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Introduction

The study of Statistical Physics teaches us how to connect micro-
scopic physics, i.e. a description of few-particle dynamics and en-
ergies, and macroscopic physics, steady-state or near-equilibrium
properties of gases, liquids, or magnetic substances, for example.
Statistical field theory further develops these ideas, approximating
models of microscopic degrees-of-freedom by continuous fields.
The ideas of statistical field theory have a natural overlap with clas-
sical and quantum field theories you would see in other contexts.

We will focus much of our effort on describing critical phenemona,
the physics of second-order phase transitions. When a system un-
dergoes a second-order phase transition, the free energy varies
continuously, but its second (or higher) derivatives diverges at the
critical point. A remarkable universality of these divergences was
discovered: many disperate systems exhibit the same behaviour
near the critical point. The modern theory of renormalization was
developed to explain this universality. There we will see how dif-
ferent microscopic theories can be related to each other, and what
features can be predicted to be universal.

These developments in the theory of critical phenomena cleared
up many of the mysteries of renormalization as it was first devel-
oped in quantum field theories. It goes beyond the application of a
perturbative expansion and avoids having to “subtract infinities.”
There will be several opportunities for us to draw parallels between
material in this course and the QFT and AQFT courses.

This course assumes that you have completed an undergraduate
course in Statistical Physics. In practice, however, we rely only on
a few general ideas and straightforward calculations from such a
course. In the rest of this chapter, we very briefly summarize the
main ideas which should either be familiar or which should be
studied independently alongside these lectures. In the latter case
you might consult standard texts on Statistical Physics available
in University and College librarires, as well as the notes covering
the Part IT Course Statistical Physics (and more) by Tong." Some
examples questions of relevance to this course will be provided in
Examples Sheet o.

*D Tong. Statistical physics: Part II
lecture notes. Tong’s DAMTP website,
2012



1.1 Statistical Mechanics

Statistical mechanics allows us to predict macroscopic properties of
systems in or near equilibrium by replacing time averages over mi-
croscopic dynamics with ensemble averages over possible microstates
states.

Landau®: distribution function p. p1p = p1p2, or taking the >L D Landau and E M Lifshitz. Statis-
tical Physics, Part 1, 3rd Ed. Pergemon

logarithm of both side, log p’s are additive. Therefore logp must
Press, 1980. ISBN 0-08-023038-5

depend linearly on constants of the motion. If we imagine a gas in
a finite box, the only constant of the motion is energy.

logo < E. (1.1)

For an isolated system E is conserved, say equal to E = Ej and the
distribution function is the microcanonical p(E) = 6(E — Ey). For a
system in thermal equilibrium with a heatbath

o(E) = %e*ﬁE (1.2)

where Z is a normalization factor known as the partition function
and B is a constant whose physical meaning we will see is given by
the reciprocal of temperature.

Once we have the probability distribution function and the
Hamiltonian we evalulate the expectation value of some macro-
scopic observable, say O, using

(©0) = 5 [Op(E)dE. (1.3)

In order to avoid ambiguity, we will write (E) = U.

Depending on the specific calculation, one might change integra-
tion variables from E to the natural microscopic degrees of freedom
used in the Hamiltonian. For classical gases, the Hamiltonian de-
pends on the positions ¥; and momenta X; of the constituent parti-
cles E = H({X},{p}). (The curly brackets indicate the Hamiltonian
is a function of the whole collection of positions and momenta.)

We will also be interested in systems of magnetic spins ¢;, fixed in
position so that E = H({c}). Finally, one might consider the energy
levels to be discrete, e.g. particles in a box, properly taking into
account modifications necessary to describe bosons or fermions at
low temperatures.

Entropy S is the logarithm of the statistical weight of a system
with energy E. within an ensemble.

§ = —(logp). (1.4)

In the canonical ensemble S = B(E) + log Z.

aS 1

su=-P=71 (1.5)

This provides us with a definition of temperature T. (We assume
energy units for T, i.e. we set Boltzmann’s constant kg = 1.)



The free energy is define as
F=-TlogZ, (1.6)

an expression often written Z = ¢~PF. This is sometimes referred to
as the Helmholtz free energy when we need to distinguish it from
other free energies, e.g. the Gibbs free energy.

1.2 Thermodynamics

Historically the study of thermodynamics predates statistical
physics; it took some time before the idea of fluids as collections

of atoms or molecules gained support. Here we do not take a his-
torical approach. Nevertheless, we will emphasize throughout the
course how macroscopic phenomena depend on microscopic details
in some ways, but are independent of them in others. Thus here we
review some ideas from thermodynamics, but occasionally making
reference to the underlying statistical mechanics.

From (1.6) we see the free energy F is explicitly a function of
temperature T. For a gas of particles, it would also depend on
volume through the probability density in the partition function.
For example, a quantum gas in a finite box has quantized energy
levels, with energies dependent on the box lengths. Furthermore
if the particles interact, the strength of interactions often depends
on the distances between particles, which would have a varying
mean as the volume changes. In magnetic systems, the degrees-of-
freedom interact with magnetic field. Let us denote the strength of
an external magnetic field by /1, and assume it is given in energy
units. Therefore, we generally would write that F is a function of 3
independent variables

F=F(T,V,h). (1.7)

Further situations could be considered as well, such as varying
particle number N, but let us not do so here.

The responses to variations of each of these independent vari-
ables are also of interest, as they are proportional to the entropy S,
the pressure p, and the magnetization M:

oF oF oF

Ty~ % Wl TP

=-M. (1.8)
T,V

These 3 dependent variables are conjugate partners to the 3 inde-
pendent variables.

One can change variables by means of Legendre transforms.
This results in new thermodynamic potentials. For example the
internal energy (or average energy, from the statistical point of
view) U = U(S,V,h) = F(T,V,h) + TS, so that dU = TdS — pdV —
M dh. Similarly, the Gibbs free energy is defined G = G(T,p,h) =
F(T,V,h) + Vp. The magnetic Gibbs free energy, I = I'(T,V, M) =
F(T,V,h) + hM will be useful later in this course. Note some texts



prefer an internal energy U = U(S,V,M) = U(S,V,h) + hM,
although they might not use the tilde.

An equation of state is a relationship between thermodynamic
variables. Most commonly in Statistical Physics courses, the equa-
tion of state gives the pressure of a gas in terms of its temperature
and volume: p = p(V, T). The equation-of-state for an a gas of
N noninteracting, classical particles, i.e. and ideal gas, is pv = T,
where v = V/N is the mean volume-per-particle. In this course we
will use magnetic systems for most of our examples; in those cases
the equation of state will often take the form M = M(T, h).

We shall largely be interested in systems in thermal equilibrium.
In a thermally isolated system the dynamics of the system obey
the second law of thermodynamics. That is, the entropy tends to
increase over time: AS > 0. Consequently, equilibrium is reached
when entropy reaches a maximum. This principle leads to conse-
quences for more general situations. When a fixed-volume system
is in contact with a heat reservior of constant temperature, the
Helmbholtz free energy F which reaches a minimum as the system
reaches stable thermal equilibrium. If instead the system’s pres-
sure is kept constant, then it is the Gibbs free energy G which is
minimized in equilibrium.3

1.3 Phase transitions

A phase transition is a discontinuous or otherwise singular change
in the thermodynamic properties of a system as thermodynamic
variables are changed. The free energy, or one of its derivatives, is
a singular function at that point, or set of points. We will be dis-
cussing phase transitions throughout this course. Here we simply
make contact with what might have appeared in your undergradu-
ate Statistical Physics course.

A phase transition is said to be first order if the first derivative of
the free energy has a discontinuity. This occurs when an instability
arises. It can be shown that a condition for stability of the system,
under volume perturbations, is that the Gibbs free energy satisfy

%G
ﬁ . > 0. (19)
This implies
Jap
57 . <0 (1.10)

is required for stability. This makes sense intuitively. Think about
a gas in thermal contact with a heat reservoir. If we decrease the
size of the container, we would expect the pressure to increase: the
gas would push back. This is the stable situation. If the opposite is
true the gas would collapse. In fact this is not what occurs, instead
a phase transition to a liquid takes place.

Let us look at the van der Waal’s equation, a modification of the

3 F Reif. Fundamentals of Statistical and
Thermal Physics. McGraw-Hill, 1965
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ideal gas equation of state which reads

T a

p= P (1.11)
The parameters a and b are model parameters tuned for a particular
gas in order to account for interactions and finite particle size,
respectively. The model is only realistic for b < v (equivalent
to saying that the mean interparticle separation should be much
larger than the linear size of the particles), so it is clear that for
large enough T (1.10) holds for all v. As T is lowered, however,
the derivative in (1.10) may become nonnegative. In fact, when T
reaches the critical value, T, = 2%, from above, an instability may

develop: 3—5 . 0 when (v, pc) = (317, 27"7> Figure 1.1 shows 3
isotherms, one of them with T < T; clearly showing an example an
instability signaled by 3—5 > 0.

In fact, when such an instability occurs in the equation-of-state,
the system goes through a first-order transition, staying at con-
stant pressure as the volume is increased or decreased. During this
transition, there is a mixture of liquid and gas. This can be seen
in Figure 1.2, where the data points on the left correspond to the
highest densities pg, for a given temperature, at which the system is
purely gaseous. On the right, the points indicate the lowest densi-
ties at which the system is purely liquid p,. The units in the figure
are relative to the critical point (pc, Tc).

The data show a remarkable universality: the liquid-gas coex-
istence curves lie on top of each other for a number of gases. It is
interesting to consider the difference in densities 5p = py — pg,
or equivalently the difference in mean volume-per-particle év =
vg — vy (since v = 1/p). This is an order parameter describing the
approach to the critical point. Near T = T, the curve in Figure 1.2
can be fit to

ov ~ (T, — T)P (1.12)

where 8 is a dimensionless critical exponent.# From a fit to the data,

Figure 1.1: Van der Waals isotherms
for temperatures above, at, and below
the critical temperature. (Arbitrary
units, with (a,b) = (1.5,0.01).)

4 Do not confuse this with the inverse
temperature.
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There is a similar situation in magnetic systems, where the order
parameter is the magnetization, where

M~ (T.—T)P. (1.13)

We will discuss critical exponents in the context of magnetic sys-
tems in more detail in the next chapter.

