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The study of renormalization group (RG) is a huge subject which encompasses all branches of many-body physics
and it is so intricate that mastering all the techniques related to RG is a kind of art. RG is so fundamental that one
could present a course only on that. Obviously, in our very limited time, we will consider only a very limited and
general introduction to the subject based on the condensed—matter point of view. The basic idea is that the ones of
you who will study the thermodynamic behavior of many-body systems, will have a basis to develop a better technical
knowledge of the tools they will need in their specific research.

I. LIST OF TOPICS AND REFERENCES

I list here the main points I want to touch in our lectures and I want you to know. For each point, I indicate some
of the possible sources you can use to study it (AS: Altland and Simons; C: Cardy; K: Kardar). The follwoing notes
are inspired by these sources.

e Introduction to the idea of RG; distinction between microscopic (fast - oscillating) and macroscopic (slow -
oscillating) degrees of freedom; definition of coarse graining; definition of rescaling; universality; RG flow and
fixed points. AS: 409-412 + Sec. 8.3 ; C: 28-34; K Sec. 4.4

e General theory of the RG and RG flow. AS: Sec. 8.3; C: Sec. 3.3; K: 4.5

e Kadanoff blocking (basic idea of RG in real space); example of the classical 1D Ising chain through transfer
matrix (see also the problems in the first section of the first exercise set). AS: Sec. 8.1.3; C: Pages 34-37 + Ex.
3.1; K: Secs. 6.1,6.2,6.3 (this is more detailed).

e General Wilson’s RG (momentum space); the Gaussian case; scaling dimensions of the terms in a Lagrangian;
scaling of correlation functions; definition of relevant and irrelevant terms. AS: Secs. 8.1 - 8.4; C: scattered
everywhere... Cardy does things a bit differently; K: Secs. 4.5, 4.6, 4.7 (see also 5.1, 5.2, 5.5 if you want to see
it in full detail)

e Example of second order RG with the sine-Gordon model and the BKT transition: we will do it after bosonization
and you find it in Sec. VIII B of my 1D models notes.



II. BASIC CONCEPTS OF THE RG

e We consider the generic Hamiltonian H({g}) of a many-body system, typically in the thermodynamic limit (or
sufficiently large).

e The renormalization group provides techniques to identify the paradigmatic statistical behavior of the system
as a function of the parameters {g}.

e To determine the statistical/universal behavior of the system we must focus on its macroscopic / long-range
features, whereas what happens on the microscopic short-range scale does not directly influence the statistical
properties.

e Therefore we distinguish long-range (slowly varying) degrees of freedom and long-range (fast oscillating) degrees
of freedom:
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e In the second equality of the previous equation, we traced out the fast degrees of freedom and this operation
corresponds to the so-called coarse graining.

e In a coarse graining, I lose information and I reduce the degrees of freedom.
e An RG transformation of the Hamiltonian corresponds to two steps:

1. a coarse graining;

2. a rescaling.
e The rescaling is needed to compare the original and final Hamiltonians and corresponds to:
x—2' =z/b, k—k =kb (2)

where b > 1 is a rescaling parameter. We will often write b = ¢!, and, typically, | < 1 and I may write dl
instead.

e An iteration of the RG procedure is schematically represented as:

H (fast, slow) =3 H (slow) 255 H’ (rescaled slow) (3)
RG ste
H ({9)} =" H' ({g)} (4)

e During the RG procedure, different microscopic models may converge to the same renormalized Hamiltonian.
This happens when they share the same behavior of the slow degrees of freedom, but different fast/microscopic
features.

e This convergence of different microscopic models defines universality classes and thermodynamic phases. Two
Hamiltonians are equivalent under RG if they converge to the same fixed point:

HEP ({g"}) e ster H? ({g°}) (5)

A fixed point Hamiltonian is left invariant by the RG steps. A fixed point typically characterizes either a
thermodynamic phase of matter or a phase transition.

e Being invariant under RG steps, a fixed point does not display any scale dependence. This typically correspond
to either having no energy gaps in the system (usually a critical point / phase transition between different

gapped phases), or having an infinite energy gap (usually a trivial thermodynamic phase).

¢ Fixed points can be stable or unstable under given perturbations.



