
temperature (i.e. sufficiently large ¢g).” This apparent paradox can be explained by the
observation that the NLoM ignores the fact that 6 is a cyclic variable, which can be justified
only at small g (up to exponentially small corrections in 1/g).

In two dimensions, the S function of the O(2) NLoM vanishes identically. Mermin-
Wagner theorem forbids long-range order. However, the fact that the expression g* =
2me/(N — 2) becomes undetermined when € — 0 and N — 2 suggests that this case might
be special (see Sec. 10.8).

10.7.3 Low-temperature limit of the (©?)? theory

In section 10.3, we have studied the (¢?)? theory with O(XN) symmetry in the Gaussian
approximation. This approximation breaks down in the vicinity of the phase transition
because of critical fluctuations. We shall see below that when d < 4 the Gaussian approx-
imation breaks down in the whole low-temperature phase for NV > 2 due to the presence
of Goldstone modes. It is however possible to circumvent the difficulties of the perturba-
tion theory by considering the “good” hydrodynamic variables, namely the amplitude and
the direction of the N-component field . While amplitude fluctuations are gapped, the
effective theory describing the low-energy direction fluctuations is a NLoM.

10.7.3.1 Breakdown of perturbation theory

Within the mean-field (or saddle-point) approximation, the order parameter ¢, = (¢(r))
has an amplitude ¢o = (=679 /ug)"/? in the low-temperature phase (ro < 0). By expanding
the action to quadratic order about the mean-field solution, one finds the (zero-loop) self-
energy

0 “3ry if i=1,
Zz('i)(p):{ S it i1 (10.321)

7See, e.g., the argument given in Sec. 10.8.
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R

Figure 10.20: One-loop correction (1) to the self-energy. The dots represent the bare
interaction, the zigzag lines the order parameter ¢g, and the solid lines the connected
propagator G(©).

and the longitudinal and transverse propagators

_ 1
= p2 +2|'f’0"

1
GV p) =G (p) = =~

¢\” () =G (p)
(10.322)

(see Sec. 10.3.1). We assume the order parameter ¢, to be parallel to the direction
(1,0,---,0). In agreement with Goldstone’s theorem, the transverse propagator is gap-
less whereas the longitudinal susceptibility G (p = 0) = 1/[2r0] is finite.

Let us now consider the one-loop correction £(1) to the self-energy shown in figure 10.20.
While the first diagram is finite, the second one gives a diverging contribution to ¥;; in the
infrared limit p — 0 when d < 4. The divergence arises when both internal lines correspond
to transverse fluctuations (which is possible only for ;7). Retaining only the divergent
contribution, we obtain

(1) N-1, 2/ 1
5 (p) = " _ 10.323
11( ) 18 0%P0 q qg(p+q)2 ( )
The momentum integration in (10.323) gives®"
1 Aglp|t—* if d<4
— = . ’ 10.324
L zwrar Lo it asi (10.324)
for |p| < A, where [51]
9l—d 1-d/2 T 2
= 7 @2 gy
Ag = 1sm(7rd/2) I(d—-1) (10.325)
if d=4.

82

The one-loop correction (10.323) diverges for p — 0 and the perturbation expansion about
the Gaussian approximation breaks down. By comparing the one-loop correction to the
zero-loop result, i.e. |Z§11)(p)| ~ Zﬁ)(p), one can extract the characteristic momentum

scale

[Ad(N - 1)U0}1/(47d) if d<4,
Pc (10.326)

80For simplicity, in the following we approximate 1 + In(A/|p|) ~ In(A/|p|) for |p| < A.
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pal is nothing but the Ginzburg length £ introduced in section 10.3.4. In the critical
regime, pg is the momentum scale associated with the breakdown of the Gaussian approx-
imation and the onset of critical fluctuations (Sec. 10.6.2). Here we see that in the whole
low-temperature phase, the Ginzburg momentum scale pg signals the breakdown of the
Gaussian approximation: while the Gaussian or perturbative approach remains valid for
|p| > pg, the limit |p| < pg cannot be studied perturbatively. We shall see below that,
when the system is away from the critical regime, the breakdown of perturbation theory is
due to the coupling between transverse and longitudinal fluctuations.

10.7.3.2 Amplitude-direction representation

To distinguish between amplitude and direction fluctuations in the ordered phase, we use
the parametrization

o(r) = p(r)n(r), (10.327)

with n(r)? = 1. The partition function becomes
Z = /D[p, n| HpN_l(r) e~ Slpml (10.328)

where the action is given by

’U,04

1 1 T
S[p,n] = /ddr Lp?(vn)2 + 5(V,o)2 + Eop2 + 0P ] . (10.329)

In the low-temperature phase (ry < 0), the mean-field theory yields a finite order parameter
po = (—670/ug)'/?. To quadratic order in the fluctuations p’ = p — pg, we obtain the action

2 1
Siponl = [t | B2 4 VAP ¢ ol (10.330)

and deduce that the amplitude fluctuations are gapped,

1

(' (P)P'(-p)) = et (10.331)

If we are interested only in momenta |p| < p. = /2|ro|, to first approximation we can
ignore the higher-order terms in p’ that were neglected in (10.330), since they would only
lead to a finite renormalization of the coeflicients of the action S[p’, n].

Equation (10.330) shows that in the “hydrodynamic” regime |p| < p. direction fluctu-
ations are described by a NLoM. It is convenient to use the parametrization n = (o, )
introduced in section 10.7.1. Integrating over o, one then obtains

1

2p(%(Vw)2 (10.332)

1
Slp', w] = /ddr [Q(Vp’)2 +[rolp" +

for small transverse fluctuations 7 (i.e. to leading order in the coupling constant 1/p3 of
the NLoM). From (10.332), we deduce the propagator of the 7 field,

51'73‘
(mi(p)m;(—p)) = 2pE (10.333)
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Again we note that the terms neglected in (10.332) would only lead to a finite renormal-
ization of the (bare) stiffness p3 of the NLoM at sufficiently low temperature. In fact,
equation (10.332) gives an exact description of the low-energy behavior |p| < p. if one
replaces p? by the exact stiffness and p;* = (2|ro|)~'/? by the exact correlation length of
the p’ field.

We are now in a position to compute the longitudinal and transverse propagators using

1
@ =po=pV1—n2pg+p — -pom?,

2 (10.334)
P = pw >~ pyT.

Since the long-distance physics is governed by transverse fluctuations, we have retained in
(10.334) the leading contributions in 7. Making use of (10.333), one readily obtains

GL(p) = i (P)mi(—p)) = . (10.335)
The longitudinal propagator is given by
Gy(x) = (' (0)0' () + 3 A (62 (0)2)e
— (0 O) + L )2, (10.336)

205

where (- - -). stands for the connected part of (---). The second line is obtained using Wick’s
theorem. In Fourier space, this gives

1 N-1 1
G (p) = + / : 10.337
1P) = 5oy P2 207 Jqd2(p+aq)? ( )

where the momentum integral is given by (10.324) for |p| < A and d < 4. By comparing the
two terms in the rhs of (10.337), we recover the Ginzburg momentum scale (10.326). For
Ip| > pe (Gaussian regime), the longitudinal propagator G| (p) ~ 1/(p?+p2) is dominated
by amplitude fluctuations and we reproduce the result of the Gaussian approximation. On
the other hand, for |p| < pg (Goldstone regime), G| (p) ~ 1/|p[*~¢ is dominated by
direction fluctuations and diverges for p — 0:

if |p|> pa,

1
Gi(p) ~{ PIPe
H(p) { M% if \p\ < pa,

(10.338)

for d < 4 (the divergence is logarithmic for d = 4).

The divergence of the longitudinal propagator is a direct consequence of the coupling
between longitudinal and transverse fluctuations. In the long-distance limit, amplitude-
Maria Chamarro jedpif.su@edpif.org; fluctuations become frozen so that |p| = p ~ po.
This implies that the longitudinal and transverse components ¢ and ¢, cannot be con-
sidered independently as in the Gaussian approximation (Sec. 10.3) but satisfy the con-
straint of + @7 =~ p§. To leading order, ¢ = po(1 — T2)1/2 and G)j(r) ~ G (r)% ie.
G| (p) ~ 1/|p|*~? for d < 4 [Eq. (10.338)].

Equations (10.335) and (10.337) imply that in the limit p — 0 the self-energies are given
by
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Zu(p) =—ro+ Cl|p|47d + 0(p?),

; (10.339)
Yoa(p) = —ro + O(p?),
for d < 4, and
c, ,
S11(p) = —ro + —L— 1 O(p?),
u(P) = =ro+ iy T O®) (10.340)

Sa2(p) = —ro + O(p?),

for d = 4. ¥11(p) contains a non-analytic term that is dominant for p — 0, in marked
contrast with the prediction of the Gaussian approximation [Eq. (10.321)].

10.8 The Berezinskii-Kosterlitz-Thouless phase transition

In two dimensions thermal fluctuations prevent the spontaneous breaking of a continuous
symmetry at finite temperature (Mermin-Wagner theorem). In this section we shall see that
a phase transition without symmetry breaking, driven by topological defects (vortices), can
nevertheless occur in two-dimensional systems with a two-component order parameter and
an O(2) symmetry. Although the following discussion holds for all systems in that category,
we shall consider the XY model defined on a square lattice (with lattice spacing a) by the
Hamiltonian

H=-]> S-Sy, (10.341)

(r.r)

where S, = (cosf,,sinf,) is a classical spin of unit length and we assume J > 0. We
shall first show that the existence of a finite-temperature phase transition can be inferred
from the high- and low-temperature expansions and discuss the role of vortices from simple
arguments. We shall then turn to the Coulomb-gas and sine-Gordon models for a detailed
study of the transition.

10.8.1 Finite-temperature phase transition

10.8.1.1 High-temperature expansion

At high temperatures, the spin-spin correlation function can be determined using the ex-
pansion

<&S”=§(HA%

de " K Sy. Sy
2; > cos(fr — Oy ) e 2 (eyry) SriSe;

1 T by
== (1:”[/0 5 > cos(Oy — Oy) <Hv> [1+ K cos(Or, — br,) + O(K?)],
(10.342)
where K = J/T and Z is the partition function. Since
2m
By
/ 5 cos(Oy, —bpr) =0,
o (10.343)

2m
b, 1
/0 = cos(Oy, — ) cos(Opr — Or,) = 3 cos(fr, — br,),
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10.8 The Berezinskii-Kosterlitz- Thouless phase transition 675

for the numerator in (10.342) not to vanish one must associate with every factor cos(6y, —6;,)
another factor cos(fy, — 0r,). To every nonzero term one can therefore assign a path on
the lattice going from site r to site r’, which gives a contribution (K/2)™ where N is the
number of bonds along the path. The dominant contribution in the high-temperature limit
is found by choosing the shortest path, i.e. N ~ |r —1’|/a. We thus obtain

[r—r’]

K\ = -
(Sp - Sp) ~ <2> ~ e (10.344)

where ¢ ~ a/In(2/K).%" The exponential decay of correlations means that the system is
disordered at sufficiently high temperatures.
10.8.1.2 Low-temperature expansion

Since the ground state of the XY model exhibits ferromagnetic order, at low temperatures
we expect the dominant fluctuations to be long-wavelength fluctuations (spinwaves) where
the phase 0, varies slowly in space. This allows us to approximate the XY model by a
continuum model with Hamiltonian

0
H= %/d%(va)% (10.345)

where p = J is the (bare) spinwave stiffness. At sufficiently low temperatures, we can
ignore the periodicity of the phase and consider # in equation (10.345) as a variable varying
between —oo and co. We can then use the standard rules of Gaussian integration to obtain

(S -Sp) = (ei(9r—9r/)> — o3 ((0:=6,)%) _ @G(r—"')—G(O)7 (10.346)

where G(r) is the (bare) spinwave propagator,

d?q 97 1 [Mdg
/(27r)2 K@ %K/O ;Jo<CJ|rI)- (10.347)

Jo is the zeroth-order Bessel function and we have introduced a UV momentum cutoff
A ~ 1/a since the continuum approximation is valid only at length scales larger than a. We
thus obtain

G(r)

A
G0) = G(x) = e [ 1= Jofale)) =

r
ﬁln‘g’ (10.348)

and therefore

.
a 2K

(Sp-Sw) ~

10.349
r—r’ ( )
Since (Sy - Syp) = (Sy) - (Sy) for |r — r'| = oo, we conclude that there is no long-ranger
order, (S;) = 0, in agreement with the Mermin-Wagner theorem. However, the decay
of correlations is algebraic rather than exponential as is usually the case in the absence

81'We assume here that the path of shortest length is unique. Taking into account the multiplicity of
shortest lattice paths would modify the correlation length £ but not the exponential decay of the correlation
function.
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Figure 10.21: A vortex and an antivortex with winding numbers +1 and —1, respectively.

of spontaneous symmetry breaking; the system is said to exhibit (algebraic) quasi-long-
range order.®? In higher dimensions (d > 2), an algebraic decay of correlation functions
is characteristic of a critical point. Here it arises from the angular growth of angular
fluctuations, which is specific to two dimensions, and is expected to hold at sufficiently
low temperatures. In other words, rather than a critical point at a given temperature
T., one finds at low temperatures a critical line characterized by a temperature-dependent

anomalous dimension®?
1 T

T 2K 2mp)

n(T) (10.350)
and an infinite correlation length.