Figure 1.2: Liquid-vapour coexistence
curve for 8 systems, with density

p = 1/v on the horizontal axis and
temperature on the vertical axis.
Figure reproduced from E A Guggen-
heim, J. Chem. Phys. 13, 253, 1945.



Landau theory of phase transitions

Landau developed an elegant model for understanding phase tran-
sitions. We will present this using the language of magnetic sys-
tems, where the order parameter is the magnetization-per-spin

m. In terms of the free energy-per-spin, or free energy density,

F = F/N, the magnetization is

_9F
o |

m= (2.1)
With the number of spins and the temperature held constant, a
stable equililibrium state is one in which F is a global minimum.>

To understand phase transitions as Landau did, we look at how
the free energy density behaves as the magnetization is varied away
from its equilibrium value (2.1). Let 7 be the variable magnetiza-
tion, which we imagine we can vary independently of . We write
Landau’s free energy density as A(T, h, 7). Let us assume that A is
a polynomial in 771, e.g.

1 1 1
A(T, h, i) = —hii + §A2m2 + 1444%4 + gAmﬁ’ +ol (22)

For simplicity, in (2.2) we have assumed that, in the absense of an
external field (i.e. 1 = 0) the system does not have a preferred direc-
tion and therefore is an even function of m, and also that the term
linear in h is sufficient to account for a weak, external magnetic
field. There are models where cubic or other odd powers of the or-
der parameter can appear in the free energy.® We define our energy
scale so that no constant term appears in (2.2). The magnetization
of the equilibrium state m is equal to the value of 7 for which A is
a global minimum: A(T,h,m) = F(T,h).

The A; coefficients in (2.2) are functions of temperature. In fact,
Landau made the assumption that they are all analyticin T — T..
Although this is ultimately incorrect, one still develops a quali-
tatively useful description of phase transitions. In particular, we
assume that the critical temperature is defined the point where the
coefficient of m? vanishes linearly: as T — T,

Ay ~ T —T,. (2.3)

Let us consider two cases described by (2.2) with & = 0. Ne-
glecting terms higher order than m®, let us assume Ag > 0 for all
temperatures.

5 Local minima of F correspond to
metastable states; they can exist for
finite amounts of time, but given
enough time, thermal fluctuations
should drive the system to a global
minimum of F.

¢ As an exercise, you may wish to
consider how the discussion below
would be altered by the addition of a
term %A3 ms.
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The case A4 > 0 gives rise to a second order, or continuous,
phase transition: as the temperature is lowered (usually) A, de-
creases from a positive value to zero when T = T.. For T < T,
A < 0 and there are two degenerate minima at m = +mg # 0,
as shown in Figure 2.1. The degeneracy is broken by any external
magnetic field, however small. For example, if 7 = € > 0 then
the m = mgy > 0 state will be stable and the m = —m, state will
only be metastable as it is just a local minimum of .4, not the global
minimum.

Neglecting terms higher order than 7, we can obtain the equa-
tion of state from A

0A

Fr= =0 = m(Ay+mPA) =h. (2.4)

m=m

For h = 0, the solutions to the equation of state are m = 0 and

m= £,/ —%. The first solution is only a solution for A, > 0 when
the second derivative of A is positive at m = 0. The other solutions
are only real when A; < 0. From (2.3) that,as T — T,

m~ (T, — T)P, with g = % (2.5)

This 8 is one of several critical exponents, and its symbol is by con-
vension the same as that used for the inverse temperature; the fact
that the critical exponent B is dimensionless and the inverse tem-
perature B has units of inverse energy should be enough context to
avoid confusion.

Looking at the equation of state for T = T, i.e. for Ay = 0, (2.4)
reads Aqm® = h,oras h — 0,

m ~ |h|3, withé =3 (2.6)

which defines the critical exponent 6. The magnetic susceptibility
also has a corresponding critical exponent, y. For T > T, we can
expand about m = 0, neglecting the m3 term in (2.4) to find

_Jm

X= — ~(T-T.)7", withy=1. (2.7)
oh |,_,

One finds the same critical exponent for the susceptibilty for T <
T, but then one should expand about m = my.

If A4 < 0 then the system can have a first order phase transition.
This is seen in A(T, h,717) when there are minima at m = 0 and
m = my (Figure 2.2). With the normalization of (2.2) such that
A = 0 for m = 0, we find the ordered phase occurs when there are
nonzero solutions to

1 1
Wz(.Az — §|A4‘W2 + §A6m4) =0.

In other words, when the discriminant of the quadradic (in 72)
term is positive, i.e. %Aﬁ — %A2A6 > 0, there are nonzero solutions
and the ordered phase is preferred. The phase transition occurs

m

Figure 2.1: Free energy function .A(7)
above and below a continuous phase

transition.

m

Figure 2.2: Free energy function A(71)
as coefficients vary across a first order

phase transition. In the top figure
the minimum corresponds to the

disordered phase, in the bottom figure
the ordered phase is preferred, and at
the phase transition (middle figure)
the ordered and disordered phases can

coexist.



13

when %Ai — %AzAé = 0, and the order parameter varies discontinu-
ously across the transition. The coexistence of different phases at the
phase transition is a feature unique to first order phase transitions.
The coefficients Ay, Ay, etc. of (2.2) are functions of the indepen-
dent variables such as temperature T. Let us also suppose there is
another variable g. Then a phase diagram is the simplest way to sum-
marize the state of a system as a function of T and g. One possible
situation is shown in Figure 2.3. There, for ¢ = 0, the system has ()
a second order phase transition, corresponding to the case where o
Ag > 0. As g is increased from o, the critical temperature T, is
a function of g. Along the line described by T.(g), the coefficient
A, = 0, while A; > 0. %, Td)
In the situation depicted, A4 is a function of g so that when g "

becomes large enough and A4 = 0. This point in the phase diagram ' T
is known as a tricritical point (TCP). Beyond this point, we have the
h A 0 and h 1i £ d o, Figure 2.3: Phase diagram showing a
case where Ay < 0 and we have a line of first order transitions, tricritical point (TCP). The solid line
Ty (g). Along this line, .43 — $ A, 4 = 0, as discussed above. (Note depicts a first order transition and the
that the A, = 0 line will naturally continue through the TCP, but dashed line, a second order transition.
it will lie in the phase where the order has already been broken by
the first order transition.

Critical exponents take on different values at a TCP than at an

ordinary second order transition (sometimes referred to as a critical Table 2.1: Critical exponents at a
critical point (CP) and at a tricritical

. . _ —6 . -
point, CP). With A4 = 0 we cannot neglect the m° term in determin point (TCP) according to Landau

ing 6, for example. The T = T, equation of state is m® = h, therefore theory.
0 = 5. Critical exponents for critical points and tricritical points are
summarized in Table 2.1. exponent  definition ~CP  TCP
Landau’s phenomenological theory of phase transitions is a very Py A~z 0 3
good starting point for thinking about phase transitions. In par- B m~ (—t)f 1 i
ticular, it shows that critical exponents could be the same for wide ¥ x~ Q1 1
) m ~ h1/? 3 5

varieties of microscopic theories, as long as they result in similar
free energies A. By making a few assumptions about how the co-
efficients A; depend on temperature (and any other independent
variables) one can make numerical predictions for the critical ex-
ponents. It turns out that the numerical predictions are often the
incorrect values to describe experimental data (but not in all cases).
We will see that Landau’s assumptions about analyticity of the free
energy coefficients is the culprit, and we will develop a framework
for understanding why.






Ising model

Some solids, such as iron and nickel, can be magnetized. Atomic
magnetic moments align with each other, even in the absence of an
external magnetic field. This property is called ferromagnetism. If
such a solid is heated above its so-called Curie temperature a phase
transition occurs, and the magnetization is lost and they become
paramagnetic.

The Ising model is a very simplified model of the ferromagnetic-
paramagnetic phase transition, yet it is very instructive. The degrees-
of-freedom 0; = £1,oni = 1,..., N sites, these are interpreted as
spins either aligned or anti-aligned in some fixed direction. The
spins are located on fixed lattice points; we assume a square-lattice
in D dimensions, but one could consider a triangular 2D Ising
model, for example. The Hamiltonian is written as

H=—]) oiocj—h) o (3-1)
(i) :

where }_;; means to sum over every pair of nearest-neighbor spins.
] is the exchange energy and & represents the external magnetic
field (in energy units). For the ferromagnetic model the exchange
energy | > 0: the energy is lowered by having neighboring spins
aligned. Negative | yields the anti-ferromagnetic model, which we
will not consider here. The external magnetic field & can have either
sign.

We will study the statistical physics of the Ising model. The
partition function can be written

Z =) exp(—BH) (3-2)

where the sum is over all configurations of the N spins and could
be written more verbosely as

oor )

{0']} U'j:il,Vj

3.1 Solution of one-dimensional model

In one dimension the Ising model partition function is

N-1
h
Z= Y, JlexpB|loicit1+ 5 (07 + 0it1) (3:3)
(fj:il,vl' i=1
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Assume periodic boundary conditions, i.e. oy = 0y. Define

h
Woio; = exp B | Joij + 5 (01 + 0j) (3-4)
then
Z= Z Wopo, Woyay = - Woy 400 (3-5)
J/:il,vj

This expression is of the form of a trace of a product of matrices,
Tr ABC = Y jx AijBjxCy;. For the Ising model the 4 possible ngg].
make up a 2 x 2 transfer matrix

BJ pBh —BJ
ePle e

W = .6
< bl ol bl > 5.6
The eigenvalues of W are straightforward to find; let us denote
them

Ax = ePl cosh ph + \/ e2P] sinh® Bh + e—2b7 . (3.7)
Noting that Ay > A_, in the large N limit we can express the

N
1+ (A_) ] ~ Af. (3.8)

partition function as

Z=TeWN = AN + AN = 2N 3
+

Free energy per spin

F 1
= —TlogA4

= —Tlog [eﬁ] cosh Bh + \/62/5] sinh? Bh + ezﬁ]} (3.9)

As T — 0 (B — o0) we can neglect the smaller of exp(£ph) in the
sinh and cosh and the exp(—2p]) in the square root to find (written
here for the case h > 0)
: : T h/T

%grbf:—%lnglogeV T =] —h. (3.10)
We see from this that at T = 0 all spins are aligned and that f
approaches its minimum value continuously; there is no finite T
phase transition.