III. GENERAL SCHEME TO DESCRIBE THE RG FLOW, RELEVANT AND IRRELEVANT
OPERATORS

Let us formalize the previous intuitions. We consider a Hamiltonian of the form:
H=Y gi¢:- (6)
i

In this notation, the g; parameters constitute the initial (also called bare) coupling constants (they correspond to the
initial conditions at I = 0 of the RG flow). You should instead think about the ¢; as being the operators that determine
the Hamiltonian. In order to fix the ideas, I am indeed thinking about a quantum field theory Hamiltonian. Typically
you derive the coupling constants {g} from a microscopic model and you want to know what the thermodynamic
phases which may appear in the system are as a function of these parameters. To have a complete description, you
should include in the {¢} set also operators which are not present in the bare Hamiltonian, but may appear during the
renormalization. Essentially, you typically consider a large set of operators {¢}, although several of the bare coupling
constants g; associated with these operators may be zero at the bare level.

During a given RG step from [ = 0 to I = ¢ = In b, the coupling constants will flow from {g} to {¢’}. For simplicity,
let us consider a model with a single coupling constant g (everything will be extended to a vector of coupling constants
gi). The renormalized value of the coupling constant is represented as

9 =Ri=(g) = g~y +€% Ri(g)| - (7)
1=0

Essentially, here we are assuming that, in general, the renormalized ¢/, namely R;(g), is a complicated function of g
and ¢. However, it is smooth in ¢; therefore we Taylor expand Rg(g) for £ — 0 (corresponding to b — 1, with b = e*),
and we consider only its first order term in £. This is the first expansion we typically apply to determine the RG flow
of the coupling constants (at least, in the usual scenario in which Ry(g) cannot be exactly calculated).

More in general, we can introduce a vector of coupling constants g, and we introduce the following vector of
functions:

5 o dg
A fixed point g* is defined by:
R(7*) =0, (9)

under the assumptions that all g; are finite. If one of the coupling constants is infinite, than g* also represents a fixed
point.

For finite g;, the previous equation implies that there are no length scales left in the system. The physical system
described by such a fixed point is self similar (roughly speaking, looking at it from different distances it looks always
the same). This also means that all length scales diverged, and, the most common scenario at which this happens,
is a second-order phase transition. Here there are many details I am hiding. For example, it is also possible that the
Hamiltonian decouples in different sectors affecting different degrees of freedom, and only one of these sectors displays
a phase transition (while the others remain gapped).

Let us consider now, how the RG flow looks like close to a fixed point, such that §— g* can be considered “small”
and justify a further Taylor expansion in the g parameters. We have:

* d - — sk —k *

Go = 90 ™ Uy Ria(9)|_ = CRa(G=G)+7) = LD War (95— 65) - (10)
- b

The approximation linearizes the behavior of the RG flow not only in the scaling parameter [ (first Taylor expansion

in the previous equation), but also in the distance from the fixed point (second Taylor expansion). The previous

approximation is valid close to a fixed point such that Eq. (9) holds; the matrix W characterizes the first (linear)

terms in the expansion and it corresponds indeed to:

B o [dgl,
War = 50 M ' ()

The linearization over the coupling constants g is a first order approximation, which provides very important infor-
mation about the RG flow. Clearly, in several cases, this approximation is not sufficient, and one needs to consider
also higher order terms in the perturbative expansion.



W, however, encodes enough information to obtain a preliminary understanding of the vicinity of a fixed point. In
particular, we can define left eigenvectors of W. They correspond to suitable linear superposition of the operators ¢;
(in the jargoon of conformal field theory, they are also called primary fields). I introduce the left eigenvectors @, of
W such that:

Z (poc,aWa,b = Qpa,b/\a 5 (12)

a

where A, is the eigenvalue associated to the eigenvector J,. In particular, the primary operator associated to the
eigenvector @, is associated to the point in the g; plane:

Vo = ZW&,(J (ga - g;:) . (13)

Cardy calls these vectors scaling variables, and they are linear combinations of the deviations (g, — ¢7) from an RG
fixed point. These scaling variables (thus the corresponding primary operators) display a particular behavior under
the (first-order approximation of) the RG flow:

d’Ua * * *
W = Z (Pa,aal (ga - ga) = Z (Pa,aWa,b (gb - gb) = Z Soa,b)\a (gb - gb) = )\ava . (]-4)

a a,b b

Here the second equality corresponds to the definition (11) of W, and the third equality to the eigenvalue relation
(12). The last step is dictated by the definition (13). The previous relation is fundamental because it shows that the
primary operators evolve under the RG flow as:

vall) = el 0). (15)
Here [ is the renormalization group parameter, and one can see that:
e For )\, > 0, the operator v, grows under the RG flow. Primary operators with A, > 0 are called relevant.

e For )\, < 0, the operator v, becomes smaller and smaller under the RG flow. Primary operators with A, < 0
are called irrelevant.

e For A\, = 0, our first order perturbation theory in {g} is not sufficient to establish the behavior of v, under the
RG flow. Second order is necessary. Primary operators with A\, = 0 are called marginal.