This simple analysis suggests the existence of a phase transition at a finite tempera-
ture T, separating the low-temperature phase with quasi-long-range order from the high-
temperature phase characterized by a finite correlation length.

10.8.2 The role of vortices

What are the fluctuations responsible for the phase transition? Berezinskii, and Kosterlitz
and Thouless, showed that the transition is driven by the unbinding of vortices. A vortex is
a topological defect that cannot be obtained from a continuous deformation of the ground
state (Sy = n with n an arbitrary unit vector) and therefore cannot be described by the
long-wavelength Hamiltonian (10.345).

Because of the 27 periodicity of the phase 6 it is possible to construct spin configurations
for which the line integral

?gdl - Vo =27k (keZ) (10.351)
c
does not vanish when the closed path C encloses the vortex center (Fig. 10.21). The integer

k is known as the topological charge or the winding number of the vortex. Far away from
the center, the lattice structure does not matter and we can use a continuum description

82The existence of quasi-long-range order at low temperatures follows from the Gaussian Hamilto-
nian (10.345). Higher-order terms in the derivative expansion, e.g. [(V6)?]?, are irrelevant in the RG
sense and would not modify this conclusion.

83Recall that in a critical d-dimensional system, the correlation function of the order parameter field
decays as 1/|r|¢=2+7,
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as in (10.351). If, furthermore, the phase varies slowly in space, one can use the Hamilto-
nian (10.345) to determine the phase field of the vortex. Minimizing the energy, we obtain

5
06(r) 2

/d2r’(Vr/0(r'))2 = —p2V3(r). (10.352)

The phase field 6(r) = kp, where ¢ = arctan(y/z), satisfies both the topological con-
straint (10.351) and the equilibrium condition (10.352). The corresponding velocity field*

v(r) =Vi(r) = r—kz(fy,a:) =—kV x (zln|r|) (10.353)

(z is a unit vector in the z direction) is tangential, v(r) - r = 0, and its Fourier transform

v(q) = /d27‘ e Ty (r) = ok >; z (10.354)
q
is a transverse vector, v(q) - q = 0.
The energy of a vortex is given by
0
E, ~ E (k) + i/ d*r(Vo)?
2
[r|>a
0.2 R
~ FE.(k)+7mpk*In | — |, (10.355)
a

where E. (k) is the core energy (which cannot be obtained from the continuum model (10.345))
and the size of the core is approximated by a. Thus the energy of a vortex diverges with the
size of the system (assumed here to be a disk of radius R, the vortex being at the center).
The free energy F, = E, — TS, of an isolated vortex is therefore

F, = E.+np’In(R/a) — Tn(R/a)?
= E.+ (mp? — 2T)In(R/a), (10.356)

where the entropy S, = In W is obtained by noting that there are W ~ 7 R?/ma? indepen-
dent configurations for a vortex whose core has a surface ma2.8° In (10.356) we consider
only vortices with winding number k£ = %1 since they have the smallest energy. When
T < 7pY/2, the free energy cost of creating an isolated vortex diverges when R — oo, and
we do not expect isolated vortices to be present in the system at equilibrium. On the con-
trary, when T > 7p0/2, the free energy is smaller when an isolated vortex is present and
we do expect vortices to spontaneously appear in the system. Each time a vortex of charge
k = +1 appears between two points A and B, the corresponding phase difference 4 — 0
varies by +m. The presence of thermally excited vortices therefore randomizes the phase
and destroys the algebraic order. The temperature T, = 7p%/2 can thus be interpreted as
the transition temperature between the low-temperature phase with quasi-long-range order
and the disordered high-temperature phase.

84This terminology comes from boson systems where 6 is the phase of the boson field ¥(r) and v(r) ~
VO(r) the superfluid velocity; see the remark at the end of Sec. 10.8.2 and chapter 7.

85The expression (10.355) of the energy assumes the vortex to be at the center of the system. When
this is not the case, we expect that it is still possible to use (10.355) since the dependence on R is only
logarithmic.
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The preceding analysis can easily be extended to the case of a set of vortices with
topological charges ki, ks, -+ If the total charge kot is nonzero, the preceding results are
essentially unchanged; far away from the vortices (assumed to be located near r = 0),
|v| ~ 1/|r], and the energy E ~ k2 In(R/a) diverges logarithmically with the size of the
system. By contrast the energy remains finite when kit = 0, so that the corresponding
vortex configuration has a nonzero probability at any finite temperature. Consider for
instance a pair of vortices with opposite winding numbers k and —k and located at r & £/2
(vortex-antivortex pair). Assuming that far away from the dipole center the velocity field
is given by the sum of the fields created independently by the isolated vortices, one finds

Voair(r) = V. <r + 5) + V6 <r - 5) ~ (£ V)V, (r) = k(£ V)

X2z
r]
for |r| > |£]|. 6+(r £ £/2) denotes the phase field of the vortex with charge = +k and is

given by (10.353). Thus Vi (r) decays as 1/r? far away from the dipole center, which leads
to a finite energy,3°

(10.357)

Epair (£) = 2B, (k) + 27p2k° In

;
=1 10.
a‘ (10.358)

Since the energy is minimum for £ = +1, at low temperatures we can ignore vortex-
antivortex pairs with larger topological charges (i.e. |k| > 1). The probability P(£)d?/
for the vortex and antivortex to be separated by £, within d¢, is determined by

2n K

P(e) _ N672[5E(:727rK1n\£/a| — Ny2 ’% , (10359)

where y = e~ PP is the fugacity of vortices of charge +1 and A a normalization constant
that is determined from the condition [ d?¢ P(€) = 1. The mean square distance is

0 dfé?) Y 2n K _
2 _ Jo dC@OT LK -1 (10.360)
fa dtl(a/l)>mK K —2

(@) = / P20 P(0)e

for 7K > 2. Thus (£2) is finite at low temperatures and diverges when T approaches
T. =mpl/2.

The low-temperature phase should therefore be visualized as a phase of bound vortex-
antivortex pairs with a characteristic size <£2>1/ 2 < 00. These pairs are expected to reduce
the spinwave stiffness at short distance, but the long-distance behavior should be determined
only by the spinwaves albeit with a renormalized temperature-dependent stiffness ps =
ps(T) < pY, i.e. by the effective Hamiltonian

He = %/d%(vesw)% (10.361)

where the notation 6, (“sw” stands for spinwave) emphasizes that the phase should be
considered as a slowly varying variable whose 27 periodicity does not matter. This Hamil-
tonian leads to a power-law decay of the spin-spin correlation function with an anomalous
dimension n(T) = T/2mps (see Eq. (10.349)). The number and size of the vortex-antivortex
pairs increase with temperature. The pairs unbind at the BKT transition temperature
T. = wps(T.)/2, above which individual vortices can move freely in the system leading to

86Eq. (10.358) is derived in Sec. 10.8.3; see Eq. (10.373).
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10.8 The Berezinskii-Kosterlitz- Thouless phase transition 679

a finite correlation length and a vanishing stiffness.®” In the following section, we shall see
how this picture can be confirmed by a more rigorous study.

Let us finally point out that the continuum description of the XY model bears an obvious
similarity with the description of a Bose superfluid by a classical field ¥(r) = 1/n(r)e??®).
The spinwaves of the XY model correspond to the phonon modes of the superfluid and the
stiffness p, can be identified with the superfluid density ns. The density field n(r) = |¢(r)|?
is crucial to describe the core of the vortices (see Sec. 7.3.2) but away from the core n(r) ~ n
and a description in terms of the phase field @ alone is possible.

Being characterized by the suppression of the topological vortex defects, the low-tempe-
rature phase is sometimes said to have topological order, and the BKT transition is identified
as a topological phase transition.

10.8.3 The Coulomb gas model

A detailed study of the BKT transition requires to take into account the long-wavelength
fluctuations of the phase (spinwaves) as well as the vortices and their interactions. In
the continuum description (valid at length scales larger than a) the phase variable can be
written as the sum of an analytic part 6, and a singular 65 part arising from vortices. The
regular field 6, is generally associated with the spinwave fluctuations (i.e. the field fgy in
equation (10.361)). Although this is true in the absence of vortices, the field 6, does not
have a clear physical meaning in the presence of vortices and the decomposition 8 = 6, + 05
should be seen as a mere mathematical trick [39,40].%% We shall nevertheless follow the
standard terminology and refer to 6, as the “spinwave” variable.

We thus write the velocity field as the sum of a longitudinal part v = V6, and a
transverse part v, = V0,

vV=v|+Vl, V x v =0, V.v, =0. (10.362)
For a collection of vortices with charges k; located at r;, we must have
/dz v = / d’rz- (Vxv)=> 2k (10.363)
¢ z iex
(see Eq. (10.351)) for any surface ¥ spanned by the closed path C. Equation (10.363) implies
Vxv=Vxv=2rY kdr—r) (10.364)

If we write v, = —V x (z4), by taking the curl of (10.364) we obtain

V3 =21 kid(r — 1), (10.365)

which is the Poisson equation associated with a set of charges 27k; located at r;. The

solution reads
r—r;

d(r) =2 kVo(r—ri)~ Y kil , (10.366)

a

87The stiffness being the response to twisted boundary conditions (see the following section and Sec. 7.2.2
for a discussion in the context of superfluidity), it should vanish when the correlation length is finite.

88This will appear clearly in the following analysis, e.g. by the fact that the “spinwave” variable 6, does
not couple to the vortex excitations [Eq. (10.374)] and the associated stiffness (the coefficient pQ in (10.369))
does not renormalize, at odds with the physical picture given at the end of the preceding section. The true
spinwave variable gy, should therefore be a mixture of 6, and 65 [40].
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where

e'ar 1 r
Vo(r) = /q &= e ‘ a‘ (10.367)
is the two-dimensional Coulomb potential. The short-distance cutoff a in (10.367) follows
from the UV cutoff 1/a that we impose in the momentum integral since the continuum
description is not valid at length scales smaller than a. 1 (r) is simply the superposition of
the potentials created by isolated vortices (see Eq. (10.353)).

We can now write the energy as

0

0
Ps Ps
H=5 /dQT vi+vi) =5 /dQ’“ (Vi +v2). (10.368)

If we impose periodic boundary conditions for 6, it is readily seen, by an integration by
part, that [ d’r v) - vi = 0. The Hamiltonian then splits into a spinwave part

_ A

Hy,, d*rvi (10.369)

and a vortex part

pe I
He =7 /d%« vi= 5 d*r (V)2 (10.370)

By an integration par part, we obtain

2 2 2 2 L =L L y=L
/d r (V)% = —/d ryVv w+/0 dy (Www)b:ﬁ/o dz (Yo, )|7— (10.371)

(with the notation f(x)|§ = f(L) — f(0)), where L is the linear size of the system. Us-
ing (10.366) we see that the surface term in (10.371) gives a contribution to the energy which
grows as p2(Y", k;)*In L. In a large system, one therefore needs to consider only states with
a vanishing total vorticity kot = Y, k; = 0. From (10.365) and (10.366) we then obtain the
vortex energy

Hy = —mp) Y kik;In , (10.372)
]

I‘l'fl‘j
a

where it is understood that the minimal distance between vortices is of order a. The energy
is not defined for ¢ = j; this is an artefact of the continuum treatment which is not valid at
small distances. The self-interaction of the vortex is simply its core energy E.(k;) = kZE..
This finally leads to

r, —r;
Hy =Y Eo(ki) —mp0 > kikjln - J
i i+
= Z Eeo(k;) + 212 p° / d*r d?r' ny (r)Va(r — r')ng (r), (10.373)
i [r—r’|>a

where ny(r) = >, kid(r — r;) is the vortex density. One can further simplify the problem
by considering only vortices with charges k; = +1, which are the most likely at low temper-
atures due to their lower core energy E.(£1) = E.. Apart from the core contribution, H,
is identical to the Hamiltonian of a two-dimensional Coulomb gas with point charges 27k;.
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A state of the XY model is thus specified by the phase field 6, describing spinwaves and
the charge k; = £1 and location r; of the vortices, i.e. the vortex density n(r) (with the
condition of vanishing total vorticity >, k; = 0). Spinwaves and vortices are uncoupled and
the partition function takes the simple form

Z = ZZy (10.374)
with
Zsw = /D[Ga] exp{—‘;{/dzr (V@a)Q},
oy - 2.+ 72,.— 2 2,72,/ / /
Z, = NZ_O(N')Q/E(d rder; )exp{—27r K ‘r_r/|>ad rd*r ny(r)Vo(r — r')ny(r )}
(10.375)

where we denote by rfE the positions of the charge kli =41 and n,(r) =3,  kfo(r —rd).