The magnetization (per spin)

1
- {E)
1 ot BEY 0
- ﬁ;zmeﬁf L(ij) i0j+Ph i oi
1

_ 1 v 10 gy oo+pntio

= NzZLBoh
1 9

— 72 logA
~ lon 08
Pl sinh Bh
= & . (3.11)
\/ @ sinh? Bh + ¢=26]




17

The expression simplifies in the high T limit (keeping | fixed,
but leaving & arbitrary): m — tanh Bh. As T is lowered, m(h) ap-
proaches a step function. If one first takes the T — 0 limit before
taking h — 0 we find

lim lim g — _Snhph
h—s0=T—0 /. 12
sinh” gh

Thus we find that, for # = 0, m = 0 unless we first take the zero

= =+1. (3.12)

temperature limit. The D = 1 Ising model is paramagnetic at
all finite temperatures, but has a phase transitionat T = 0to a
ferromagnetic ground state.

Let us find the same result using the transfer matrix. We can
straightforwardly diagonalize W. Since W is symmetric, the diago-
nalization is done via a rotation matrix P

W = PAP! (3.13)
where
A 0 . o
A= N and Wey = Apey (3.14)
0 A_
The eigenvectors, and hence the rotation matrix, can be found ex-
plicitly
IR Ccos —sin
P=(e,e) - ( ¢ ¢) 615)
sing  cos¢
however it is quicker to observe that cot2¢ = ¢?f/ sinh h.7 7 Exercise: Prove that the angle ¢
. which rotates from the standard basis
Define ) ) .
to the eigenvector basis of a symmetric
s=(1° (3.16) i A B catisti
= 0 —1 3. matrix W = <B C)’ satisfies
cot2¢ = %.
then

m = (0;)

1
= 7 ZW‘TO‘Tl T WUifltfiUiWUiUiﬂ T WUN—IU'O
Iz

_ TrSwN (3.17)
O TrWN 317
After diagonalizing
_ TrP1SPAN
- TrAN
cos 2¢p(AN — AN
= ;PI\E + N ) . (3.18)
T +AZ
In the large N limit
Al sinh Bh
m = cos2¢ = ¢” sinh p (3.19)

\/ @27 sinh? Bh + ¢~26h

as we found before.
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The transfer matrix method generalizes nicely to allow us to
calculate more complicated expectation values. Let us look at the
connected Green’s function or correlation function

G(r) = (0007)c = (007) — (00) (07) - (3-20)

The word “connected” has its origins in Feynman diagrams, which
will be encountered later (possibly) and in QFT.

1
<UOUr> = 7 ZUOWaovl T WU,,10,77W0,0,+1 < Wy 100
I

_ Tr SW'SWN=7
- TrwWN
TrP~ISP A" P7ISPAN-T
= +
Ay
/\ r
= cos? 2¢ 4 sin2¢ <_> . (3.21)
s
Thus
/\_ r
G(r) = sin®2¢ () .
Ay
Define 1
= 22
¢ Tog(As /A ) (322)
For h =0,
R R (5.23)
A_  tanhp] )

which diverges as T — 0, showing that there indeed is a 2nd order
phase transition at T = 0. The Green’s function behaves like

G(r) = sin?2¢pe~"/¢ (3-24)

so for r > ¢ the spin degrees-of-freedom are uncorrelated. Note
that as ¢ diverges, we see the onset of long-range order.

As an exercise, use (3.11) and translational invariance to show
that the magnetic susceptibility per spin can be written

_dm

i ,BZr;G(V)' (3-25)

3.2 Mean field theory
Consider the Ising model in D dimensions, with Hamiltonian

H=—]) oioj—h) 0. (3.26)
(i) i

Once again, the first sum is over all nearest-neighbour pairs. Let us
denote by g the number of nearest neighbors any given site has; e.g.
for sites on a square/cubic/hypercubic lattice, each site has g = 2D
nearest neighbours.

Let m be the mean magnetization, and denote the difference
from the mean of the spin at site i by

60 =07 —m. (3-27)



Then the interaction term in H can be rewritten

0i0j = (m + é0;)(m + é0;)
= m? + m(d0; + 607) + 60; 60;

= —mz—l—m((fi—O—Uj) + 60 d0;. (3.28)

The mean field approximation is made by neglecting the last term,

resulting in the mean-field Ising Hamiltonian®

1
H = SqINm® = (q/m+h) } o;. (329)

Hence the partition function can be solved in the MFT approxima-
tion

7 — o~ BaINm2 /2 ¥ (q)m+h) ¥ 0
L

= ¢ PUINm/2 [2 cosh B(q]m + 1)V . (3.30)
We may similarly obtain an expression for the magnetization
ZO":il U]eﬁ(qlm+h)0]
m= (o) = — -
Lo—t1 ePlaJm-+h)o;
=tanh B(qJm +h). (3.31)

In order to investigate solutions to this transcendental equation, let
us rearrange it as

1,4
tanh m—Tm+T

noting that the right-hand side (RHS) is the equation of a line with

(3-32)

gradient qJ /T and y-intercept h/T.
First considering the i = 0 case, we see m = 0 is always a real
solution. Since

i tanh ' m = >1 for

I T2 = —1l<m<l1

(3-33)

we immediately see that if g/ /T < 1, there will be no other in-
terections of the RHS of (3.32) with the LHS (e.g. see Fig. 3.1). For
temperatures such that gJ/T > 1 there are 2 nonzero solutions; let
us denote these as m = +my. We will later discuss the stability of
these solutions, and it turns out that the physical solutions are

:I:mo
m =
0
where T, = gq] /k.

In the h # O case, there is always a solution with m # 0 for

for T < T,

for T > T, (34

all temperatures (Fig. 3.2). Therefore, there is no phase transition
to a paramagnetic state. As T decreases from large to small, the
physical solution moves smoothly from small, but finite m to large
m, with the same sign as h. At some point solutions with m having
the opposite sign to h appear, but we will see later that these are
not realized physically.

19

8 Up to the o-independent term,

this could have been derived just by
replacing Yj) 0i0j — gmY;o;in
(3.26). This term is needed to get the
correct free energy as a function of m.
However, this term is not needed for
mean-field expectation values or for
computations involving derivatives

with respect to o;.

— tanh'm
T>T,
---T<T,

Figure 3.1: Graphical solution of mean
field magnetization, 1 = 0 case.

h>0

tanh ™" m [
T>T,
--- T<T,

Figure 3.2: Graphical solution of mean
field magnetization, /1 # 0 case.
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Let us investigate critical behaviour which occurs in the h — 0
limit. Then (3.32) is given by

T,
tanh 'm = -Sm.
anh™ " m T m

Expanding about small m and using T/T; = 1+t we find

e agd =
37 1+t
m(3t +m?) =0

where in obtaining the first line we neglect terms of O(m°) and in
the second we neglect another small term of O(tm?).

{:t\/—Bt for T < T.
m =

0 for T > T, . (335

Approaching T, from the T < T¢, the magnetization behaves as
1
m~ +(T—T.)2. (3-36)

The singularity in ‘% as T — T indicates a phase transition.
Let us examine the magnetic susceptibility at 1 = 0. Define

_ om

= B, (3-37)
Now
T, h
1, Le N
tanh™ m = T m 4+ T
h
(14+t)tanh tm =m+ — (3-38)

Tc

For T > T the magnetization is very small, so we can approximate
tanh ™! m ~ m in (3.38) and find

= x~(T-T)". (3-39)

T-T,

For T < T, the magnetization is very close to the zero-field magne-
tization my = £/ =3¢, so let m = mg + €. Eq. (3.38) is then

1 h
(1+1¢) m0+e+§(mo+e)3+... =mo+et
c

which implies

h 1

TTaT-T) T XTamem

~(T.—T)"'.  (3.40)

Set T = T, and ask how m vanishes as i — 0. Using the fact that m
vanishes at the critical temperature, eq. (3.38) implies

1
m= (3h> o K3 . (3.41)
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The comparison between mean field theory and exact (or numer-

ical) results is not very encouraging. Define the critical exponents S,
v, ¢ as follows

me (T, —T)P for T < T,

Table 3.2: Comparison of critical

X ~ |T — TC|—7 exponents and temperature.
1
me b (3-42) MFT D =2Ising D =3 Ising
1 1

As shown in Table 3.2, the mean field results are not very close p 2 f; 03
for D = 2, but we observe they are a bit better for D = 3. By the 7 ! 4 L2

. . . . 6 3 15 50...
end of the course we will see in more detail why mean field theory L 4 227]

works better in larger numbers of dimensions. In the meantime,
we note that we will wish to go beyond mean field theory in order
to understand critical exponents in 2, and even 3, dimensions. We
cannot neglect the effects of fluctuations in the way done here.






Scaling

Landau’s assumption that the free energy is a polynomial in the
order parameter, with coefficients analytic in T — T, leads to the
correct power law behaviour, albeit with generally incorrect critical
exponents (below some upper critical dimension). In this chapter,
we first derive the mean field exponents from Landau’s free energy
using simple scaling arguments. We then relax Landau’s analyticity
assumption and show the effect on the scaling analysis and the
critical exponents.

For this discussion we focus only on second order transitions,
such that A4 > 0 in (2.2) and we may neglect higher order terms.
The steps in this chapter may be repeated, keeping the Agm® term,
to study the critical exponents near a tricritical point.

4.1  Mean field

Consider a scaling transformation, where we scale our basic length
unit, the lattice spacing 4, by a factor b

a—a =ba (4.1)

while keeping physical, macroscopic quantities such as the free
energy or the system size fized. The requirement that a physi-
cal length L remain fixed means that the number of degrees will
change,® e.g. in 1 dimension

L=Na=N'd".
In D dimensions we look at the number of spins in a fixed volume
LP = NaP = N'a'P. (4.2)

While the free energy remains constant under this scaling, the free
energy per spin transforms as

F—F =bF. (4-3)

and equivalently, A — A" = bP A. We say that the scaling dimension
of F (and A) is —D. The sign is just a convention.

Let us introduce some simplifying notation. We use square
brackets to denote scaling dimension: [Q] = g implies the quan-
tity Q has scaling dimension g, i.e.

Q=g = Q—-Q =b71Q. (4.4)

9 Later we will see explicit examples
where we thin out the degrees-of-
freedom by neglecting every other
spin. If the correlation length is much
larger than the lattice spacing, then
neighboring degrees-of-freedom are
highly correlated and we can use a
single spin as a representative of its
neighbors.