IV. RENORMALIZATION GROUP IN REAL SPACE: KADANOFF BLOCKING

I sketch here the basic concept of the renormalization group seen from the real space perspective. In particular,
we focus on a lattice system. To fix the ideas, let us consider as an example the classical Ising model in a 2D square
lattice:

H = —JZ 8iSj (16)
(1.9)

where the sum is taken over nearest neighbors, ¢ and j are vectors representing the position of the spins in the lattice,
and s; = 1 is a classical spin 1/2 degree of freedom.

The RG construction by Kadanoff consists in rewriting the previous Hamiltonian based on block of spins of size
b x b (more in general b for classical systems in D space dimensions). For each block we may define an average spin:

NOVNEEES R o 17
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here r’ labels the position of the block. The blocks do not overlap and cover the whole original system, such that
each spin s, belongs to a single block characterized by SS) The goal is to find a suitable Hamiltonian H(®) for the

s(1) degrees of freedom such that, concerning the average long-distance (small momentum) observable, both H and
H® provide the same results. In particular I search for H(") such that:

H[s) "S5 g0 [50)] (18)



and the corresponding partition functions are the same:

Z(s) = 7 (5<1>) . (19)
We hayve:

Z(s) :Z —BH[s /HDS e PHIS! — /HDS HDS(I) BH[S]Hé( —-b DZ&) =

/HDS [HDS e PH S]H5< ) _p=D ZS)] /HDS De=BHV[M] - (90)

In the last equality, the term in square brackets is formally e , which, in principle, gives us a definition
of HW. The previous relation describes essentially the coarse graining in which we block b spins together and we
lose information about the microscopic degrees of freedom s, by keeping the information related to the average spin
in each block. Concerning the rescaling, we must ensure that the average magnetization remains the same in both
description. We have:

(s0) =z ] Ds. [ Dstre#1  ] 8 <s§3) v Py s) E—L; Z s

rer!

=7 1HD5 e—fHl L b—DZ<Z 3T> =(s). (21)
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Here L is the linear system size and it is important to stress that the number of blocks in a finite size system would
be LP /bP | such that the red factor must be included in the definition of the average <s(1)>. That factor, roughly
speaking, represents the rescaling of the spin operator. We will discuss this more formally when considering the
Wilson RG construction.

V. RENORMALIZATION GROUP IN REAL SPACE: TRANSFER MATRIX

The Kadanoff blocking we saw in the previous section gives us an idealized way of understanding how RG works
in real space for lattice systems. Differently from what we considered in the beginning, in the Kadanoff blocking,
b=2or b= 3, and it is not really in the form b = 1 4 dl. Furthermore, the previous construction does not give us a
systematic idea about how to derive the Hamiltonian H) and, therefore, it is not very useful in practice.

There are, however, several statistical physics problems in which the Hamiltonian H®) (or, better, the weight

e PH (1>) can be exactly determined. One of the major examples is provided by systems with short-range interactions
that can be described by a so-called transfer matrix. In this section we consider the construction of the transfer
matrix for the simplest possible case, namely the 1D classical Ising model:

H = —JZSTST+1 — thr. (22)

Also in this case, we have a ferromagnetic interaction between nearest neighbor classical spin 1/2 (s, = £1). h is a
(longitudinal) magnetic field. The partition function of the system reads:

P IR S, )
{sr}

We introduce the transfer matrix to rewrite the partition function Z and be able of suitably applying a coarse graining
transformation. First of all we define two vectors:

=== (5) (1) 24

For a finite size system with N sites, we can rewrite the partition function in the form:

> (sv10(sn) [T Torirs. Os1)s1) - (25)

$1,8SN



Here I introduced the transfer matrix 7" which is defined as:

TS7'+1757" = <5r+1|€_ﬁHT(ST+1’ST)|3r>7 (26)
where, in particular:
h
H, (Sr+l7 Sr) = _J3r5r+l - 5 (Sr + 87‘+1) . (27)

The previous description of the partition function captures exactly what happens in the bulk of the system, because
>, H, = H +boundary corrections. The boundary corrections are accounted for by the suitable operators O(s1) and
O(sn) appearing in Eq. (25).