1,00 Vi
The fugacity y = e #F¢ controls the density of vortices. The factor 1/(N!)? is necessary to
prevent overcounting of states that differ only by a permutation of vortices with the same

charge.

10.8.3.1 Spinwave stiffness

A quantity of central importance is the (renormalized) spinwave stiffness ps since, as an-
ticipated at the end of the previous section and shown below, it takes a finite value in the
low-temperature phase but vanishes above T,.. p, can be easily computed from the electro-
static analogy. Performing a Hubbard-Stratonovich transformation, we write the partition
function of the vortices as

9] N

1 - — s [d%r 242im [ d%r o(r)ny (r

2= s [ P19 [ TL@rrar) [ plglemse Tt @or s ctonats,
N=0 ’ i=1

(10.376)
which shows that ¢ is the scalar potential with ¢g = 1/K the dielectric constant in the
absence of charges (see Sec. 1.9.3). In the presence of charges, the renormalized propagator
of the scalar potential,

Kr(a
(plael-a) = "2, (10.377)
defines a renormalized momentum-dependent stiffness Kr(q) or, equivalently, the dielectric
constant €(q) = K/Kgr(q). From the relation (3.126) between €(q) and the density-density

correlation function, one obtains®’

KRT@) =1 — 472K Vo(q){ny (@)ny(—q)) = 1 — Zh;?(mv(qmv(—q)) (10.378)
Using V?v, = —27V x (ny2), one has
vel@ =2 @ i@ vt = Tatnca, 003

89The factor 472 is due to the fact that the actual charge density is 27ny (r).
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so that
Kr(q) = K — K*(vi(q)vi(-q)). (10.380)

If we now introduce the current density j = pv and its correlation function

ala) = (a0 = L)+ (5“ _ qul) (@), (10.381)

we obtain
Kn(a) = 5 (@) — v ()], (10.382)

where we have used x| (q) = T?K.”" The renormalized stiffness p, = TKp, defined from
the zero-momentum limit of Kr(q), is then given by

po =T lim Kn(a) = 7:0(0) = x20)], (10.383)

which is analoguous to the expression (7.10) of the superfluid density of a quantum fluid
obtained in chapter 7. This confirms the interpretation of ps as the renormalized stiffness of
the XY model or, equivalently, the superfluid density of a superfluid at finite temperatures.®!

Let us show that the renormalized stiffness ps, when it is nonzero, controls the long-
distance behavior of the spin-spin correlation function

G(I‘) = <S(r) . S(O)) = <€i[9a(r)+93(r)70a(0)793(0)]> — efgsw(r)fgv(r% (10384)
where the spinwave contribution

1

(1) = 5 00(6) — 0u(02) = [ 1L (10.385)

is given by equations (10.347) and (10.348). We determine g, to lowest nontrivial order in
the fugacity.”> The leading contribution is then given by the second-order cumulant in the
functional integral over 6,

ge(r) = 3 {10.(1) — 0, 00)F), (10.356)

since 0, = O(n,) = O(y). Noting that equations (10.378) and (10.379) imply

1 Kg(q) 1 Kg

a*(0s(@)0s(—a) = (vi(@vi(-a) = = - —5 ~ %~ 72 (@—=0), (10.387)

1—ear [ Ky
go(r) = / ER <1 - ) (10.388)
q Kd? K

1—eiar Kr—-K 1—eiar
gswr+gvr=/<1—>’: —
(x) (x) q Kd? K q Krq?

99This follows from j| = pdV0a, (fa(a)fa(—q)) = T/plq” and (jj;(a)iji(—a)) = Trlaiq/|al*.

91The expression (10.380) of the stiffness can also be obtained from the response of the system to an
imposed twist (via appropriate boundary conditions) of the phase field 0 [7,41].

92The RG equations below are also derived to lowest order in the fugacity.

we obtain

and

(10.389)
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to leading order in y since Kz/K — 1 = O(y?). From (10.389) we conclude that

1
G(r) ~ ‘3 B (10.390)
r
which corresponds to a temperature-dependent anomalous dimension,”?
1 T
T) = = 10.391
n(T) 5nKn ~ dnpy’ ( )

determined by ps.
A convenient expression of K is obtained by expanding the correlation function in (10.378)
as follows,

(@) = [ dre =, wn,0)
= /d2r [1 —iq-r— %(q )2+ - [ (ny(r)ny(0))
~5 S aay [ @iy o) + O(ar)
2 — J J

3¢ [ e en () + Oal (10.392)

using parity and charge neutrality [ d*rn,(r) = 0. We can thus rewrite the stiffness as

Kr=K —4n°K?Cy with Cy = fi/d2rr2<nv(r)nv(0)>. (10.393)

10.8.3.2 RG equations

In the low-temperature limit, where the density of vortices is small, it makes sense to
compute the renormalized stiffness K g in powers of the fugacity. To obtain (n,(r)n,(0)), one
must consider the various vortex configurations and their Boltzmann weight e = ##(©) where
the energy of the configuration C is determined by the vortex Hamiltonian (10.373). To
lowest nontrivial order in y, it is sufficient to consider the configuration with a vortex located
at r and an antivortex located at the origin (or the reverse). The associated Boltzmann

weight is
2nK
+O(yh) (10.394)

a

2
v
r

1 BB A2 mr/a)) _
Z

since Z =1+ O(y?). This gives™

2| onK 2 2 a
+ o, OQ:y—/d%Q];

(e () (0)) = —2%

2K
+O(y*). (10.395)

‘ a

r 2 at

We deduce the renormalized stiffness or, equivalently, its inverse

%) d 3—2nK
K;zl — K—l +47T3y2/ ;7" (2) +O(y4)7 (10396)

93See footnote 83 page 676.

94The minus sign in the first of equations (10.395) comes from the opposite charges of the vortex and
antivortex and the factor 2 from the two equivalent configurations (obtained by interchanging the vortex
and the antivortex). Note also that the product of the vortex densities gives a factor ~ 1/a*.
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where r = |r|. The integral on the rhs converges at low temperatures when 2 — 7K < 0,
ie. K =p%/T > 2/7, but diverges when K < 2/7, and perturbation theory in y breaks
down. The difficulty associated with the divergence at small K can be overcome with the
following renormalization procedure. We split the integral in (10.396) into two parts,

o ae? oo
/ dr = / dr + / dr. (10.397)
a a aedl

The nonsingular small-r part is evaluated and incoporated into K1, i.e.

© J 3—27K
Kol — K +4W3y2/ ar (i) +O@yh), (10.398)
aedl @ a
with dl
ae g 327K
K1 gl +4W3y2/ ar (f) , (10.399)
a a a

dl

We then rescale the distance » — e~ in order to obtain an equation similar to (10.396),

Kél _ K/—l 4 471—3:1//2 /OO ﬁ <£>3*27TK/

a

+O(yh), (10.400)

a a

but with new parameters

Y = y el

(10.401)

dl
Klfl — K*l +4ﬂ_3y2 /ae ﬂ (7")3727\'1('.

a a

a

In (10.400) we have replaced K by K’ in the exponent of r, which does not modify the
equation to order y2. For dl — 0, this yields the RG equations

Sy =2~ =KDl + O(y(1)?)
d

ZETH ) = 4n®y(1)” + O (y()*)

(10.402)

satisfied by y(!) and K (I). Initially a corresponds to the minimal distance between vortices
(which is of the order of the lattice spacing in the XY model) and K (I =0) = K and y(I =
0) = y are “coupling constants” at this length scale. Solving the flow equations (10.402)
amounts to coarse graining the system by integrating out the short-distance fluctuations.
Thus K(I) and y(I) stand for the renormalized stiffness and fugacity once vortices with
separation less than a(l) = a €' have been integrated out in the partition function.
Since the renormalized stiffness K is invariant in the renormalization procedure, K =
KR(K» y) = KR(K(I)v y(l)) and
Kgr = lim K(I). (10.403)
l—o0

The flow diagram is shown in figure 10.22. K (I) is a decreasing function of /, in agreement
with the fact that vortices tend to decrease the stiffness. There is an attractive line of fixed
points, defined by y = 0 and K > 2/7. All trajectories attracted to this line correspond to
the low-temperature phase where vortices exist only in bound pairs, the effective fugacity
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(m/2)K

Figure 10.22: Flow diagram of the Coulomb gas model near the BKT point as a function
of the stiffness K and fugacity y. The red dashed line shows the critical trajectory.

vanishes at large distance and the renormalized stiffness takes a nonzero value Kr > 2/7.
The line of fixed points become repulsive when K < 2/7 and the fugacity increases with
. The same long-distance behavior is obtained when K > 2/x if the initial fugacity is
sufficiently large. Although the flow cannot be continued up to arbitrarily large values of [
since the RG equations become invalid once y(I) = O(1), it is clear that this part of the flow
diagram describes the high-temperature phase where unbound pairs of vortices can exist
(hence the increasing effective fugacity) and the renormalized stiffness K vanishes.

To study in more detail the vicinity of the BKT fixed point (K. = 2/7,y = 0), i.e. the
end point of the attractive line of fixed points corresponding to the low-temperature phase,
we introduce the variable x = 2/7K — 1. To leading order in x and y, the RG equations
become

% = 87723/2,

& (10.404)
— = 2xy.

a -~

Contrary to the flow equations we encountered earlier in this chapter, these equations have
no linear terms and, as we shall see, lead to a non-standard critical behavior. From (10.404),

we deduce that

2

y 2%+ C), (10.405)

 4p? (
where C' is a constant that depends on the initial conditions of the flow at [ = 0. The
RG trajectories in the plane (z,y) are therefore given by hyperbolas. The case C' > 0
corresponds to the high-temperature phase, K (1) — 0 for | — oo, while C < 0 corresponds
to the low-temperature phase: K(I) — Kr = (2/7)(1 + +/=C). The critical trajectory is
defined by C' = 0 and ends at the BKT point. Thus C' measures the distance from the
critical point and one can set

C=v(T-T.) (10.406)

assuming that it vanishes linearly with 7' — T, with T, being the BKT transition tempera-
ture. In the low-temperature phase, the renormalized stiffness is then given by

Kr= %[1 +b/T.—T] (T <T). (10.407)
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At the transition, where K = 2/, the anomalous dimension (10.391) takes the universal
value n = n(T.) = 1/4.%° Since Kr(T.") = 0, there is a universal jump of the stiffness at
the transition,”®

Aps 2

K(T;) - K(T}) = 7= (10.408)

In a superfluid, this corresponds to a jump Ang/T. = 2m/7 of the superfluid density ns
(with m the boson mass). From (10.404) and (10.405), one can derive an equation for
alone,

‘fiil” =2(z*+0). (10.409)

In the high-temperature phase (C' > 0), we deduce

i [aretan (52 — avetan (22 )] = (10.410)

If C — 0%, ie. T — T, arctan(x(0)/v/C) — —7/2 since 2(0) < 0, and

1 z(l)) 77}
—— |arctan | —= | + = | = 2L 10.411
7z [ (38) 43 A
The correlation length £ ~ ae!” can be estimated from the criterion z(I*) ~ 1 (which signals
the end of the critical regime where equations (10.404) are valid),

& ~ aexp <2\%) ~ aexp <2()\/175—7T> . (10.412)

Unlike any of the phase transitions discussed so far, the correlation length does not diverge
as a power law but exhibits an essential singularity. On approaching the transition from
the high-temperature side, the singular part of the free energy density,

et 2 exp
fsing ~ € e p( bm) (10.413)

has only an essential singularity. All temperature derivatives are finite at T,. In particular,
the singularity in the specific heat is very weak and essentially unobservable. The usual
exponents v, a, B and ~ cannot be defined for the BKT transition.’” We may however
define § from equation (10.138),

d+2—
S e/ T (10.414)

§=—"2" " _
d—2+n

using d =2 and n = 1/4.