24

Suppose the magnetization (our order parameter) scales under
the transformation (4.1) with dimension d,,: [] = d,,. Together,
[A] = —D and [m] = d,, implies that a term A, 7" appearing in
(2.2) has a coefficient with scaling dimension

[Au] = —(D + ndm) . (4-5)

Similarly [h] = —D — d,,. In mathematical terms, the underly-
ing assumption behind this scaling hypothesis is that A(77) is a
homogenous function.

In order to find illuminating scaling forms for the free energy A
we will carry out a standard dimensional analysis, using scaling
dimensions. First we find a combination of /1, A, and A4 which is
invariant under (4.1). Let us raise A, and A4 to powers p, and py,
respectively. Then

[hAngZ4] = —D(1+p2+ ps) —dm(1+2p2 +4ps). (4-6)
Requiring the scaling dimension of hA}2A}* to be equal to 0 for
general D and d,, implies p, = —% and py = %

In Landau theory, at a second order transition A, ~ t = (T}CTC)

(2.3) while A, remains positive and, we assume, slowly varying
in T. Therefore, in Landau’s approximation, the scale invariant
combination of interest is

h
W . (4.7)

We introduce the absolute value signs since we will treat the
T — T; and T — T, cases separately, defining different sets of
functions.

We will be interested in approaching the critical point (¢, /) =
(0,0) along two different lines: 1. setting & = 0 first and studying
t = 0; 2. setting ¢t = 0 and then 1 — 0.

1. In studying singularities as f — 0 with the intention of taking
h — 0 first, there will be some unknown function which depends
on the scale invariant ratio (4.7). To see how the free energy
behaves near the critical point we need a quantity with scaling
dimension D. Using only A, and A4 (since we need something
useful when h = 0) we find

Azq__
2 - -p.

Near t = 0, Ay ~ |t| while Ay is assumed to be slowly varying,
therefore the scaling hypothesis implies the equilibrium free

energy vanishes quadratically as t — 0, holding the ratio 1/ |t|3/2
fixed; i.e.
h
F=cltff= (|t|3/2) (4.8)

with f-(0) = f~(0) and ¢; a constant.
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2. Studying singularities as & — 0, perhaps with t = 0, then it is
sensible to use the reciprocal of (4.7) as the independent scale-
invariant ratio. At t = 0 only the following has scaling dimension

-D
i

—7| ==

Ay
Therefore, the scaling form useful to study the h — 0 critical
behaviour is

4 |t|3 /2
F=ohige| — (4.9)

again with ¢ (0) = ¢~ (0) and c; a constant.

Note that the exponents of t and & in (4.8) and (4.9) are com-
pletely determined from the scaling hypothesis and should there-
fore be universal. On the other hand the constants ¢; and ¢, and
the functions f> and g> are nonuniversal.

We can obtain mean field exponents from the scaling forms (4.8)

and (4.9).
OF , 1
m=— 2" ~ 2 FL(0F
o0 |y~ T 20
implies m ~ |t|f with B = } for the ordered phase, when t < 0 (i.e.
fL(0%) > 0). Of course m = 0 for the disordered phase, when ¢ > 0

and therefore f£ (07) = 0. The susceptibility

with o = 1. Finally, the specific heat

P F

i
T2 19

C=

with & = 0.

4.2 Departure from mean field

In fact the mean field scaling form of § 4.1 does not fit experimental
or numerical results in most cases. However, one does find agree-
ment with data if we relax the values of the exponents we inferred
from dimensional analysis, so that

h
F =" f= (ItIA) (4.10)

(we also absorbed any dimensionful constant into the function f3).
The critical exponents now differ from their mean field values.

)
m—_ 9% ~HEEA = B=2-a—A
oh h—0t+
om
Xln=o ‘ ~ S — = 24 a+2A.
oh h—0t
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We can rearrange the expressions above to obtain

x+28+y=2 (4.11)
B+v=A. (4.12)
The first of these expressions is known as Rushbrooke’s identity
since it satisfies the inequality derived using only thermodynamic
arguments.’©
To find J, we again need to focus on how F behaves has h —

0 after the t — 0 limit has already been taken. Looking at the
magnetization in the ordered phase, t < 0, we see

At
g
(%) (i)
¢ (”,'f) (4-13)

where the last line implicitly defines the new function ¢. For t = 0

>

h

>

h

and assuming ¢(0) is finite, we see m ~ hP/%, and we conclude that

v
b=—=1+—+. .
B +ﬁ (4.14)

This is known as Widom's identity.

The exponents « and A will be determined using renormaliza-
tion group theory. More precisely, we will determine the scaling
dimensions y; and y;, defined such that

t] = —y+ and [h] = —yy,. (4.15)

With these definitions

[F]=-D = 2—a= ft (4.16)
h
{ItIA} -0 — A= % (4.17)

Further reading

Arguments similar to those presented in § 4.1 above are given by
Goldenfeld™ in his Chapter 7, including a brief explanation (at
the same level as here) of how to understand the failure of naive
dimensional analysis when fluctuations become important. Sec-
tion 4.1 of Kardar'? gives a nice, alternative derivation of the scal-
ing form beyond mean field theory based on the assumption that
the free energy is a homogeneous function. This was the original
approach taken by Widom. The scaling laws are also derived in
§§ 8.1-2 of Goldenfeld.

© C.f. examples sheet. The observation
that this and other inequalities derived
from thermodynamics appeared to be
satisfied with equality inspired much
of the theoretical progress in critical
phenomena.

"N Goldenfeld. Lectures on Phase
Transitions and the Renormalization
Group. Addison-Wesley, 1992. ISBN
0-201-55409-7

> M Kardar. Statistical Physics of Fields.
Cambridge University Press, 2007.
ISBN 978-0-521-87341-3



Real space renormalization

In this chapter we give a derivation of the scaling behaviour conjec-
tured in § 4.2. Given a microscopic model, such as the Ising model,
we carry out a renormalization group transformation in real space.

We will study those which can be thought of as “blocking trans-
formations” The idea is to remove some degrees-of-freedom while
maintaining the critical behaviour of the orginal model.

This procedure can be understood intuitively. If the correlation
length is very large compared to the spacing between degrees-of-
freedom, then we should be able to represent a neighborhood of
correlated degrees-of-freedom by a single variable. The quantitative
details carry some interesting features which may seem surprising,
but correctly explain universality of critical exponents.

Below we illustrate the main ideas with a simple, solvable exam-
ple, the Ising model in one dimension. Afterward, we discuss the
general theory, keeping in mind that most models cannot be solved
exactly. Nevertheless, there are reasonable approximations which
can be made and provide a method for quantitative understanding
of critical phenomena in many systems. Furthermore, these ideas
underpin the renormalization of quantum field theories.

5.1 D =1 Ising model

Consider 2 one-dimensional lattices, both with periodic boundary
conditions, one lattice with N = 2% sites and the other with N’ =
2k=1 sites. The couplings are respectively ], i and J', 1.

We will relate the two lattice using a blocking function T (¢, ),
where ¢ and ¢’ are the Ising spins, equal to &1, on the respective
lattices. The blocking function determines the mapping between the
collection {cy}, ¢ € [1,N'] of spins on the “blocked” lattice and the
collection of orginal spins {c;}, j € [1, N].

One time of blocking procedure is called a majority rule trans-
formation: we require that a group of nearby spins on the original
lattice be represented by a blocked spin which is aligned with the
majority of the original group of nearby spins (perhaps “flip a coin”
in case of a tie). This type of procedure makes more sense for a
model with more than 2 neighbors. Here let us choose T(U’ ,0) to
be a decimation procedure: we require that ¢, = 0. This procedure
eliminates, or “thins out” 0y, 1, the spins on odd sites of the orig-
inal lattice. The decimation blocking function described above can
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be written mathematically as

N/
T((T’,a’) = H (501//02[ (5.1)
/=1
with &, the Kronecker é. Note that
Y T(d,0) =1.
0-/

Let us assume that the Hamiltonians for both the original and
blocked theories take the same form

H(Tr]jlr N/&) = _T26n6n+1 - EZ&H (52)

where the tilde stands for either unprimed or primed variables.
Then the renormalization group transformation implicitly determines
J' and I’ by requiring that the partition functions for the two theo-
ries are equal. This can be done looking at a particular configura-
tion of blocked spins and demanding that

e PHUNNW)=PNK Y 7(o/, o) e~ PHUMN)=PNK. (53)
[

We can check that the partition functions are indeed equal

Z(J, i, N', o) = Y e PHUMIN ) =pN'K

0—/

- ZZT(OJ/ 0’) e_ﬂH(]rh/N,J)—/SNK
o o

= Y e PRURNOZBNK — 7(],1,N,0) . (5.4)
o

Recall the transfer matrix elements for the Ising model were
given to be (3.4)

h
W(T].U]_ =expf |:]0'1'0']‘ + 5 (0'1' +0']):| e BK

Let us introduce the shorthand z = ef/, U= ePh and k = e PK. Then
the transfer matrix (3.6) can be written

and similarly for W/, with appropriate definitions for z’, i/, and k.
Thus Z(J,h,N,c) = Tt WN and Z(J', i/, N’,¢’) = Tt W'N'. The term
in (5.4) containing ¢ and o 41 reads

! _
JZUZH - Z ‘Saj,ayévéﬂawrzWUzszﬂWf725+1172é+2
02041
! __ 2
W' = W-. (5.5)

That is, the blocked transfer matrix is equal to the original transfer
matrix squared. Equating matrix elements, that implies the follow-
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ing relations between couplings

Define x = z~4 = ¢ %], Y= ;4’2 = e 2P and w = k% = ¢*fK and
similarly for x/, y, and @/, then W' = W2 implies

X = x(l +]/)2
(x+y)(1+xy)
r_ ]/(x +y)
14+ xy
;o w2x2y2
S T G)

The set of equations (5.6) are the renormalization group equations for

the transformation described above. L0
Let us study the renormalization group equations by consider- osle
ing the effect of repeated iterations of the transformations. Given
some initial (x,y,w), we obtain (x’,y’,w’) which we can then use as 06
new inputs to the renormalization group equations to obtain new
values (x”,y”,w"), and so on. In this way we map out trajectories "
in coupling constant space. Some example trajectories are shown in 0.2
Fig. 5.1.
We are especially interested in fixed points of the renormaliza- Y000z 01 o5 s 10

tion group equations. Are there any values of (x,y, w) such that

(x,y,w') = (x,y,w)? In the case of (5.6) we can easily check that Figure 5.1: Renormalization group
trajectories in the x-y plane for several

different initial values of (x,y), indi-
. . . X cated by different colours and symbols.
1. x = 1Vy. Here ] = J/T = 0 which implies the system 1s at Iterations of the renormalization group

infinite temperature. The spins are decoupled, or random. equations (5.6) follow points along a
line from left to right.

there are two classes of fixed points.