A. Transfer matrix of the 1D classical Ising model

Egs. (26) and (25) give the general expression of the partition function in terms of the transfer matrix for open
boundary systems. In the specific case of the 1D Ising model we get:

eBI+Bh  o—BJ
T= ( e—BJ eﬁJ—ﬁh) (28)
and
7 = Z <sN\eBhSN/QTN_leBh31/2|81>. (29)
81,SN

The transfer matrix construction becomes even easier in the case of periodic boundary conditions (ring). If s1 = sy41
we get:

Z=TrTN =AY + AN, (30)

where A4 are the eigenvalues of T

M = €77 cosh (Bh) + /207 sinb? (8h) + e~267 (31)

From the previous equation we exactly know the partition function of the system, which means that we know every-
thing. In particular we get:

F=-3"'"mz" 3 8N\, =-N [J + 4 n (cosh (Bh) + y/sinh? (Bh) + e—4ﬂJ)] . (32)

This approximation of F holds because, in the thermodynamic limit (A_ /A,)" becomes negligible. From F one can
easily derive the magnetization and any other important observable.

B. Transfer matrix, path integral, and the mapping from 1+1D classical systems to 0+1D quantum systems

The construction of the transfer matrix for classical systems shares many similarities with the construction of an
effective action for a quantum system. Essentially, the transfer matrix can be seen as the opposite mapping, with
respect to path integral, from a classical model in 1+ 1D to a quantum model in 0+ 1D. In general this construction
justifies a common belief that d + 1 D classical statistical physics model can be mapped into (d — 1) +1 D quantum
models and vice versa. The trick is given by interpreting:

T = ¢ OtHa (33)

where 0t in an interval of time in Euclidean time and H, is a suitable quantum Hamiltonian (a 2 x 2 Hamiltonian in
the case of the Ising model). In this respect Eq. (25) can be interpreted as a path integral construction:

Z = /D3i<sN|T\sN71><sN71|...T|sl>. (34)

For periodic boundary conditions this matches the construction of path integrals with Matsubara frequencies.



C. RG with the transfer matrix

Let us go back to the RG construction. It is easy to see that:
Z=TeTN = Te (T")N/?. (35)
If you compare this with Eq. (20), you see that Z can be considered both the partition function of the Ising model
with N sites and transfer matrix 7', and the partition function of the rescaled Ising model with N/b Kadanoff’s blocks
and transfer matrix 7°. Therefore a comparison between T and T? allows us to understand how the Hamiltonian,

and its coupling constants, must be renormalized in an RG step with parameter b. The full calculation with generic
J and h is a bit boring, and you find it, for instance, in the AS book (sec 8.1.3). We restrict here to the case h = 0:

T(h=0), 4, = €?751%2 = cosh BJ [1 + 5155 tanh £.J] . (36)

I label ¢ = cosh 8J and v = tanh §J. We get:

r=e(1115). @
rea (1 1) 3
e (1110 )
You can show by induction that:
c— 2"y . (40)

These are our (discrete) flow equations! The general structure is of the kind:
eBIsis2 _y BA BT s s, (41)
Here A’ is an uninteresting energy shift. The important aspect is to determine 3'J’, which can be done by considering;:
v™ =tanh 8'J’ = tanh” 8J, (42)
in particular, we set n = b and we can take b = 2:
v =07, (43)

Where v, v’ € [0,1]. A simple analysis of the parabola (Newton’s method for recursion) easily shows (see Fig. 1) that
there are only 2 fixed points:

e v* = 1: this is an unstable fixed point since v = 1 — € would flow away from it iteration after iteration. This
fixed point corresponds to SJ — oo, which is the zero-temperature limit (or the case with infinite interactions).
It represents a ferromagnetic/ordered fixed point which, in 1D, is not stable.

e v* = (: this is a stable fixed point, since v = € would flow towards v = 0. This fixed point corresponds to 5J — 0,
which is the infinite-temperature limit (or the case with no interactions). This is a paramagnetic/disordered
fixed point.