95 At the transition temperature T., the scaling of the momentum-dependent stiffness Kr(q) implies a
logarithmic correction to the spin-spin correlation function: G(r) ~ (In |r|)1/8/|r|*/4 [7].

96To what extent is the result 2/7 truly universal, i.e. independent of the RG procedure? On can try to
convince oneself that the exponent 3 — 27K in (10.396) is robust and independent of our approximations.
A more convincing proof comes from the RG analysis of the sine-Gordon model in the following section.

97In the Ehrenfest classification, the BKT phase transition is an infinite-order phase transition.
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10.8.4 The sine-Gordon model

In this section we show that the Coulomb gas model can be mapped onto the sine-Gordon
model. The advantage of the latter is that it is amenable to standard (momentum-shell)
perturbative RG analysis.

10.8.4.1 From the Coulomb gas model to the sine-Gordon model
Let us consider the expression (10.376) of the partition function Z; of the Coulomb gas and
compare it with that of the sine-Gordon model,

Zsc = [ Dlgle e [0 (V-2 [hrcntene) (10.415)

Expanding Zsg wrt y, we find

0 AN +N_
Zsg = /D[sﬁ]e_s[’[“”] Z 7( ﬁi'N '

N,,N_=0

Ny N_
x /Hd%j/ﬂd%; 2 50 o) =2im 5 o)) (10.416)

i=1 i=1

where we have used 2 cos(2mp) = €2™% + e~2™?, We must therefore compute
<62i7r Zf:ﬁ e(rf)—2im E;V:} w(rf)>o7 (10.417)

where the average is taken with the Gaussian part Sp[y] of the sine-Gordon action. Since
the latter is invariant in the shift p(r) — ¢(r)+«, the average value (10.417) vanishes unless
N, = N_.”% With this condition, it is easy to see that Zgg = Z, (up to a multiplicative
constant), which shows that the sine-Gordon model has a transition in the same universality
class as the Coulomb gas model.

10.8.4.2 RG approach to the sine-Gordon model

The sine-Gordon model is traditionally defined by the action
1
Syl = /d27" {2(th)2 — ucos(ﬁgo)} (10.418)

where u/A2%,8 > 0 are dimensionless parameters and A is a UV momentum cutoff. In-
troducing the “Luttinger parameter”®® K = 3%/871 and rescaling the field, we rewrite the
action as )
Syl = /d2r —— (V)2 —ucos(V8p) ¢ . (10.419)
2K
Note that the parameter K = Kgg should be compared with the parameter (7/2)K =
(w/2)Kc used in the Coulomb gas model.

981f we compute (10.417) from the standard rules of Gaussian integration, it seems that we always find
a nonzero result. The reason is that ¢ is more than a collection of harmonic oscillators; it also possesses a
zero mode, which is responsible for the vanishing of (10.417) when Ny # N_.

99This terminology comes from one-dimensional quantum fluids, see chapter 15.
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For u = 0, we obtain a Gaussian field theory with propagator G(q) = 7K/q%. In real
space, the propagator

etar K r
G(r):wK/ = |t
a @ 2

is nothing but the two-dimensional Coulomb potential Ve (r) (up to a prefactor). To make
contact with the Coulomb gas model, we have taken the cutoff A of the order of 1/a (a
being the lattice spacing in the XY model). Of interest is also the correlation function

10.420
. (10.420)

4p’ K
a P

% r)—p p(r —8p?[G(0)~G(r—1’
(e V8[pe(r)—p o( )]) 8p°[G(0)=G(r—1")] Spopr

= e (10.421)

r—r’
This power-lay decaying correlation function is characteristic of a critical system. The sine-
Gordon model therefore exhibits a line of critical points defined by u = 0 and parametrized
by K. Equation (10.421) shows that the field V8¢ has scaling dimension 2K. Since the
action is dimensionless, we obtain the scaling dimension

[u] =2 — [¢"V3] =2 — 2K (10.422)

of the perturbation u to the Gaussian theory. We conclude that the line of fixed points at
u =0 is stable if K > 1 (i.e. 32 > 87) and unstable if K < 1 (4% < 87). In the former case
the line is attractive, in the latter case it is repulsive.

To study the sine-Gordon model away from the line u = 0, we use the momentum-shell
RG approach following the general principles described in sections 10.5 and 10.6. We split
the field ¢(q) = p<(q) + ¢~ (q) into slow (|q| < Ae~%) and fast (Ae~¥ < |q| < A) modes,

7 — /D[¢<]€—So[w<]/D[¢>]6—50[90>]—Ssnt[so<7w>]’ (10.423)
where
Sint[p<, p>] = —u / dQT(COS \/§80< Cos \/§@> — sin \/§€0< sin \/§90>>- (10.424)

The integration over ¢~ is performed using a cumulant expansion so that the action of the
slow modes becomes

1
Solp<] + (Sint[p<; p>1)0,> — §<Sint [<P<7<P>}2>0,>,c (10.425)
to order u?, with
(Sint)o,> = —u/d2r cos V8p (cos V8ps)o.> (10.426)

andl[)()

(S?nt>07>’c = 12 /d2r d>r’ [cos V8p. cos \/ggo/< (cos V8- cos \/§80/>>0,>,c

+ sin V8« sin V8¢ (sin V8- sin V8. )o | (10.427)

100¢52 Vo >e = (S2.)0,> — (Sint>(2)’> stands for the connected expectation value obtained with the action
Solsp>]-
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using the notation ¢ = ¢(r), ¢’ = ¢(r’) and the fact that an expectation value with an odd
number of fields vanishes. Introducing the function

9> (r —1') = (p>(r)>(r'))o,>, (10.428)
one easily finds
(cos VBips)o,s = e 970,
(cos V8ps cos V8pL o » = e 89> () cosh[8gs (r — 1)], (10.429)
sin > sin 0> =¢ 9> sinh|8¢g~ (r —r
in V8- sin V8¢, ), 89>(0) ginh|[8 !

and in turn

Slp<] = Sole<] — we 49> /d2r cos V8p .

2
_ UZe—sg>(0) /d2r d2r/{(689>(r—r) — 1) cos[V8(po — o]
+ (6—89>(r—r’) —-1) cos[\/§(<p< + <,0/<)]} (10.430)

Since g~ (r—r’) has only Fourier modes near A, it is rapidely suppressed when |r—r’| > A~1.
We can therefore approximate the integrand in (10.430) using

cos[V8(p< — ¢l )| = 1—4[(r— 1) Vo ]2,

10.431
cos[V8(p< + ¢l)] =~ cos(2V8p.) + V8sin(2v/8p.)[(r — 1) - V. ( )

The second line in (10.431) corresponds to higher-order harmonics in the action and is
irrelevant for small u.'%! We therefore obtain the action

S[g] = Solp] — ue9>© /d2r cos V8¢
2
+ %e*b(o)/d%’ (e8> () — 1)r'2/d2r(V<p)2, (10.432)

where we now drop the index <. The last step of the renormalization procedure is to rescale
the coordinates, r — re~%, in order to restore the original value of the cutoff,

Sle] = Solip] — ue2d=49>(0) /d2r cos V8yp
2
+ %6_8g>(0)/d27“/ (89> () 1)r’2/d27’(Vgp)2. (10.433)

Since gs is O(dl), it can be written as g~ (r) = KI(r)dl. We also introduce the notation
J = A* [d*rI(r)r®. Both I(r) and J are dimensionless and independent of K and A.
We then see that the action (10.433) can be cast in the original form (10.419) but with
renormalized parameters,

1 1
— = — +8rA WK Jdl,
o g oA (10.434)

W = u[l + (2 — AKI(0))dl]

101Gince [cos(2v/8¢p)] = 4K, the coupling constants associated with both terms of the second line of (10.431)
have scaling dimension 2 — 4K and are irrelevant near the BKT point K = 1.
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in the limit dl — 0. An elementary calculation gives
1 T 1
I1(0 :—/ — =, 10.435
0= Ae-di<igi<a 40 2 ( )

which leads to the flow equations'%?

L)t = srIK Q) a()? + O,
dl ) (10.436)
Zal) = 2= 2KW]a() + 0@()?)

satisfied by the dimensionless parameters K(I) and @(l) = u(l)/A2. These equations are
identical to the RG equations (10.402) of the Coulomb gas model, once the difference
in the definition of the parameter K has been taken into account (see the discussion af-
ter (10.419)),'9% with @ playing the role of the fugacity. They lead to the same flow diagram
(Fig. 10.22) and their physical interpretation is similar.

Although equations (10.436) are obtained for a sharp cutoff A, it is possible to consider
an arbitrary cutoff defined by a function f(q®/A?) satisfying f(0) = 1 and f(co) =
0. All momentum integrals appearing in the perturbation expansion should then be

understood as
/ / a’ (10.437)
q a A2

The sharp cutoff corresponds to f(z) = O(1 — z); an example of a soft cutoff is
f(z) = e™*. In the momentum-shell RG analysis, integration over the fast modes is
defined by

f D) A [or(£) o
One then finds that
10) = %f T3 @@ =5l - F0) = 3 (10.439)

is independent of the cutoff function f(z). This confirms the fact that the jump
AKpgr =1 (or, equivalently, AKr = 2/m in the Coulomb gas model) is universal, i.e.
independent of the details of the RG procedure.

The general expression for J is

J=—-7 /0"0 dyy® /O°° dz f'(x)Jo(vzy). (10.440)

For a sharp cutoff
J= TI'/ dyy®Jo(y) (10.441)
0

is infinite since Jo(y) ~ y~ /2 cos(y — w/4) for y — co. It is nevertheless well defined

for the soft cutoff f(z) =e *: J = 8.

102The invariance of the sine-Gordon action (10.419) in the change u — —u and ¢ — ¢ + m/+/8 implies
that the next-order terms in (10.436) are of order @* and @3, respectively.

103Because of the difference in the definition of K, the BKT point is now located at K = 1 while it was
defined by K = 2/7 in the Coulomb gas model.
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10.9 Functional renormalization group

In this section, we discuss a RG approach which, contrary to the study of sections 10.6 and
10.7, is not based on perturbation theory. This approach relies on an exact RG equation for
the action which can be approximately solved within a derivative expansion. It deals with
functions rather than a limited set of coupling constants and is intrinsically non-perturbative
(no small parameter is assumed).

10.9.1 Wilson-Polchinski equation

We consider the partition function
7 = /D[@] e*%‘P'CXl'SO*VABP], (10.442)

where we use the notation

w-Cylp= /ddr/ddr' Z i(r)C (e —)pi(r)

= @i(-p)Cy (P)¥i(P)- (10.443)
Pt
A is an arbitrary momentum cutoff and
1 p?
Ca(p) = ?K <A2> (10.444)

a cutoff function which ensures that only modes with momenta |p| < A are included in the
partition function. In the perturbative RG (section 10.6), we took a sharp cutoff K(z) =
O(1 — z). In this section, we consider a smooth cutoff as shown in figure 10.23. K(0) =1
and K () decays rapidly (typically exponentially) for z > 1.1%* If we take Ag as the initial
value of the cutoff, then

Snolel = 50 Cal - + Vi o] (10.445)
is the (bare) microscopic action.

As A is reduced to A’, fluctuation modes with momenta A’ < |p| < A are integrated
out, which changes the form of the action Sx[¢]. Instead of considering a finite number
of coupling constants as in section 10.6 (by expanding Sx[e] in powers of ¢), we want to
determine the full action Sys. Let us show that Vy/ is related to Vi by

e Varlel — / Dip]e 7 Paar e/ ~Valete'] (10.446)

where
Dppr = Cp —Chyr. (10.447)

Here and in the following we ignore any multiplicative constant which only affects the field-
independent part of Vi [ep]. From (10.446), we deduce

/ D[] e3P O o= Valel

104The sharp cutoff version of the Wilson-Polchinski equation is known as the Wegner-Houghton equa-
tion [44].
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K(x)

1

Figure 10.23: Cutoff function K (x) [Eq. (10.444)].