2. (x,y) = (0,1) implying T = 0 and h = 0.

The correlation length ¢, like other macroscopic properties,
should remain fixed when measured in physical units. Therefore,
when measured with respect to the successively growing lattice
spacings of each blocking step, the correlation length will generally
decrease. That is

a—bfa — (—¢p=b7¢C. (5.7)

At a fixed point of the RG transformation, the coupling constants
are unchanged, so the correlation length is fixed, not just in physi-
cal units but also lattice units: {11 = &p. Therefore, either ¢ = 0
or { = oo. In the first case, degrees-of-freedom are independent
of their neighbours; they are randomized, as they would be in an
infinite temperature system, or one with all interactions turned off.
We say a fixed point with ¢ = 0 is trivial. Nontrivial fixed points
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are those where { = oo; these correspond to second order phase
transitions.

Linearize about the fixed points. In case (i), we let x = 1 — € for
all y, with 0 < € < 1. Then after one RG step €/ = €?y/(1 + y)>.
There is no linear term and convergence to the infinite temperature
limit is especially fast.

In case (ii), let x = € and y = 1 — 7 then to linear order

(-6 96)

The RG transformation is already diagonal and we can read off the
eigenvalues 4 and 2. It is usual to express the eigenvalues as powers
of b, from which we infer critical exponents

€ =b'e and 7y’ =¥y

with y; =2 and y, = 1 (since b = 2).
Let us investigate the role of K = 1Tlogw. The free energy per
spin can be inferred from (5.4) to be

F(JhK) = f(J,h) + K

where .
fU,h) = —WlogZ(],h,K =0,N).

After blocking one step
exp(—BNF(],h,K)) = exp(—BN'F(J, i, K"))

implying
N/
F(J,hK) = - F(J 1K) =07 F(] 1K),

After p steps, and introducing the shorthand u, = (], ) such that
ug = (J,h), uy = (J', '), etc.,
F(uo,Ko) = b"PF(up,Kp)
or
f(ug) =b"Pf(up)+b 7K, —Ko.

We can interpret the K, term as the contribution to the free energy
from those degrees-of-freedom which have been thinned out by the
RG transformation. From K = }Tlogw and defining the function
g(x,y) so that the last line of (5.6) reads

w' = (we8¥¥))b
then K, = bK,, 1 +bg(u, 1) or
p—1

b Ky =Y b g(uy) + K.
q=0



Therefore
p—1

flug) =b7F f(up) + 3 b~g(uq). (58)

q=0
Near critical point (x,y) = (0,1), that is for (x,y) = (,1— 1)

1
w' = Zuﬂe[(l —2e)+..]

1 1 1
'=2 T{-1 —-log2— =
K K+k (4 oge — 7 log 2€+ )

1 1 1
g(u) =kT (8 loge — €71 log2+.. ) (5.9)

The blocking transformation of the D = 1 Ising model intro-
duced most of the ideas of RG analysis in real space. We would
like to build upon this concrete example to develop a more general
theory.

5.2 General theory

Here we generalize the previous section. We work in D dimensions,
considering a system initially defined on a lattice with spacing a.
We will label the degrees-of-freedom (spins or fields) o where the r
subscript somehow labels its location.

We introduce a generic notation for “operators,” by which we
mean terms which can appear in the Hamiltonian. Let these be
denoted O;({c}), where the i simply labels different operators. For
example, we could define operators to represent nearest-neighbour
interactions, next-to-nearest-neighbour interactions, or even some
kind of 3-body operator: 01 = Z(jk) ooy, Oy = L((JK)) OJOK,
and O3 = Y, , 0000y (Where we leave the details of the 3-body
interaction unspecified here).

We write a generic Hamiltonian as the sum of operators times
associated couplings u;:

H(ii,0) = Zui(’)i({a}). (5.10)

Note we use the vector notation to represent the collection of cou-
plings. This will be natural as we come to think of RG transforma-
tions as trajectories in the space of coupling-constants. The partition
function is

Z(il,K,N) = Y "exp [-BH(il,c) — BNK] . (5.11)
g
As in the previous section, Eq. (5.3), the RG transformation with
blocking kernal T(¢”,¢) is defined by requiring
e—,BH(ﬁ/,U’)—ﬁN’K’ _ Z T(OJ, 0,) e—‘BH(lT,O')—/SNK i (5'12)
o
This defines a mapping of original couplings i to new values, i/, in

the blocked Hamiltonian. If we want to consider multiple iterations
of the RG transformation, we will replace dashes by a subscript, as

31
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in iy, to represent the coupling constant vector after p iterations of
the RG transformation. We write the generic RG transformation,
going from the pth to the (p + 1)st iteration as

ilp = ilpr1 = R(ilp) . (5.13)

Under a blocking transformation, the lattice spacing
aa =ba, withbP = % (5.14)
(e.g. b =2 in the D = 1 Ising example). Requiring
Z(iip,Kp) = Z(ilp-1,Kp-1)
for all p > 0 implies the free energy density obeys
F(iip, Ko) = bipDF(ﬁp/Kp) . (5.15)
Writing F(ii, K) = f(if) + K we have

flitg) = 6P f(ity) +b"PPKp — Ko

p—1
= b FPf(iiy) + Y b 1P g(iy) (5.16)
q=0
where
g(iig) = b PKy1 — Ky (5.17)

We will return to (5.16) soon.
Distances, measured in lattice units, scale with b as

Fro Pl = b7

for example the correlation length. Unlike in the case of the Ising
model, where degrees-of-freedom are either just £1, in other theo-
ries it will be necessary, or at least desirable, to scale the variables

0. These are just summation (or integration) variables inside of
partition functions or expectation values. Therefore, we can relabel
them after blocking if we wish. Furthermore, we can make a change
of variables to rescale the degrees-of-freedom after blocking. This

is most applicable to real-valued variables, as opposed to integer-
valued ones. Thus we can decide to write the spin variables after 1
RG step in terms of the original spins as

Opr = E(b)0’7 (518)

where 7(7') labels the position of the spin in the unblocked (blocked)
lattice. This is equivalent to defining the scaling dimension for . If
we define d, through & = b%, then [¢] = —d,.

For example, consider 2-point correlation function after a b = 2
blocking:

(o700) ) = (07 ,0) ") = E2(b) (0, 1200) ™) = E2(b) (0100) ")

where the superscripts denote which coupling constants to use
in the expectation value. The vectors 7 and 7’ represent the same
physical displacement, but are measured in different lattice units,
ie. 7'a =7a.

G(7,il) = Z2(b)G(b~'7,il") . (5.19)



5.3 Linearization near a fixed point

Fixed point
ily = R(ily) .

At a fixed point, the physics is unchanged by an RG transformation
— the couplings are unchanged. In particular the correlation length
& is unchanged. Under an RG transformation & = b~!¢, so if
&' = ¢, as it must at a fixed point, then ¢ = 0 or co.

Linearize by considering the RG transformation near ii,. Let

=/

with éif and di’ small.

For ease of writing components we put the index on R as follows

u; = [R(il)]; = Ry(if).

1

- . ~ dR; -
Uy + 0uj = R;(ily + 0i) = R;(ils) + a—ul Ot + ... (5.20)
] i,
Since R(ily) = il,
~ dR; L N
Sl = E)Tt]l oil; = M (il ) ol . (5.21)
il

M;; = % is the matrix describing the linearized RG transforma-
tion at the fixed point ifs. Usually M is diagonalizable and here let
us assume we find real eigenvalues A, along with corresponding
eigenvectors &,. In the eigenvector bases we can find the compo-

nents 1/;5‘/)
6il =Y afy and 6l =) ,E,.
o 29

Then (5.21) becomes
Pt = Aty - (5.22)

The 1, are called scaling fields or variables and parametrize the
distance to the fixed point along the &, directions. Inthe D = 1
Ising model these were ¢, = x, .

From the eigenvalues we can infer critical exponents.

_ log Ay 'y
Ya = log b = P = 0. (5.23)
Using the notation of scaling dimensions, [x] = —Va.

H(@) = H(it,) + Y 6u;0:({0)
= H(il:) + }_ 2 Ou({c}) (524)
where

Ou({0}) = }_(&)i0i({7})

i
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are the scaling operators, linear combinations of the original opera-
tors in H.

The behaviour of the various operators O, depend on the signs
of each of the y,.

1. Yo > 0, || increases with each RG iteration, flow away from
the fixed point in the €, direction. In this case O, is said to be a
relevant operator.

2. Yy < 0, |y| decreases, the flow is toward the fixed point in the
€y Oy is said to be an irrelevant operator.

3. Yx = 0. This is a marginal case, and O, is said to be a marginal
operator. Higher order, beyond linear, will determine whether
the operator is marginally relevant or irrelevant.

Figure 5.2 illustrates the situation where there are 2 irrelevant
operators and 1 relevant operator. There is a 2-dimensional critical
surface made up by the set of points which, lie on RG trajectories
which flow into the fixed point ii,. All of the points on the critical
surface, including the fixed point, describe theories tuned to criti-
cality, i.e. to { = oo. Coming out of the surface from the fixed point,
in the direction of the relevant eigenvector, is a trajectory called the
renormalized trajectory.

Figure 5.3 shows a 2-dimensional cross-section cutting through
il.. When we study a specific Hamiltonian and vary one (or more)
of its couplings so that we cross a second-order transition, the cou-
plings move across the critical surface,

Some comments:

1. Every theory with couplings tuned to be on the critical surface
has ¢ = oo, i.e. is at a continuous phase transition.

2. Every such phase transition is equivalent to the one described by
H(ii.); we see the same critical behaviour. This gives us a greater
understanding of the universality of systems sharing the same
critical exponents.

3. To tune any H(if) to a phase transition, we need to vary the
couplings of the theory (e.g. by changing the temperature or
external magnetic field) to decrease the relevant variables |-
Sometimes the number of relevant variables is given a label,
say «x, and can be thought of as the codimension of the critical
surface (or manifold, speaking more generally). Usually « is just
a few.

We now wish to look at the free energy in the neighborhood of
a fixed point u,. As in the Ising model and other similar magnetic
systems, let us denote the relevant scaling variables as t and h. Let
P represent an irrelevant scaling variable. Let i = (u1,up, u3) be
parameters in the Hamiltonian H.™3 The phase transition occurs at

T —T:(y)
h=0, = ——17 =0,
S (T

Uy

Figure 5.2: Critical surface (blue) con-
taining a fixed point and renormalized
trajectory (black) leaving the criti-

cal surface at the fixed point, in the
direction of the relevant eigenvector.

us

U2

Figure 5.3: Cross-section of Fig. 5.2.
Cross-section of the critical surface
(blue) and renormalized trajectory
(thick black). The thin black lines

show RG flow with initial conditions
slightly off of the critical surface. The
red line depicts how we might vary the
coupling of a particular Hamiltonian
across a phase transition.

3]t is usual to absorb the inverse
temperature 8 into the definitions of
the couplings.



Recall the RG transformation R is a mapping in coupling con-
stant space

iy = iy 1 = R(ip) . (5.25)
We can relate the p-th point in coupling constant space to some
initial point i
iy = R(il,—1) = R(R(il,—2)) = ... = RP(ily) . (5.26)

As we did for the specific case of the Ising model, we divide the
free energy into

F(iip, Kp) = f(ily) + Kp. (5-27)
As before we find
p—1
(i) = b PP f(ity) + Y b~TPg(iiy) (5.28)
q=0

where we write F(if, K) = f(if) + K and define g through
K, = bPK, 1 +b"g(il, 1) . (529)

Repeated iterations of the RG transformation should reach the
neighbourhood of the fixed point in a finite number of iterations.
Irrelevant variables flow to their fixed point values quickly. Denote
by § the number of iterations to get near enough to i, so that a
linear approximation is a good one. Then

F(iig, Ko) = b~ PP F (itp, Kp) (5.30)
We can write this as

F(iio, Ko) = Bf (ast, aph, ayyp) (5.31)
for the following reasons

1. Near the fixed point ii, let us expand i linearly in the scaling
variables

Uy = iy + (ast, aph, app) . (5-32)

For simplicity we also assume here a diagonal transformation
between the explicit couplings of the Hamiltonian. This is gener-
ally not the case; a 3 x 3 matrix is necessary to relate (11, up, u3)
to (t,h,¢), but we do not wish to complicate the notation any
further. Either we can define our coordinates so that i/, is at the
origin, or we could absorb i, dependence into the definition of
the function f.

2. Choose initial Ky so that K vanishes.
3. b=PP = B is a fixed constant after we fix p.

For simplicity we set the uninteresting constants a;, a,, ay, and B
equal to 1 below; this can be interpreted as absorbing them into a
new definition for f.
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The discussion above outlined p RG iterations which gave ii; in
the neighbourhood of the fixed point, where the RG transformation
could be linearized. Then we tidied up the notation. Now let us
perform another p’ iterations of the RG transformation.

! / / ! p,il
F(iio, Ko) = b PP f(bP Ve, b Yeh, bV Vo) + Y b= TP g(b%t). (5.33)
q=0

Note g only depends on ¢, not on k (or ). We assume this is so
for a well-designed RG transformation. External fields like & (and
presumably whatever ¢ represents) typically couple only to long
wavelength modes, so do not contribute to the inhomogeneous
term arising from the thinned-out degrees-of-freedom.

As the RG trajectory approaches a fixed point, i, is a slowly-
moving function of p. The trajectory is almost continuous. There-
fore we can treat b¥’ (and b7) as a continuous variable, denoted
b. This gives us the freedom to choose an arbitrary value for bf’/,
not necessarily an integer power of b. Then we write the singular
contribution to F (ily, Ko) as

Fs = b7P f(bYit, b¥nh, b¥v ) . (5.34)

Now we choose a specific value for b, one such that we flow to a
reference value for |bY't|. The specific value is not important, but for
convenience let us set b such that

A 1 fort>0
bVttt = ) .
{ -1 fort<O0 (5:35)

This is the point denoted at the end of the trajectory in Fig. 5.4. We
need not worry whether this reference point is within the linear
regime: for RG trajectories which approach the fixed point, vastly
many more iterations are made in the linear regime than outside —
if not, then we need to choose a better initial condition!

Given that i was assumed to represent an irrelevant variable,
Yy <0so bY4p ~ 0. We then have for (5.34)

h
7= |t|D/ytf<i1’ |fyh/yt'0> (5:36)

arriving at the scaling form of the previous chapter (4.10)
h
F=t""fo o5 ) -
1 fe (5
From this we can identify

fz(x) = f(£1,x,0) = fe(x)

ref

U

Up

Figure 5.4: Given an initial set of
couplings near a critical surface (thick
blue line), the thin black line depicts a
blocking transformations toward the
fixed point, and then to a reference
point as determined by (5.35), for
example.



By differentiating F, we can read off critical exponents

zx:Z—B and A=7"

Yt Yt
D -y
=2—-a—A=
B "
7:2A—2+0¢:M
Yt
A
0= B Dy_’“yt. (5-37)

The inhomogenous term can spoil things. As the RG trajectory
becomes nearly continuous, let s = b%!|t|. Then

-1

p—1 1 ds
b~ 1Pg(b¥it) — |t|D/yf/ ds o s~/ g(+s)
4=0 It q
_ e —(D=yt)/ys
= yiiogh Ji dss g(+£s). (5-38)

The prefactor |t|P/¥t is the same as in the singular term, but we
cannot make general statements about how the integral behaves as
|t| — 0. Sometimes it converges, sometimes it does not. Thus we
see a sign that the Renormalization Group analysis is not a proof of
universality; however, it is a powerful and successful framework for
understanding universal phenomena where they appear.

Making further contact with § 4.2, where we assumed [A] = —D
and [m] = d,,. Here we obtain similar scaling dimensions from the
RG flow near a fixed point. The transformation is defined such that

P =blr = [f]=1. (5-39)

By definition of the y exponents:

V=0t = [t = -y (5.40)

W= b = 1] = —y,. (5.41)

From (5.36) and [t] = —y; we see that we agree that the free energy
has dimension [F] = —D.

Further more, it follows from m ~ |t|P that
dy = [m] = Blt] = =D+ yp . (5.42)

The magnetic susceptibility x = aa—r,': then has dimension

(x| = [m] — [h] = =D +2yj,. (5.43)

Its critical exponent, from x ~ [t|~7 is then as given in (5.37).

The correlation length exponent, from ¢ ~ [t|~7, can be inferred
from the condition that we block to a reference point (5.35); bis
chosen so that |bt| = 1. Denote the correlation length in the un-
blocked theory by ¢ After a finite number p steps, the theory is in
the linear regime and ¢ = b~7¢. Then we block many times (al-
most continuously), ending up at a reference theory with (much

37
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shorter) correlation length ¢y. The orginal correlation length is re-
lated to the reference correlation length by

&=0b"bg. (5.44)
Therefore

En Y = = —. (5.45)

Finally the critical exponent #, parametrizing the power-law
behaviour of the correlation function G(r). Later we will further
justify having the following form for G(r)

G(r) ~ 8178 (546

Usually, for r > ¢, g(r/¢) o« exp(—r/¢), i.e. degrees-of-freedom be-
come decorrelated exponentially quickly in the separation between
them, as long as they are separated by at least 1 correlation length.
Near a critical point, though, { — oo and the correlations fall off
much more slowly, characterized by the # critical exponent.
Referring back to the discussion leading to (5.19), we can see that
the initial p steps of our RG procedure yield
P
67, = 110077 ). (5.47)
7=

The last factor is universal, say G(b~7), independent of the initial
position in coupling constant space, as long as the flow reaches the
neighborhood of the fixed point. We can define the new correlation
function in this linear region as

and after a further p blockings to the reference model, with b = b?,
we have
G(7) = E¥G(bPr) = b*G(b'r) (5.48)

In the last step we wrote & in terms of the scaling dimension of ¢
(see text after (5.18)). From (5.48) we conclude that G(r) ~ 1/r~ 24,
and that

n=2-D-2d,. (5.49)

Note the 6 critical exponents satisfy 4 scaling laws

«+2B+ v =2 Rushbrooke
B+ =ps Widom
2—wa =vD Josephson
v=v(2—1) Fisher. (5.50)

Therefore, one need only measure or calculate any 2 critical ex-
ponents to be able to determine all 6. In this analysis we saw that
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determining y; and y; was sufficient to determine the critical expo-
nents above.

A final remark on dimensions. The 2-point Green’s function G(r)
should carry dimensions of [length]>~P - see (5.46) with 5 = 0;
we refer to these at the engineering dimension of G(r). Forn # 0,
one refers to the difference between the scaling dimension and
the engineering dimension as the anomalous dimsension. The short
distance scale, the lattice spacing, implicitly fixes the mismatch in
units, so restoring a explicitly

o)~ TG
r U

Universality is the statement that different short distance details can
lead to the same long distance physics. That is not to say the short
distance physics is totally irrelevant, just that its effects contribute
in a very specific way, observable deviation from naive scaling in
the form of anomalous dimensions, and hence critical exponents
different from mean field predictions.






Landau-Ginzburg theory

In this chapter, we study a model which appears to be quite differ-
ent from the Ising model. However, we will see that it gives, in a
certain approximation, the same critical behaviour as we found for
the Ising model in the mean field approximation. Furthermore, we
will see this theory, due to Landau and Ginzburg, is a framework
for including interactions between fluctuations, and gives a general
field-theoretic approach. The text by Le Bellac gives an introduction

starting from mean field theory and building from there.™#. %M Le Bellac. Quantum and Statistical
Field Theory. Oxford University Press,
1991. ISBN 0-19-853964-9

6.1 Hamiltonian

Consider a square lattice with spacing a in D dimensions, with N
sites, at each of which there is a scalar variable

—00 < ¢ = Pp(x;) < 0. (6.1)

Let us assume periodic boundary conditions, so that ¢(¥; + L,7) =
¢(%;), with ¥ a unit vector along one of the lattice axes and L, the
box-length in that direction.