_1 'C_l' _1 /~D_1 . /_V ’
:/D[cp,go']e 3P C =59 D @' =Valete]

_ /D[cp,cp'] e—%(w—w’)C;f'(cp—cp’) 3¢ D@ ~Vale 1

(10.448)
The integral over ¢’ gives
/ Diyp'] e 3¢ (O TP+ CLe! _ 5O (O DT O e (10.449)
with
CiMCu+ D) IO = Oyt = Oy, (10.450)

and we recognize in (10.448) the partition function, which proves equation (10.446).
We can write equation (10.446) in differential form by choosing A’ = A + dA. Then
dc
Dpnr = deAdA + O(dA?) (10.451)

and the fields ¢’ contributing to the functional integral (10.446) are O(v/dA). In the limit
dA — 0, it is sufficient to expand V) [e + '] to second order in ¢/,

AP
Valp +¢'] = /ddz alel

¢ (I‘)
/ i / 4 ’Z OEVAEL oty o) (10.452)
S r)é%(r A ’
Integrating out ¢’ in (10.446) within a cumulant expansion gives
SOV, (]
_ = d d,./ AP
exp {~Varanle ]}—exp{ Valel - 5 [ dtr [ats Z(M Ty
SVale] 0Vale] /
_ D — 10.453
502(r) Ss() AA+an(r —17) o, ( )
where we have used

dC
(i ()@ (r")) = 0i jDaA+an(r — ') = —5i,jTAA(T —1')dA. (10.454)

Ci(r) denotes the Fourier transform of Ca(p). We thus obtain the differential equation

dVA ap [ gt 5™ 9N IPValg]  dVale] 6Vale]
/d /d Z <5%(r)5%(r’) dpi(r) 5%‘(1"))
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(10.455)

L, 4Ca §PValpl  8Vale] 6Vale]
=—_Tr — .
2 dA dpdp op dp
With elementary algebra, equation (10.455) can be rewritten as a differential equation for
the action (Wilson-Polchinski equation),

dSale] _ 15, dCx (02Sa[¢]  3Sa[#] 05a[p]
dA 2 dA dpdp o dp
dln CA 5SA[(p]
n o (10.456)

To complete the RG procedure, we still have to rescale momenta and fields. We postpone
this step to section 10.9.2.

An alternative derivation of the Wilson-Polchinski equation. Let us consider
the functional W [h] defined by

oWalhl _ /D[<P]e*%‘P'DXJ,A“P*VAo[‘PHh"”. (10.457)
Using
dWalh] w,m 1/ dDy) s —3-@Dy 1 A -p—Va,lel+h
2P ALA ——- D . 0,4 2 Ag,A Ag lP ®
an © g | Plele- —g ee ’
dD7L . 5(2) ,Walh]
S W VY i (10.458)

2 dA 6hdh

we obtain the flow equation

(10.459)

dWalh] 1, dDy)y (§PWalh]  6Walh] Wa[h]
dA 27 dA '

2 shéh sh oh
One can then relate Wy to Vj using (10.446),

e~ Valel _ /D[Lp'] e—%‘P"DXOl,A*P'—VAO le+e]
— ei%v‘D/:Ol,A“P+WA[DX;,A"P]' (10460)

We can now use (10.459) to derive a flow equation for Vi,

d

dv; 1 dDy! SWalh ~
el hoA  OWalh] A Dl ve)
7}

dA 29 Tan ¥ Sh

_n—1
h=D; !,

Do <5<2>WA [h]  6Wa[h] 6Wa[h] )
h=D;!

1
TN 5hoh 5h _ oh

(10.461)

Ag, AP
From the relation (10.460) between Vi and Wj, we obtain

SWa[h] oValg]

=p—D
Sh ® Ao, A 5o ’

-1
h=D, ¥

10.462
5@ Walh] ( )

RN ®
shoh = Do _DAU*A#

Ao, A
—p-1 dpdp
h_DAO,A‘P
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and in turn

dVa[e] 1 dDy;» §PVale]
APl Sy Dagr——2%1p
dA R 7 R R 7P /i
16Vale] dDpon SVale]

2 op hoATTgA TheAT T

(2)
_ Ly dDagan (32Vale] _ dVale] Valel) (10.463)
27 dA Spdp op Oy
which is nothing but equation (10.455) since deX’A = —%.

10.9.2 Local potential approximation

The Wilson-Polchinski equation cannot be solved exactly. A possible approximation relies
on a field expansion of the functional Vi [y],

o0 1 .
=2 ] /ddT1 cedfr, VP (1, )l () (10.464)
n=0

(in this section we consider a scalar field), truncated to a given order. Such an expansion is
reminiscent of the perturbative RG studied in section 10.6. To reproduce the O(e) results,
Faire calcul & O(e)? it is sufficient to retrain V(Q) V/£4) and V/£6) in the expansion (10.464).
The functional Wllson Polchinski equation suggests a different kind of approximation,
namely a derivative expansion. To leading order, the action reads

Salel = %so-CA’l -s0+/ddrUA(sa(r)). (10.465)

The approximation (10.465) is called is the local potential approximation (Local-potential
approximation (LPA)). In the LPA, the action is entirely determined by the function Uj,
whose RG equation follows from the Wilson-Polchinski equation. Using

Vale] _ OUa(e(r))

Sp(r) — dp(r)
5(2)VA[SD] _ 82UA(<p(r)) 5(1,_1.) (10.466)
dp(r)op(r’) dp(r)?
one finds
d%/ddTUA(w(r)) = 2/dd dCA( = 0)U} (¢o(r))
+%/ddrddr’dd%(rfr’)Ul’\(cp(r))U/’\(gp(r’)). (10.467)

If we consider this equation for a uniform field p(r) = ¢, one obtains a differential equation
for the function Uy (p),

d 1dCy . }dCA /2
U= TR e = U+, = 004 (10.468)

© N. Dupuis, 2022



10.9 Functional renormalization group 695

Using (10.444), one finally obtains

d
AU = —ATBLUY + A3 1,UL2, (10.469)
where
A3 dC
=" g P=0="K0,
, 10.470)
Adfd dCA Kd e8] (
I = _ —__a d/271K/
1 5 dA (r=0) 5 /o dz x (x)

are A-independent parameters depending on the cutoff function K. To obtain a fixed point
solution of (10.469), one must first eliminate the explicit dependence on A. This corresponds
to the momentum and field rescaling step in the perturbative RG of section 10.6. Since
[p] = 952 and [U(p)] = d,'°° one is lead to introduce the dimensionless variables

p=ACD2p Up(@) = A Un9), (10.471)
which then yields the RG equation

d

AR

- N d - - -
Up = —dUx + (2 - 1) QUL — LIUX + LU (10.472)

The constant o and I; can be eliminated by a trivial rescaling, ¢ — /I1% and Uy —
(I1/1p)Un, leading to

- - d N N N
OUN = dUy + (1 - 2> QUN + U — Uj2, (10.473)

with A = Age™!. Finally, to get rid of the field independent part of Uy, it is convenient to
consider the function f = U},

f=f"=2ff+ (1 + ;) f+ (1 - g) zf, (10.474)

where f = 8,f, f' = 9, f and we denote the dimensionless field ® by .

We are now in a position to look for the fixed point solutions f* = 0 and the correspond-
ing critical exponents. The RG equation (10.474) admits the trivial fixed point f* = 0 that
we first discuss before considering nontrivial fixed points.

10.9.2.1 The Gaussian fixed point in the LPA

The solution f* = 0 corresponds to a vanishing function U,’{ and is therefore associated with
the Gaussian fixed point.'%® To obtain the critical exponents, we linearize the flow equation
about the solution f* =0,

f: i <1+ ;i) f+ <1 _ g) zf'. (10.475)

105The scaling dimension of ¢ field is obtained by noting that [Ca (p)] = —2.
106The condition f* = 0 implies U} = const. Eq. (10.473) with 9;Up = 0 shows that the only solution is
Uy =o.
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To solve this equation, we write
fi(z) = h(Bz)eM, (10.476)
where 8 = +/d — 2/2 (we assume d > 2), which leads to

W' (y) — 2yh'(y) + %(2 +d—2\)h(y) =0 (10.477)

with y = Bz. This equation is known to have polynomial solutions,'®” given by the Hermite
polynomials h(y) = ﬁgk_l(y) = 212y, 1 (y) of degree 2k — 1, only for the set of discrete
values of \ satisfying
oh— 1= % e M—d—k(d—2) (k=1,2,3,---). (10.478)
If one considers symmetric perturbations, even degree Hermite’s polynomials are not allowed
since in that case the function f(z) must be odd (U () is even). Note that the \;’s coincide
with the scaling dimension [vay] of the vertex voy, [ dér (¢)?* about the Gaussian fixed point.
When d > 4, all eigenvalues A\, are negative except A\; = 2, which determines the
correlation-length critical exponent v = 1/A; = 1/2. The corresponding relevant eigenvector
is given by Hj(y) o< y (which corresponds to a ¢? term in Uy ). The less negative eigenvalue
Ao = 4 — d determines the correction-to-scaling exponent w = —A\y = d — 4, i.e. the speed
at which Uy, approaches the fixed-point solution U* when the system is critical. For d < 4,
the eigenvalue Ay = 4 — d becomes relevant'’® and we expect the phase transition to be
described by a nontrivial fixed point with a single relevant field. For the ¢* theory, we shall
see below that this fixed point is the Wilson-Fisher fixed point found in the perturbative
RG (Sec. 10.6).

10.9.2.2 Non-trivial fixed points in the LPA

Non-Gaussian fixed points cannot be found analytically and one must solve the fixed point
equation
d d

0= f*"" —2f*f* + <1+2> F+ (12> xf* (10.479)
numerically. Since equation (10.479) is a second-order differential equation, a solution is a
priori parametrized by two arbitrary constants. But since Up(¢) is even, f*(0) = 0, and
there is only one free parameter, e.g. v = f*/(0). However, most solutions are singular at
some T,

1

frlo)~ =
By requiring f*(x) to be defined for all x, the numerical solution of (10.479) shows that
only a finite set of values of v is obtained. In practice, the fixed point solution f*(z) is
therefore determined by fine tuning v = f*/(0) until a regular solution is obtained (shooting

method). Note that one can easily determine the large = behavior of f*(z),

for x — z. (10.480)

fH(x) =z + O/ for g 5 o0, (10.481)

where C is a constant.

1071t can be shown that non-polynomial solutions imply a continuum of eigenvalues and are therefore non
physical [43].

108To see whether the field associated with the eigenvalue A2 = 4 — d is relevant or irrelevant in four
dimensions, one must go beyond the linear approximation (10.475). We do not discuss the case d = 4 here.
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Figure 10.24: Fixed point solution f*(x) obtained by the shooting method for d = 3 vs
~v = f*'(0). The actual (regular) solution is obtained for v ~ —0.2286.