Let us define a shorthand notation for the forward finite differ-
ence operator

Bup(E) = - [p(% +a0) — p(%)] (62)

The Hamiltonian (times j, although we absorb this factor into the
definition of the coupling constants) is

N
HUpY) = H(p) = a® 1 |3 (30(E) + 3rog? + gt 63)
i=1 :

and the partition function is

N
7 = / (Hd¢i> e H(®)+Lihigi (6.4)
i=1

Note h; = h(%;) allows for nonuniform external magnetic field.

A few comments are in order before a more detailed investi-
gation. First, if we think about a constant field ¢; = ¢y, the dif-
ference term in H vanishes and the exponent in the integrand of
Z takes the form we saw in for the free energy (2.2). Second, for
non-constant ¢;, the difference term (A,¢(¥;))? introduces a cou-
pling between nearest neighbors as in the Ising model, i.e. a term
proportional to —¢(X; + a?)p(X;).
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Having defined the theory on the lattice this way, and motivated
the terms in the Hamiltonian, we will make analysis easier by ap-
proximating the lattice theory by one in the continuum. Thus we
move from a theory of N scalar variables to a scalar field theory.

We have argued a few times in these lectures that, if the corre-
lation length is much larger than the spacing between individual
degrees-of-freedom, then we can replace the original variables by
representative variables. This time we will approximate the highly
correlated variables by a slowly varying continuous field. Thus we
consider there to be a real-valued field ¢(X) for any point in our
spatial volume, ¥ € V. We also replace the difference term A,¢(X;)
in (6.3) by 9,¢(X), where 0, is shorthand for %.

Thus we arrive at the Landau-Ginzburg Hamiltonian

H= /dD [ (V) + ro<p +4,uo¢ (6-5)

Similar to the discussion in Landau’s theory of phase transitions,
when we study second order phase transitions, we will end up as-
suming that the quadratic coupling ro(T) changes sign as the tem-
perature is varied through the critical temperature while u(T) > 0
varies slowly. The Hamiltonian (6.5) can be amended, e.g. with a
¢° term in order to study a tricritical point, but this is beyond what
we will do in these lectures, although you may have an opportunity
to explore this. For the moment we have not introduced a variable
coefficient in front of the derivative term (V¢)2. We will do so in
the next Chapter, where we will ultimately conclude that we can
choose the coefficient to be fixed as in (6.5).

6.2 Functional differentiation and integration

Let us work in 1 dimension here; the extension to D dimensions is
straightforward. Also let I[¢] be a functional of ¢(x). For example, I
could represent one of the terms in (6.5)

./‘dx (Zf)z or /dx<p2”.

¢( ) of some functional
I[¢] implicitly by using methods from variational principles. Let €

be a small parameter and €7(x) be a small variation. Then we can
expand

I[¢p + en] :I[¢]+e/dx§¢f(lx)17(x)+0(ez).

One can use this as a starting point to more carefully prove the
identities we use. The calculus of variations can be built from this
framework, in which the usual algebraic rules for derivatives are
obeyed by the functional derivative.

We may also think of the functional derivative as the continuum
limit of derivatives of I with respect to the function (or field) phi at



point x:
Sp(x)  a—0adp;

Where ] is a discrete version of I. We provide a few examples; for a

(6.6)

given I, we write down a discrete sum | which approaches I in the
continuum limit. From the derivative of | we obtain the functional
derivative of I.

1. Take
1= [ayf) ") and J=a X fig). 6.7)
]

Note that the lattice spacing a in the expression for | is neces-
sary to carry the dimensions of length, ensuring | — I in the
continuum limit (assuming it exists). Then

9] — H1—1 ol _ n—1
Frel an f;@; e 5o(x) nf(x)e" " (x). (6.8)
2. For
dg\? 1
I= /dy (;;) and | = ‘ZZ?(QI’]'H — ;) (6.9)
' j
we have
o] _2 o1 d%¢
3 =20 = pip1 —pi1) = 5000 —255 . (6.10)
3.
o ,
I'= /dy Vigly) = 590~ V' (p(x)). (6.11)
4.
i _ 5. Sp(x) _ oo
. Sij = 500y dx—y). (6.12)
5.
] 9¢; 0L _ g 01 Sply)
m “Lagan T & [ st €

Functional integration is the extension of the integral over a
discrete number of variables ¢; with i € [1, N], to an integration
over all possible field configurations. We write

D¢ = hm./\f Hd4>, (6.14)

Here a field-independent normalization N (a) can be introduced to
give something finite in the continuum limit. There are many sub-
tleties which can be important in functional integration; however,
these will not play a role in the physics we study in this course.
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6.3 Landau approximation

Partition function

Z= /D¢ exp {— /de [1(V¢)2 + %quz + %4# - hﬂ }
AL eXP{ [ hcp(f)]} (6.15)

Landau’s approximation is a saddle point approximation of the
integral. We find the specific field configuration ¢o(i) satisfying

5
3p(y) -

=0 (6.16)

[ dPx (Hlp(3)] - h(2)9(3)]
¢o ()

that is,
~V2p0(7) + rogo (i) + = 31900 —h(@) = 0. (6.17)

Now we approximate Z by exp {— [dPx[H(¢o) — hep] }. The
Helmbholtz free energy

Flh] = —logZ = [dPx[M(p0) ~ hgo]. (6.18)
Note that the magnetization

m(§) =~ = wld). (6.19)

The Legendre transform to the magnetic Gibbs free energy gives

. /dDyh@m ~

/dD { 24 720m2 + %m‘l . (6.20)

Differenting with respect to the magnetization at a point ¥,

(Snffx) = —Vam(®) + rom(Z) + 2 [m(R)]* = h(7) (6.21)

3!

where V, is the gradient operator at ¥.
The connected Green’s function can be obtained by differentiat-
ing twice

= m(X) (6.22)

[~ V2 + 10+ 3n?| G(%,§) = 6(% — 7). (6:23)



We can solve this by Fourier transform. If we let i be uniform in
space, then translational invariance implies that G(x,y) = G(x —y).
Let

60) = [ T 6@e e, (6:24
J (2m)b

Insert this into (6.23) to find

1
q2+r0+§m2'

G(q) = (6.25)
If, near T =~ T, we can write rg = ¢(T — T,) with constant ¢, (6.21)

implies ¢(T — Te)m + 5 m = 0 and therefore

-1
(1 n #) for T < T,

1
C@=4{ " i (6.26)
q%(l#”;i;”) for T > T,

Note the 1/4? divergence for > — 0as T — T. This is a con-
sequence of long range, or small wavevector, correlations, as we
expect at a second order phase transition.

More generally one observes a 1/¢?~" divergence, where 7 is the
correlation function critical exponent. That is, we can write

G(7) = - f(a?) (6.27)

1
9
for small g. f(q¢) is a dimensionless function of the dimensionless
product of g with the correlation length ¢, and f should be finite as
g¢ — oo. In the case of Landau-Ginzburg theory, we can infer that
n=0and v = % from rearranging (6.26) into the form of (6.27).%> 15 Recall v is the critical exponent for

Generalizing an examples sheet problem, one can show that the
Fourier transform back to position space yields for low g (large r)

_ f(r/¢)  g(r/¢) (6.28)

G( ) - CD+17—2 T D=2

Typically one finds exponentially decaying G(r) for r > ¢;ie.,
g~e "/t
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the correlation length: & ~ (T — T.)".






Renormalization in Fourier space

7.1 Gaussian model

We begin applying renormalization group (RG) methods to the
Landau-Ginzburg theory with no interactions: free scalar field
theory, also called in this context the Gaussian model. (We take ¢ to
be real.) It will be useful to introduce an external source h(X) which
couples to ¢(X):

Holg,h) = [dPx B (VPR + yrg? — BD9E)| )

usually taking the i — 0 limit to obtain results. Note that, we have
introduced a parameter in front of the kinetic term (V¢)2.
Fourier transform

§(F) = [dPxe () 72

and similarly for /. Note that ¢(X) being real implies

¢*(P) = ¢(—p). (7:3)

The transformed Hamiltonian is

(=P + fz(ﬁ)gﬁ(—ﬁ))} . (7.9

Note we impose a momentum cutoff A. On a spatial lattice, each
momentum component p; < 7t/a. For simplicity, here we have done
the Fourier transform in the continuum and imposed a spherical
cutoff in momentum space.

The partition function is given by

Zy = / Dfeoldl, (7.5)

This is somewhat loose notation for what is essentially a functional
integral. Imagine working with discrete momentum space, due to
putting the system in a finite volume. Then the partition function
is the integral over all values of ¢ at each discrete value of p. Then
take the infinite volume limit. (I hope to write an appendix on
functional integrals.) Note the exponential is diagonal in p; there is
no coupling between modes with different momenta.
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Denote
A(p) = a'p" + 10 (7.6)
Complete the square
FAG — (1§ + h¢") = [§—hATY A ¢~ AT ] — AN
= 2Mg[¢] — hAT1R*. (7.7)
with the last line defining H.
Thus
- 1 d% -+ s,
Zolh] = Zgexp [2/ (2nfD A 14 (7.8)
where
dPp -

The source term & in H provides an easy way to compute expec-
tation values

W) = 5 [ oo exp { - / x| 3 (Tp7+ 3 rog?| |
1 6Zy[h] _ o o
Zo 0h(y) lh—o 5h(y) 8ol h=0 710

Even more useful is the connected 2-point function

P(x)pW))e = (P(X)o(y)) — (p(x)){o(y))

= [ - (zomn) G ).