For d > 4 only the Gaussian fixed point f*(z) = 0 is found. For 3 < d < 4, a nontrivial
fixed point (the Wilson-Fisher fixed point) is found for a nonzero value of v (y ~ —0.2286 for
d = 3). Figure 10.24 shows f*(x) obtained by the shooting method. Note that the vanishing
of f*(x) (i.e. the minimum of U(x)) at some xo > 0 is not in contradiction with the system
being critical. Going back to dimensionful variables, one finds that the potential U*(p) has
a minimum at ¢g oc A4=2/225 — 0 for A — 0. A new nontrivial fixed point emanates from
the Gaussian fixed point each time that one of the eigenvalues Ay [Eq. (10.478)] vanishes,
which occurs at the dimensional thresholds

de= -2 (k>0 (10.482)
k—1

Once a fixed point is identified, one can determine the critical exponents by linearizing

the flow equation about f*. Setting

filz) = f*(z) + eMNg(x), (10.483)

one finds

d d
Ag=g" + (1 + 2) g+ (1 — 2) zg' —2f"g' —2f"g (10.484)

to linear order in g. Again one expects solutions to be labeled by two parameters. However,
one can choose g(0) = 0 (since fi(z) is odd) and ¢’(0) = 1 (arbitrary normalization of the
eigenvectors). The solution is then unique for a given A. Now it is easy to see that for large
x’

g(z) ~ 2 d72720/(d+2) - or g(z) ~ e (10.485)

Discarding the solutions with exponential asymptotic behavior,'°7 one finds a regular solu-

tion only for a countable set of A’s that can be determined by the shooting method. For
3 < d < 4, the Wilson-Fisher fixed point possesses only one positive eigenvalue Ay = 1/v.
The less negative eigenvalue Ao determines the correction-to-scaling exponent w = —Ag
(Sec. 10.5.3). For d = 3, this gives

v ~ 0.6496,

(10.486)
w ~ 0.6557,
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with 7 = 0 in the LPA. These results improve over the O(€) perturbative results obtained in
section 10.6. To compete with the best estimates obtained from the e expansion (table 10.4),
one must however go beyond the LPA.!09

10.9.2.3 Beyond the LPA

The LPA is the leading order of a derivative expansion. To next order,

Vﬂﬂ=/f%&hw&»+§VMMﬂ%JHwaf} (10.487)

and

Saly] = / dr {UA (p(r)) + %ZA(QD(I‘)) (ch(r))Q} +0((Ve)h), (10.488)

where we have used (10.444) with K (0) = 1. The action is now determined by two functions,
Up and Z,, whose RG equations can be obtained by inserting (10.487) into the Wilson-
Polchinski equation (10.455). Contrary to the LPA, these equations are not independent
of the cutoff function K [Eq. (10.444)], but depend on two K-dependent parameters A
and B.''% To eliminate the cutoff dependence, one could try to compute the anomalous
dimension as well as other critical exponents for various functions K and then use a principle
of minimum sensitivity to choose the “best” function: if K depends on several parameters
a;, then the best value of the anomalous dimension must satisfy dn/do; = 0, i.e. dn/dA =
dn/dB = 0. Unfortunately, it appears that such a principle of minimum sensitivity cannot
be used since n depends approximately linearly on B. This shortcoming seriously limits
the use of the Wilson-Polchinski approach beyond the LPA. It should also be noted that
the correlation functions of the “fast” modes (with momenta larger than A) cannot be
computed from the action Sj. To obtain correlation functions with arbitrary momenta,
it is necessary to introduce a spatially-varying external field h(r) in the action S and
compute the resulting flow, which is technically difficult. In chapter 11, we shall see how
the non-perturbative RG enables to circumvent the difficulties of the Wilson-Polchinski
approach.

Appendix 10.A Perturbative calculation of critical exponents

It is difficult to push the RG calculation of critical exponents beyond order e using the
approach of section 10.6. Although the perturbation theory breaks down near the critical
point (Sec. 10.3.4), it turns out to be an efficient tool to compute the critical exponents if one
admits that the correlation functions take the form predicted by the RG. In this section, we
compute the anomalous dimension 1 to O(e?) and O(1/N) using the perturbative approach.

10.A.1 ¢ expansion

Let us consider the two-point vertex

I?(p) = p* + 10 + X(p) (10.A.1)

1091¢ is also possible to determine the critical exponents by solving the flow equation (10.474) for a system
near criticality. This method will be discussed in section 11.2.2.

110More generally, the cutoff dependence can be absorbed into 2k parameters at the kth order of the
derivative expansion [43].
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10.A Perturbative calculation of critical exponents 699

at the critical temperature T, (we assume a (¢?)? theory with O(N) symmetry). The RG
predicts

2 (p) o< 2~ [1 4 O(lp| )]
o p*[1 = nlnfp|+ O(lp| ™) +---] (10.A.2)

(see Eq. (10.186)), where y2 < 0 refers to the dominant irrelevant field ¢o. Thus it seems
that we can extract the anomalous dimension 7 from the coefficient of p?In |p| in the small
p expansion of T®)(p). But for d < 4, y» = —e + O(e?) (Sec. 10.6) and the O(|p|~¥2) term
will also appear as a series in In |p|, i.e. |p|7%2 = 1+€eln|p|+---, when expanded in powers
of e. If we compute I'® (p) in powers of €, we will not only obtain powers of In |p| coming
from |p|?~" but also powers of In |p| coming from |p|~¥2. If, however, we are able to set the
scaling field ¢ to zero, then we can directly deduce 7 (as well as other critical exponents)
from the perturbative calculation of the two-point vertex. This can be done by choosing a
particular value wug(€) of the coupling constant ug.
uo(€) can be determined by considering the 4-point vertex '™, Near the fixed point,

4 - 4
Fz(‘jl)cl(ovKl) = s 4dwr7(;j])<;l(07K)) (10.A.3)

i.e.
ngl)cl (07 tllv tl2) = $d74dwr('?l)gl(07 tla tZ) (10.A.4)

1,

if we retain only the leading irrelevant field ¢o. The first argument of FE?,)CZ indicates that
all momenta are set to zero. Equation (10.A.4) can be rewritten as

Tz(?z)d(O, ty,t) = sd—4+2’7r§j}d(o, s, 92 ty). (10.A.5)

1

Instead of t1, we take the scaling field r = x~" ~ t7 and restrict ourselves to the high-

temperature phase (¢ > 0),
DU (0,7, t) = 521D (0, 51/771/7, s¥2t,). (10.A.6)

With s = r~%/7, equation (10.A.6) gives

i

00,7, ty) = 2/l (0,1, v 0gy), (10.A.7)

To O(e), n =0 and v = /2, so that
TRy —
= Aijm (1 + %lnr + Bijklt2§ Inr + (9(62)) . (10.A.8)

Let us compare this expression with the one-loop result

@ 1 [ug ,N+8 / 1
T = (0; 4 46 10+ 0,005 1) — | — —
l]kl(o) (627]6k7l 617’96 N 617l6 7k) Vv |: 3 U 18 q (q2 7:0)2

(%) N+ 8 A2
~ (51‘7]‘5]“1 + 5i,k5j,l + 5i,l5j,k) 37 [1 — UOTK4 In -

(10.A.9)
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700 Chapter 10. Renormalization group and critical phenomena

for r < A. Since ug will eventually be of order €, we have set d = 4 and replaced rg by
r. Equation (10.A.9) is then correct to order €2. Comparing (10.A.8) and (10.A.9), we see
that to vanishes if uq takes the value'!'!

w(©) = ¢ 6o (10.A.10)

N +8)K,4

We are now in a position to compute the critical exponents from the perturbation theory.
To compute v to O(e) we use equation (10.113),

N+2 A
r=7o(T —T¢) — TKMJM‘/ d|q d +0(e%)
0

Q@+
2
(T —T,) - N%Qmuorln AL o), (10.A.11)
T
i.e. N oo
t~ fo(T - Tc) =r (1 - %K;ﬂj(ﬂ' In /:2) + 0(62), (10A12)

where ug = ug(e). This expression must be compared with

1
f oY — [1 + (7 - 1) lnr} +O(). (10.A.13)
We deduce N2
€
_ € 2 10.A.14
5 +N+82+O(6), (10 )

in agreement with the result obtained in section 10.6.
To compute the anomalous dimension 7 to O(e?), we must consider the two-loop con-
tributions

to the self-energy:
N +2

18

(other two-loop diagrams, as well as one-loop diagrams, give self-energy corrections inde-
pendent of the external momentum). This expression cannot be directly used since the

X(p) =—

ug /ddr e PTG (r) (10.A.15)

bare propagator Go(p) = (p? + 19)~! has a finite correlation length r51/2 when T' = T,
(T. # Tep). To circumvent this difficulty, we include X(0) in the “bare” propagator, i.e. we
take Go(p) = [p? + 7o + £(0)] 71112 At the critical point, T®(p = 0) = ro 4+ %(0) = 0, and
the propagator Go(p) has now an infinite correlation length. The two-point vertex reads

Y (p) = p* + S(p) — 2(0) (10.A.16)

11To make dimensional sense of (10.A.8), we must interpret Inr as In —%. The expression of ug(e) is

A2
independent of the constant a in the limit » — 0. “
M2For a justification of this procedure (in particular regarding combinatorial factors in the Feynman
diagrams), see Sec. 1.6.3.
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10.A Perturbative calculation of critical exponents 701

when T = T,, where X(p) is given by (10.A.15) to two-loop order.
To obtain the p?In|p| term in X(p), it is sufficient to expand

) 1
e~ P l—ip-I‘— 5(pr)2_|_ (10A17)

in (10.A.15). This gives

[T -G =~ [ i+ 00l

2

__p —1 4
=~z [ sl + Ol (10.A.18)

(Sy = 27%), where we have used the expression (10.86) of Go(r) = fp e®PTp~2. We have

also set d = 4, since we are interested in the result to O(€2) while uy = up(e) = O(e) in
(10.A.15). The lower and upper limits in the last integral of (10.A.18) are approximately
given by A=! and 1/|p|, so that

2 N+2 p?
rYe) = o - uf 18 6452
4

(In [p| + const) + O(|p[*). (10.A.19)

Comparing this result with (10.A.2) (without the O(|p|™%2 term) and using (10.A.10), we

finally obtain

_1 N+2 , 3
=g (N+8)26 + O(e). (10.A.20)

10.A.2 1/N expansion

Perturbation theory can also be used to calculate the critical exponents within a 1/N
expansion. We start from the action

Sle] = /ddr{;(VsO)Q + 30+ (992)2} (10.A.21)

where the factor 1/N is introduced to obtain a meaningful limit N — co. The 1/N expansion
is not a mere expansion in ug since for each closed loop there is a factor N coming from the
sum over internal O(N) index.

10.A.2.1 Leading order

To leading order, the self-energy is given by the “Hartree” approximation (Fig. 10.25),

Uuo 1
Y=— | ——=. 10.A.22
6 q q2 +rog+ X ( )
The two-point vertex is then given by
I (p)=p*+ro+ S =p+r, (10.A.23)
where r = rg 4+ 3. The critical temperature is determined by r = 0,
_ Uup 1
a
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Figure 10.25: Self-energy ¥ to leading order in the limit N — co. The thick solid line stands
for G = (Gy' +%)~!

which allows us to express r as

_ Uup 1 1
=7o(T —T,) + —2 - =
TO( )+ 6 /<q2+r q2>

UpT 1
fo(T —T.) + — 5 /qu(q2+T) (10.A.25)

For d > 4, the integral converges when r — 0 so that r ~ T'— T, when 7" — T, i.e.
v =1, in agreement with the mean-field result. For d = 4, one finds

Ky, A?
/ g / didl al  Kap A7 (10.A.26)
a (@ +7) o2
for A/\/r > 1. From (10.A.25), we then deduce
_ Uug A2
fo(T —T.) ~ EKﬂln o (10.A.27)

ie.
12 To(T —1T¢)

K ug K4 A2
4024 In (12FE(T—TC))

(10.A.28)

for T — T.. As expected at the upper critical dimension, there are logarithmic corrections
to the mean-field result r ~ T — T..
For d < 4, we use

/ _ K, / d|q| |q|d = ri22K, (10.A.29)
q@?(a®+7)

where K is defined in (10.116). From (10.A.25), we then deduce
Fo(T — T.) ~ %rd/%lf(d (10.A.30)

for T - T, and d < 4, i.e.
r~ (T —=T.)" (10.A.31)
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Figure 10.26: Self-energy to order 1/N.

with the susceptibility critical exponent

2
y=-—"=+O(N". (10.A.32)
d—2
Since n = 0 (the self-energy is momentum independent), we obtain all other critical expo-
nents using the scaling laws (Sec. 10.4),

— 1 -1
V—d_2+O(N ),
1
ﬁ:§+O(N_1)7
o (10.A.33)
_ -1
a—d_2+(9(]\7 ),
_d+2 _1
6—m+(’)(N ).

10.A.2.2 1/N corrections

The self-energy to order 1/N is shown in figure 10.26. As in the case of the € expansion, we
include 3(0) in the “bare” propagator G(p) = (p?+7)~!. The effective vertex u (the wavy
line in Fig. 10.26) is defined by!'!?