52
= SH(x) R () log Zy[h] o (7.11)
Fourier transform the connected 2-point function
GO = [ dPxalye TP (g(x)g(y))e
_ /dD d qup)x 71‘]35{'/ GO(J—C»/)
= (2m)P6®P )(17 +7) Go(P) (7.12)
From (7.11) and (7.8) we also have
FDFNe = 07— tog 2]
P@P(P))e = (2M)" === logZy
Sh(—q) Oh(—p =0
= 2m)e (G +7) A7 (P) (7.13)
This implies
N St PR o
Golp) = A7F) = e (7.14)

Go(¥) = / oo (7.15)



Let us write ¢ 2 = arg and consider limits where r = |¥| is much
larger and much smaller than ¢ we find the asymptotic behaviour
D2 r<¢

Go(r) ~ (7.16)

ge—r/g

W 7">>(;r

To explore scaling behaviour, we will implement a 2-step RG
transformation: (1) Thinning/removing small wavelength degrees-
of-freedom and (2) Rescaling units. First, let us work with a con-
stant external source h(X¥) = h, so that it only couples to the zero-
momentum mode. The source term in the Hamiltonian then be-
comes

[ Px(@)9() = h [dPxp(F) = h§0).  (a7)
(1) Thinning We divide the field ¢ into long and short wave-
length parts, respectively

¢(F) = ¢<(p) + ¢=(P) (7.18)
with
= oo ) ¢(F) 0<p<A/b
¢<(F) = { 0 A/b<p<A
_ 0 0<p<A/b

Because H does not couple different momentum modes (it is diago-
nal in p) we can separate the two functional integrals

ZO — /DQB< e_HUMS<] /D4~)> e_H0[43>] . (719)

The integrals over ¢~ are Gaussian, and just give an overall multi-
plicative factor

Zy = e &> /D4~7< o~ Hold<] (7.20)
with

/b gD
Holed = [ s[5 (07 ) o< () + 16e(0)

(2) Rescaling
Let us set 1 = 0 temporarily. We now rescale so that the momen-
tum cutoff is again A:

p=p/b
¥X=bx
$<(F) =0 (7). (7.21)

We write the thinned, rescaled Hamiltonian, in 2 ways

H. :/ dDP’ b_D—2d~¢—2 1“_1P/2 + ler |¢/(ﬁ,)|2 (7.22)
0 (2m)D 2 2 0 '

dD/ o 1 B 1 B
=[Sty v [ 4 L]0P ga)

49



50

In position space we would rescale the field

p<(¥) = b~ ¢/ (x'). (7.24)

The fact that ¢ and ¢~ are Fourier transforms allows one to show
that 074, = dgy — D. The position space equivalents of (7.22) and (7.23)
are

! 1 /
H) = / APy pP~29=2 {2 HV'P)? + 5 Prog 2} (7.25)
1
- / dPy’ bP~2y [sz UV + zroq/z} . (726)

These 2 ways of writing Hj make clear the 2 fixed points of the
renormalization group transformation we made, that is, the points
in coupling constant space where H) = Hj. Near these 2 fixed
points, the field ¢ scales differently.

Looking at (7.26) we see that if the scaling dimension of the field
satisfies D — 2d, = 0 then (a7t 1) = (0,1p) is a fixed point, with
ry = rg arbitrary and a'~! = (b2a) L. If the kinetic energy term
vanishes, then the fields on different lattice sites decouple and is
essentially an infinite temperature system. There is not much else
interesting about this case.

The more interesting case is evident when looking at (7.25). If
D —2dy —2 = Othen (a7%,rg) = (a1,0) is a fixed point where
rh = b?rg and a’~! = a~! can be arbitrary. This is the Gaussian
fixed point.

Let us restore i # 0. In the rescaled Hamiltonian ' = b2 5.
Near the fixed point, the correlation length § = 1/m diverges.
Expand rp about T = T, and assume it vanishes linearly as rg ~ |t|.
Then under rescaling, we can determine the scaling exponents:

W] =t = y=2

Wo=b2th =y, = %4—1. (7.27)
from which we can read off the critical exponents (see Chapter 10)
4—-D D-2 1
a:T,ﬁ—i,v:E,'yzl. (7.28)

These are not the mean field exponents in general, but they do
coincide with the mean field predictions when D = 4.

7.2 Interacting model

Having used the Gaussian model for a noninteracting scalar field to
present the ideas of the renormalization group, we now turn to the
physically interesting case where interactions are present. We take
as the Hamiltonian

1
H = / dPx [ (V§)? + Srog? + %4)4 : (7.29)

The interaction term ¢* couples different normal modes in Fourier
space. This means we cannot solve the system exactly as in the pure



Gaussian model. One thing we can do is to treat the interaction
term as a small perturbation from the Gaussian model

H=Hy+V (7.30)

with Hy the Hamiltonian of the Gaussian model and V = 3 [ dPx ¢*(X).

As in the solution of the Gaussian model, we divide the field ¢
into long and short wavelength parts

() = ¢<(p) + ¢=(P) (7.31)
with
c o ) @(p) 0<p<A/b
¢ () = { 0 A/b<p<A (7.32)
0 0<p<A/b

The thinned Hamiltonian Hj is obtained as follows
Z = [DDj exp{~Holp<] — Holf:] ~ V[f=, -]}
= /D4N7< ¢~ Holg-] /Df/;> exp {—Ho[¢>] — V[P, $>]}
= /D43< e_H“4~)<] {/Dd‘)> e_H0[43>}} (734)

where the last line defines H{. Therefore

~Hj[p<] — ,—Holg<] 1 /D> exp {—Hylp>] — Vg, $-]}
e fD4)> €_H0[¢>] . (735)
Expanding about small V (i.e. small 1) we find
a1 — /D> Vi<, §s] e old-]
Hl [4)<] - [¢<] fD(P> B —Ho[¢>]
= Holp] + (VIp< d-D7"" (736)

In the last term, the subscript means the integration is weighted
by the free Hamiltonian Hy and the superscript “shell” means that
the integration is performed only over the short wavelength modes,
those with momenta satisfying A/b < p < A.

In order to evaluate (7.36) let us recall the definition of the free
propagator

(@) p(H))o = Golr)
A gDy e P X
/0 (2m)P p2+ary

Let us define a similar propagator for short wavelength modes

(@=(®) o=@ = G5 (r)
B /A de ae—l‘ﬁ‘f
— Jam 2m)P p2targ

(7.37)

(7.38)
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Then we can write

V(@ @) = 57 ((0< () + 9 (")

= 2ot + 662 (0= (®) 6= (@I + (o).
(7:39)

shell

The last term is just a constant and can be dropped. Also note the
appearance of Gy (0) in the penultimate term. Therefore we find

1 _ 1 u u
Hy = [dP [zrx H(V9)? + ropd + 7ot + 40<P2<G0>(0)}

(7-40)
We now rescale so that the momentum cutoff is again A:
X' =3%/b
¢'(2') = b% ¢ (%). (7.41)

The rescaled Hamiltonian is
H/ — /de/ bD_2d¢_2 |:; “—1(v/¢/)2 + %bz (70 + %GE (O)) 4)/2

+ 2220 47’4} . (7.42)

4!
As we did in the free case, we consider the physically interesting
case D — 2dy — 2 = 0, i.e. we rescale the fields using dy = % -1
Now the fixed point is

Z00]
rg = b (ro + 5 Gy (0)) (7.43)
ug = b Puy = bug (7.44)

where € = 4 — D. The point (rg, up) = (0,0) is still a fixed point and
is still called the Gaussian fixed point. Evaluating G (0) near this
point we find

A gb 1
G (0) = / P
0 (©) /b (2m)P p? 1o

SD71 /A prl dp

= + O(r
@2m)P Jasp  p? (ro)
Sp_1 AP 2-D

1_
= 2B(1-b*"") + O(n) (7.45)
where Sp_ is the area of a (D — 1)-sphere.’® The last line de- 16 An earlier version of the notes used

an incorrect label for the dimensional-

. . ity of the sphere. A circle is a 1-sphere,
expressed by the matrix equation etc.

o\ (8 BR1-p>D) 7o
(o) = (5700 (0) e

The 2 x 2 matrix on the righthand side of (7.46) is an example of
K;j(u*) = 9R;/0uj|,~ of Chapter 10, eqn. (72). Note that dropping

fines B. The linearised RG flow near the fixed point can then be
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g Figure 7.1: RG flow for D > 4. Axes
labels need to be updated m? — ro and
e ug g — Uop.
\%
é1
—_>
< >
2
m

the O () terms from G~ (0) is equivalent to linearised the RG
equations near the Gaussian fixed point. The eigenvalues A and
eigenvectors ¢ are

logb

logA A -B
Ny =0, = 902 =, é‘@):( 1) (7.48)

log A A 1
M=, oy = B0l = f?“):(O) (7.47)

logb

The exponents of the eigenvectors, i are the critical exponents. The
RG flow clearly depends on the sign of €, i.e. whether the system in
is more or fewer than 4 dimensions.

For D > 4 we have 1 relevant direction, &1, and 1 irrelevant di-
rection, €. A general point in the 2-dimensional coupling constant
space (but near the critical point) can be written as

0 = rofo + uogtp
= rpf1 + Mo(BEl +€2)

= (ro+Bug)é + upér (7.49)

The critical surface, the set of points which flow into the fixed
point, must satisfy ry 4+ Buy = 0, otherwise the flow will be carried
away from the fixed point in the €} —direction. Figure 7.1 shows the
Gaussian fixed point ug*, and the critical surface for the <p4 model
in D > 4 dimensions.

Since the long wavelength physics is governed by the Gaussian
fixed point for D > 4, we can expect the critical exponents to be
given by mean field theory. Actually one needs care with «, 8, and
6 due to dangerous irrelevant variables. We do not discuss this
here, and refer to §VII.4 of S-K Ma’s 1976 text.

Let us now turn to the case where D < 4. Then both y; > 0 and
y2 > 0, so the Gaussian fixed point is infrared repulsive and does
not govern the long wavelength physics. The critical exponents are
thus not given by mean field theory.
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All is not lost, however. Using a perturbative expansion in g to
go beyond linear order, (7.44) is modified to give

uy = bup(1 — Cuglogb) (7.50)

where C is a constant. One of the 2 conditions for a fixed point, that
ujy, = up, can be written conveniently as
/
auy

_ _ 2
= Slogh - = €l Cuyp (7.51)

which is satisfied by up = 0 and uy = €/C. So, in addition to

the Gaussian fixed point u& = (0,0), we find another fixed point
uyr = (0,€/C), called the Wilson-Fisher fixed point. We display
the D < 4 situation in Figure 7.2. It turns out this is the fixed point
which will control the long wavelength behaviour of the system.
When D > 4, this fixed point was in the unphysical ug < 0 half-
plane.

If € is small, in some sense which is usually left vague, then uy,
is near enough to u{ that we can calculate small departures from
mean field exponents using perturbation theory in what is called
an e—expansion.'” For example, we will find that the correlation
length critical exponent is

+ % + 0 (€2> . (7.52)

N~
—_

Figure 7.2: RG flow for D < 4. Axes
labels need to be updated m? — ro and
& = up.

7 See also the classic papers: Wilson
& Kogut, Phys. Rep. 12, 75 (1974) and
Wilson’s Nobel lecture in Rev. Mod.

Phys. 55, 583 (1983).
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