Uo

M )

,  H(p) = / G(a)G(p + q). (10.A.34)
a
Since the first diagram in figure 10.26 is independent of p, we obtain

2(p) - 2(0) = 5 [ u(@) G+ @) - Ga. (10.A.35)

113 This result is easily obtained by considering the expansion for the 4-point vertex,

D (P, pa) = 055, py.0 (00,0k.1 + 0i k050 + 0:.10;.1)

uo N /ug\2
X{37N_5<37N> /(1G(Q)G(P1+P2+Q)+"‘ .
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At the critical point (r = 0), we can use

1
1I — —  ~ A d—4 10.A.36
(p) /qqg(p+q)2 d|p| ( )

in the limit |p| < A and for d < 4 (see Eq. (10.324)). Thus, for p — 0,

6 6
u(p) ~ Mp) = Agp[i? (10.A.37)
and
=20 = 7y [ e
~ Ap? <| |>. (10.A.38)

A can be obtained by expanding (10.A.38) for small p since the p?In A term is due to large
values of q. Using

1 1 P-q (p-q)? 3
S § i S /IS 10.A.39
(p+q)? q? lal* \ql4 |q|® (e ( )
we obtain
_ 1 1 4—d / _ 4—d
4—d 2 d 2
/q| | [(P+Q)2 qQ} d q| | d ( :
and 2 4-4d A
(2) 2 — 2
+ - = " Kup’ln—, 10.A.41
(p) = NA, q Nap D] ( )
which leads to
_ 2 A oY) (10.A.42)
TTNA, a ' o

Appendix 10.B The (¢?)? theory in the large-N limit

In this section we reconsider the large-N limit of the (¢?)? theory [Eq. (10.A.21)] and show
how we can extend the results of section 10.A.2 to the low-temperature phase.

Using
/ dp/ de™i3(#70) = / dpé(e* —p) =1 (10.B.1)

(we ignore any multiplicative constant), we rewrite the partition function as

:/D[%p,A] exp{—/ddr [;(ch) + p+4,N P>+ i;\(SDQ—P)H
:/D[cp,)\] exp{—;/ddr [(Vp)? +ire?] +%/ddr (M—ro)Q}, (10.B.2)

where the second line is obtained by integrating out the p field. We now split ¢ = (o, )
into a scalar field o0 and a (N — 1)-component field . As in the NLoM (Sec. 10.7), this
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10.B The (¢*)? theory in the large-N limit 705

parametrization will allow spontaneous symmetry breaking. The integration over the 7
field gives

/D[ﬂ'] exp {—; /ddr [(Vr)? + z')m'Z]} = (det gil)f(Nfl)/2 , (10.B.3)
where
g () = =V3(r — ') +i\(r)é(r — 1) (10.B.4)

is the propagator of the m; field in the presence of a fluctuating A field. We thus obtain the
partition function

Z = /D[a, Al exp{ — %/ddr [(Vo)? +iXo?]

3N N -1
+T%/ddr(iA—T0)2—

2

Tr lng_l}. (10.B.5)

If we rescale the o field, ¢ — v/ No,''* then the action becomes proportional to N in
the limit N — oo and the saddle-point approximation becomes exact. For uniform fields
o(r) = o and A(r) = A, the action is given by

1 i 3N

N
—S[o, A Ao? — = (iIN—71p)2+ —Trlng™* 10.B.6
v [0, A] o 2U0<Z o) + oy Iring ( )

(we use N —1 ~ N for large N), with ¢~'(p) = p? + i) in Fourier space. Since o and A
do not fluctuate when N — oo, g(p) is the propagator of the field 7;.''° From (10.B.6), we
deduce the saddle-point equations

om? =0,
6N 1 (10.B.7)
02:—(m277'0)7N/72 3
uQ p P+ m
where we use the notation m? = i\ (i) is real at the saddle point). These equations

show that the component ¢ of the ¢ field which was singled out plays the role of an order
parameter. In the disordered phase, o = 0 and m # 0 (the N — 1 7; field are gapped). The
saddle-point equation for m? reproduces our previous result (10.A.22) with ¥ = m? —rq. In
the ordered phase, o is nonzero and the propagator g(p) = 1/p? is gapless, thus identifying
the 7; fields as the N — 1 Goldstone modes associated with spontaneous rotation symmetry
breaking.

10.B.1 Correlation functions in the low-temperature phase

In the broken-symmetry phase, m = 0 and the saddle-point equation for the order parameter

reads N
6
02 = =2 (rg — 7oc), (10.B.8)
Uo

11411 the following, we work with the “unrescaled” field which is therefore O(v/N).
1151f & and A were fluctuating, one would have to integrate them out to obtain the propagator of the 7

field.
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706 Chapter 10. Renormalization group and critical phenomena

where

Toc =

UO/ 1 Ug KdAd_2 (
) = _tondf 10.B.9)
p P? 6 d—2

; _
is the critical value of ry defining the critical temperature: ro. = 7o(T, — Tw).''® The cor-
rection to the mean-field result 02 = —6Nr(/ug in (10.B.8) is due to the Goldstone modes.
Since o ~ /T, — T, the critical exponent S is equal to 1/2 in agreement with (10.A.33).

The action being obtained from a saddle-point approximation, the effective action I'[o, A]
is simply given by the action S[o, A] defined by (10.B.5).117:118 We deduce

2 2
¢ = F((m)(r—r’) Fff)?(r—r’)
I‘E\i)(r ) I’%)(r —1')

(V) ioo(r — 1)
= ( ’L'O'(;(r — I'/) %H(I' _ I'/) + %5(1_ _ I‘/) > 5 (1OB10)

where
Or—-1r)=g(r—r')g(x’ —r) (10.B.11)

and we use the notation T3 (r — ') = 6T /so(r)do(x’), ete. The two-point vertex I'® is
computed for the saddle-point values of the o and A fields. In Fourier space, we obtain

2 .
r®p) = < p ‘7 ) 10.B.12
(p) i %H(p) + % ( )

where II(p) = [, 9(a)g(p + q). The propagator G = =1 takes the form

1 MMip)+ 3 —io
= 2 u 10.B.1
G(p) detF(Q)(p) ( —io © p2 ’ ( 0 3)
with N N
det ) (p) = p? [QH(p) + u] + 02 (10.B.14)

The last equation, together with the small p behavior (10.A.36) of II(p), leads us to intro-
duce three characteristic momentum scales,

(qud> 1/(4—d)
PG = >

6
20_2 l/(d72) 12 1/(d_2)
— N _ 10.B.15
b <NAd> {qud (roc TO)] ’ ( )
u 0_2 1/2
be = < ??N ) = [2(roe — 70)]"/?,

which will be referred to as the Ginzburg scale, the Josephson scale and the correlation
scale, respectively (pg and p. were previously defined in section 10.7.3 while the Josephson

16We assume 79 = 70(T — Teo)-

117The equality between the effective action I' and the “microscopic” action S within a saddle-point
approximation has been shown in Sec. 10.2.1 when discussing the Landau theory.

118 To simplify the notations, we note o and X the arguments of both the action S and the effective action

I.
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A P,
P ‘pc
—
Pac Py
/ .
/ .
; >
rOc_rG rOc_r0

Figure 10.27: Characteristic momentum scales pg, ps and p. [Eq. (10.B.15)] vs ro. — 19 =
7o(T, — T) for fixed uy.

length &5 = p}l was discussed in Sec. 10.7.2). Here and in the following we assume d < 4
and postpone the case d = 4 to section 10.B.3. These momentum scales are not independent

since s
p? = p? <p‘]> . (10.B.16)
ygel

If we vary ro (i.e. the temperature) with ug fixed, we find that the three characteristic scales
(10.B.15) are equal for a temperature T defined by

_ 1
roc —roc =To(Te — Ta) = = <

(10.B.17)

2

oAy 2/(4—d)
6

(see Fig. 10.27). Equation (10.B.17) is similar to the Ginzburg criterion (10.117) obtained
from the one-loop calculation of the two-point vertex in the disordered phase. As we show
below, T separates a critical regime from a non-critical regime in the ordered phase.

In the critical regime (T, — T < T. — T or py < pg), using py < p. < pe one finds

p2d
|‘|]Td if |p|<ps,

Goo(p) =4 [P (10.B.18)
o2 if |p|>ps,

while in the non-critical regime (T, — Tg < T, — T or pg < p.),

1 D 4—d
( G) it |p| <pa,

Gool(p) =4 P2 h p| (10.B.19)

i if [p|> pe.

In the non-critical regime, we recover the results of section 10.7.3. We find two characteristic
momentum scales (pg and p.) and two regimes for the behavior of G,,(p): i) a Goldstone
regime (|p| < pg) characterized by a diverging longitudinal propagator G, (p) ~ 1/|p|*~¢
in the limit p — 0, ii) a Gaussian regime (|p| 2 pg) where the Gaussian approximation
(and the perturbative approach) is essentially correct. The critical regime is characterized
by two momentum scales (p; and pg). The Josephson length diverges at the phase transition
with the exponent v = 1/(d — 2). The same exponent was found for the divergence of the
correlation length £ in the disordered phase [Eq. (10.A.33)]. There are three regimes for
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708 Chapter 10. Renormalization group and critical phenomena

(a) Critical regime: T —T<T —T,

Goldstone p critical p Gaussian
(I) regime IJ regime .G regime‘| |
I T T p
1 1 1
4—d -
|pl lp[*" p’

(b) Non-critical regime: T —T,<T_ —T

Goldstone Gaussian regime
0 regime Pc c
| = | - p|
L 1
4-d —
|p| p + D.

Figure 10.28: Momentum dependence of the longitudinal correlation function G,,(p) in the
critical and non-critical regimes of the low-temperature phase (2 < d < 4). Note that n =0
in the limit N — oo.

the behavior of G,,(p): i) a Goldstone regime (|p| < ps) with a diverging longitudinal
propagator, ii) a critical regime (p; < |p| < pe) with a vanishing anomalous dimension 7 (7
is O(1/N) in the large-N limit, see Sec. 10.A.2), iii) a Gaussian regime (pg < |p|). These
results are summarized in figure 10.28.

10.B.1.1 The NLoM

At the critical point in the limit N — oo, from the preceding results we deduce

2
G =
ne NAalpl* (10.B.20)
1 .B.
GO’O’ pP)= 5
(p) D2

so that [o] = (d —2)/2 and [\] = 2. It follows that the perturbation [ dr A2 is irrelevant
for d < 4. Thus, if we shift the X field by its fixed-point value, 1A — i\ + m?, we can omit
the A? term in the action,

smﬂzé/ﬁ%uthum%mmﬂ]

3N N-1
— = [ d%iX(m® —ro) + Tring™'.

10.B.21
- (10.B.21)

We can now reintroduce the 7 field using

exp {—N2 1Tr lng_l} = /D[ﬂ'] exp {—; /ddr [(Vm)? + (ix + m?)m?] } (10.B.22)
to obtain

Slp, A = %/ddr (V) +ixp?] — %/ddr (iA —m?)(m? —rg), (10.B.23)
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10.B The (¢*)? theory in the large-N limit 709

where we have shifted A back to its original value. Integrating over A\, we eventually obtain
1
Z = /D[(p] 5(¢? — p3) exp {—2 /ddr (ch)z} (10.B.24)

with @3 = %(m2 — 1), which is nothing but the action of the NLocM (see Sec. 10.7). We
conclude that in the limit N — oo, the correlation functions of the (¢2)? theory and the
NLoM have the same asymptotic long-distance behavior at the critical point. It can be
shown that this equivalence holds to all orders in the 1/N expansion [51]. The NLoM in

the large-N limit is studied in section 10.C.

10.B.2 Gibbs free energy

Let us consider the system in the presence of an external field,
Z[h) = / D[o, \] e Sl [ dirho, (10.B.25)
where the action S[o, A] is defined by (10.B.5). The Gibbs free energy reads
[M] = —1InZ[h] + /ddr hM, (10.B.26)

where h is related to the order parameter M (r) = (o(r)) by

01n Z[h]
M(r)= ——F. 10.B.27
)= "5 (10.8.27)
In the large-N limit, the saddle-point approximation in (10.B.25) is exact so that I'[M] =
S[M, }]. For a uniform order parameter,
1 1 3N N
—I(M) = -m*M? — ——(m?* —ro)* 7/1 2+ m?). 10.B.28
RO = Gmar? = S =)+ 5 [ (e 4 ) (10..25)
The momentum integral in (10.B.28) diverges for small m and should be regularized, e.g.
by considering

D(m?) = /[ln(p2 +m?) — In(p?)], (10.B.29)

which amounts to removing an infinite normalization constant in the partition function. For
m — 0 and d < 4,'"?

Rd Ad72 KdAd74
D 2 — _9 ¢ d K 2 Tra 4
(") R L p L

(10.B.30)

where K is defined in (10.116). For d < 4, we can neglect m* wrt m? for small m and we
obtain'?’
! 5, 3 Ry

—T(M) =— = (rg — r0c)m?
Nyl M) = =5t o o —roe)mT 4 o a"

(10.B.31)

19Fq. (10.B.30) is obtained from D(0) = 0, D'(m?) = % 2 (1, 4 441, —%), and the expansion of
the hypergeometric function 2 F; for small m?.

Ky rd—
120We use 1 4 Ad-2 = ——3286.
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710 Chapter 10. Renormalization group and critical phenomena

The value of m? is obtained by requiring that T'[M], as —In Z[h], is extremum.'?! The
condition 5Z;T[M] = 0 gives

1 (6r  M>\]¥“Y
2
i (e %) @053
with 7 = rg — 1. = 7o(T — T¢). This expression makes sense only if % + MTQ > 0. If not,

the extremum is reached for m? = 0.
In the high-temperature phase, 7 > 0 and m? # 0 for any value of M. This yields

1 312 d—2 —ojo-a) (67  M2\V?
'M)=-""+—"K —+— . 10.B.33
NV ( ) 2U0 + 2d d o + N ( )
The minimum of the Gibbs free energy is reached for M = 0. We deduce the specific heat
82 -1 —«
with a critical exponent o = (d — 4)/(d — 2). At the transition (7 = 0),
1 2d/(d—2) ) _1or 5
NVF(M) M +const and h= v M M (10.B.35)

with a critical exponent § = (d +2)/(d — 2). The values of o and ¢ agree with (10.A.33).
In the low-temperature phase, 7 < 0 and m? can be zero or nonzero depending on the
value of M. Thus

2
. —;’ﬂ it |M| < Mo,
Uo
—TI(M) = - 10.B.36
vt 3, A2 ey (M2 MNP M| > ( )
2ug | 2d ¢ N =
where

My = U % (10.B.37)
Uo

is equal to the saddle point value of the o field [Eq. (10.B.8)]. Thus the large-N approach
gives a convex Gibbs free energy both in the high- and low-temperature phases (see Fig. 10.4
in Sec. 10.1.1).

10.B.3 The upper critical dimension

The results obtained in sections 10.B.1 and 10.B.3 for 2 < d < 4 can easily be extended to
the case d = dI = 4. Using the small p behavior (10.A.36) of II(p) when d = 4, the three
characteristic momentum scales introduced in section 10.B.1 become

—6
=A
o e (),

1/2
o 24(7‘OC — 7’0) (10B38)
br= unAyln [ ~uodad® ’
024 72\ 24(roc—70)
1/2
Pe = [2(TOC - TO)] /2,
2 2
121This follows from the property %L\/I: —% ,» Wwhich is a direct consequence of the

definition (10.B.26) of the effective action.
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10.B The (¢*)? theory in the large-N limit 711

As expected, we find a mean-field like divergence of the Josephson length (¢; = p}l ~
(T. — T)~'/2) with logarithmic corrections. The three momentum scales (10.B.38) satisfy

2 In(A/pg)

2o p? 10.B.39
Py Pe IH(A/p(,) ( )
and therefore coincide at the Ginzburg temperature T defined by
A? —12
roc — rog = To(Te — Tg) =~ 5 eXD <u0A4> . (10.B.40)
In the critical regime (T, — T < T, — Tg or py < pa), one finds
In(A/lp)) .
W if |p|<py,
Goo(p) = Py AP (10.B.41)
- it |p|>ps,
P
while in the non-critical regime (T, — T < T. — T or pg < p.),
In(A/lp)) .
e P
Gool(p) = Pe\VPC (10.B.42)
—_ if > pe.
p2 +pg |p| y4e

The behavior of the longitudinal correlation function is similar to the case d < 4 (Fig. 10.28)
except that the divergence ~ 1/|p|*~¢ in the Goldstone regime is now logarithmic, and the
anomalous dimension 7 vanishes (Sec. 10.A).

To compute the Gibbs free energy I'(M) [Eq. (10.B.28)], we use

K 1
D(m?) = 74 [m2A2 +m? <ln % - 4)} +0O(m"). (10.B.43)
Minimizing I'(M) wrt m?, we then obtain
2X
— it X >0,
m? = Q0 Ky (57 (10.B.44)
0 if X <0,
where )
M 67
X=—+4+— 10.B.45
N + (N ( )
and 7 =19 — 19 = Fo(T — T¢.). In the high-temperature phase, this leads to
1 3rg X2
T = —2ﬂ + (10.B.46)
to 2Ky n (K

The minimum is reached for M = 0 and the singular part of I'(M = 0) is given by 72/In .
The singular part of the specific heat in the large-N limit, Cy ~ 1/|InT|, agrees with the
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712 Chapter 10. Renormalization group and critical phenomena

general result (10.271) of section 10.6.2. In the low-temperature phase, we find

2
U
— (M) = g 1 (M2 M2 10.B.47
LA ( RV TS (10-547)
2up  2K4N?% (1\21’{741\’)
2(M2—]W§)

where My is equal to the saddle-point value of the o field [Eq. (10.B.37)].

10.B.4 1/N correction

The O(1/N) correction to the propagator G, comes from the one-loop self-energy diagram

S

where the dot stands for the vertex iAo? (see Eq. (10.B.5)). G, (solid line) and G (wavy
line) are the propagators in the limit N — oco. Thus,

1

r®(p) =p*+ / (@) [Goo(p+a) — Goo(@)] + O <N2> (10.B.48)

at the critical point (T' = T,). As in Sec. 10.A.1, the subtraction of G,,(q) in (10.B.48)
ensures that ]f‘f,gg)(p =0) =0 when T = T,. Using (10.B.20) we finally obtain

2 1 1 1 1
r® =p? / [ — } +0 <> , 10.B.49
eo(P)=p"+ NAg Jolal™* |p+a? o N2 ( )

which agrees with our previous result (10.A.38) and yields the result (10.A.42) for the
anomalous dimension 1 to O(1/N).

Appendix 10.C The nonlinear ¢ model in the large-/N limit
In section 10.B, we have studied the (¢?)? theory in the large-N limit and shown that the

critical behavior is the same as that of the NLoM. In this section, we directly consider the
NLoM in the large-N limit (along similar lines). We start from the partition function

7 /D[n]a(n2 ~1)exp {Z/ddr (Vn)2} (10.C.1)

with an implicit ultraviolet cutoff A on the momenta. The factor N in (10.C.1) is introduced
to yield a meaningful limit N — co. As in section 10.7 we write the field n = (o, 7r) in terms
of a scalar field o and a (N — 1)-component field 7. Introducing a Lagrange multiplier field
A to impose the constraint n? = 1, we obtain

Z = /D[U,ﬂ',)\] exp {—i/ddr;(ch + w2 —1) - %/ddr [(VU)Q + (Vﬂ-)Q]}
= /D[m A eXp{—i/ddr;(UQ A N ]\[21Trlngﬂ1}, (10.C.2)

29
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10.C The nonlinear o model in the large-N limit 713

where g-1(r,1') = —%VE(S(r — 1) 4+ iA(r)d(r —r’). The second line in (10.C.2) is obtained
by integrating out the 7 field. If we take the limit N — oo (and rescale the field A — NA),
the action becomes proportional to N and the saddle-point approximation is then exact.
For uniform fields o and A, the saddle-point equations read

) 1 (10.C.3)
o=l-g | 5
p P°tm

where m? = i\g/N. The critical coupling constant separating the low- and high-temperature
phases is given by
d—2
9e = KyAd—2'
g vanishes in two dimensions and the system is always in the disordered phase in agreement
with the Mermin-Wagner theorem.

(10.C.4)

10.C.1 The high-temperature phase

In the high-temperature phase, ¢ = 0 and m is determined by the equation
11 Afm - pd=3
SR md—2Kd/ do—— (10.C.5)
ge g 0 241

For d < 4, one can take the limit A/m — oo since the integral is convergent. This gives a
correlation length

E=m~!~ (g —go) 7Y (10.C.6)
for g — g so that v = 1/(d — 2). In two dimensions, the correlation length is determined
from ) A

1 1
o~ m(2), 10.C.7
g /p p2+m? 2« . <m> ( )
which gives
1 27
E~Atexp| — ). (10.C.8)
g

& diverges exponentially for small g in agreement with the RG analysis of section 10.7.2 in
the large-N limit.!?2

10.C.1.1 Upper critical dimension

At the upper critical dimension df = 4,

27/g

cr=m
Kyln (2220

(10.C.9)

where 7 = g/g. — 1. The mean-field expectation £ ~ 1/4/7 is modified by logarithmic
corrections.

122Without the factor N in (10.C.1), we would obtain & ~ A~!exp (%) in agreement with (10.306) for

N — oo.
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10.C.2 The low-temperature phase

In the low-temperature phase, m = 0 and the order parameter is determined by

1
02:179/—2:1717 (10.C.10)
pp gC

which gives a critical exponent 5 =1/2.

The propagator of 7 field is given by g(p) = g/Np?. To obtain the propagator of the
longitudinal field o, we proceed as in section 10.B.1. In the limit N — oo, the effective
action I'[o, A\] = S[o, A] and

2 Np2 10
r®(p) = g , (10.C.11)
ic  5II(p)
where II(p) = [, 9=(a)gx(P + q). We deduce
1
det ) (p) = 5 Adg (Ip|*2 +p%?) (10.C.12)

for |p| < A and d < 4 (Aq is defined by (10.325)). The Josephson momentum scale is

defined by
952\ V/(d-2) 9 /1 1\]Y@-2
= — =|—(--— 10.C.13
- (Adg> |:Ad<9 gc>] ( )

and vanishes with the critical exponent v = 1/(d — 2). By inverting T'® (p), we obtain the
propagator

9

_ ~ it |p|>py,
_ glpl**/N ] Np?
Goo(p) ~ TR 2 (10.C.14)
p pJ N|p|4_d lf |p‘ <<pJ

If g is sufficiently close to g., then p; < A and the system is in the critical regime. One can
then distinguish two regimes for the behavior of G,,(p): i) a Goldstone regime |p| < p;
characterized by a diverging longitudinal susceptibility Go,(p) ~ 1/|p|*~¢, ii) a critical
regime |p| > p; where Gor(p) ~ 1/|p|*~" (with n = O(1/N)). On the other hand, if
ps 2 A, the system is in a non-critical regime and the longitudinal propagator exhibits the
behavior Gy, (p) ~ 1/|p|*~? for any value of the momentum. These results are similar to
those obtained from the large-N limit of the (¢?)? theory. Note however that the Ginzburg
momentum scale pg does not show up in the NLoM. The same conclusion was reached from
the RG analysis of section 10.7.2.

10.C.3 Gibbs free energy

The Gibbs free energy can be obtained as in section 10.B.2. In the large-N limit and for a
uniform order parameter M,

= on s [a(P5) ()] omesn
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10.C The nonlinear o model in the large-N limit 715

where the last (M independent) term is introduced to make the Gibbs free energy finite.
Using (10.B.30) for d < 4, one obtains

1 m? m? [ 1 1 f(d
— (M) =M -+ I (= 2] - B 10.C.1
Ny M) =50 )3 (gc g) a" (10-C.16)

for small m, where Ky is defined by (10.116). By requiring I'(M) to be minimum wrt m?,
one deduces

2/(d—2)
M>+7 ; 2
m? = ( 9K ) it M"+720, (10.C.17)
0 if M?+7<0.
This yields
d/(d—2)
1 d—2 ~2/(1-2) <M2+T>
—I'(M)=——"7"K s 10.C.18
pran =2k - (10.0.18)
in the high-temperature phase (7 > 0) and
d/(d—2)
1 d—2 -~/ 2 (M? = M3
—T(M)=0(M?* - M})——"-K —2 10.C.19
o0 = e )2 : (10.0.19)

in the low-temperature phase (7 < 0), where My = /—7 is equal to the saddle-point value of
the o field [Eq. (10.C.10)]. The results (10.C.18) and (10.C.19) are similar to those obtained
in the large-N limit of the (¢?)? theory (Sec. 10.B.2).
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Guide to the bibliography

© N.

In addition to Wilson’s original papers [1,2], there are many reviews [3—(] and books [7—

] with a detailed presentation of the renormalization group (Ref. [7] contains a gen-
eral introduction to phase transitions). Many of these references discuss the e =4 —d
expansion as well as the 1/N expansion.

The field theoretical approach to critical phenomena is discussed in Refs. [11,17,18].
For a discussion of the NLoM, see Refs. [7, 15,17, 18,28-32,51].
The BKT phase transitions [33-37] is reviewed e.g. in [7,15,38].

The functional renormalization group (FRG) is discussed at length in chapter 11.
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