The fact that in 1D the system flows to v* = 0 is telling us that, essentially, the J interaction is irrelevant around
this fixed point. In the end, we applied this complex machinery to find that the 1D classical Ising model has a
trivial behavior: it always flows to the infinite temperature limit unless the temperature vanishes. In more complex
situations (or in 2D classical Ising ferromagnets) the ferromagnetic fixed point would be stable as well and a third
unstable fixed point separateing the ordered and disordered phase would appear.
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FIG. 1: Schematic plot of the iteration of a few RG steps for the classical 1D Ising model. The red curve is the
result in Eq. (43) of the Kadanoff blocking on the v parameter of the transfer matrix. When we begin from a bare
value vy, the first iteration results in v; = v2, the second in vy = v3 and so on. Newton’s iteration method shows
that there is only a single attractive fixed point at v = 0. v = 1 constitutes instead an unstable fixed point.

D. Remark on transfer matrix and correlation length

We saw that the transfer matrix is equivalent to the partition function, in the sense that it carries all the information
of the system. A very important example is given by the correlations and the correlation length. The two point
correlation function of the system is indeed given by:

(WilWigy) = Z7 Y " Wils)Wigr(s)e P10 (44)
{s}

where W are arbitrary local operators, for instance W,. = s,.. We can rewrite the connected correlation function in a
form of the kind:

> an (SNIO(s )TN =771 (s [WT |34 1) T (i | WT |51 )T [ 51)

(WiWitr), = S o TN 1sy) — (W) (Wiga) - (45)

It is possible to show that the leading term in the previous expression scales as (A_ /A, )" = e~"/¢. In general, here,
A4 is the largest eigenvalue of T, and A_ the second largest, and we are considering r large. This shows that the
correlation length scales as:

€oc1/In(Ay /A ). (46)

This also implies that & diverges only if A_ and A4 get degenerate, which is typically a signature of a phase transition.

VI. RENORMALIZATION GROUP IN MOMENTUM SPACE: WILSON RG

The most standard technique to derive the renormalization group equations of a quantum field theory relies on
expressing the field theory in momentum space and it is usually referred to as Wilsonian RG. The starting point of
this technique is to separate slow and fast degrees of freedom based on their energy or momentum. In particular,
we will always consider a theory which displays a momentum cutoff Ay,.x. If our model is originally a lattice model,
Amax is given by the inverse of the lattice spacing.

A. Coarse Graining

The coarse graining step can be schematically represented as follows:



e We model the system based on a bare action. This action is integrated over momenta such that |k| < Apax.
In most cases we will consider Lorentz invariant theories such that k has both an energy component w/v and a

spacial momentum component k. In this case the modulo |k| is the modulo of the D + 1 momentum.
e We introduce a new cutoff A < Apnax. In particular we set:
A
Amax

1
= — = — 4
;=1-dl (47)

where we assume that A is only infinitesimally smaller than A ..
o A separates slow (|k| < A) and fast (A < |k| < Amax) degrees of freedom.
e We integrate the partition function over the fast modes [to a certain level of perturbation theory]
o We derive a new “slow” action, as a function of modes with |k| < A only.

More formally, let us introduce slow ¢, and fast ¢y modes. The initial partition function of the system will be, in
Euclidean time:

Z = / Dy, D, e Stresl, (48)

The related action assumes a general form:

S[(pf7‘ps]:Ss[@s]+Sf[90f]+51[9057@f]a (49)
where the three contributions represent the action for the slow fields only, the fast fields only, and their interaction.
This implies:

7z = /D@fDSDSe_Ss[S"s]_Sf[‘Pf]_SI[S"sﬁ%‘] _

/D%e—Ss[%]/D(pfe—sf[wf]—sz[%,wf] :/D%e—ss[ws] <e—51[%7w]>f (50)

where (...) s represents the average over the fast modes only. Therefore we get:

e=5'les] — o= Sslw] <e*31[905790f]> : (51)
!

which implies that the coarse grained action reads:

[(s3), - (s3] (52)

N =

52
S/[<ps] = Ss[@s] —1In <€_SI[¢S7¢f]>f ~ Ss[<ps] —In <1 - SI + 21> ~ Ss[@s] + <Sl>f -
f

The last approximations hold when S; can be considered “small” and it is often not very rigorous. In particular
we are demanding that St can be considered a small correction with respect to Sy and Sy, which may be justified
when the coupling constants in S; are much smaller than the energy scales appearing in S; +.S¢. Eq. (52) provides
the result of the coarse graining procedure at second order in the interactions. After the coarse graining, we must
complete the RG step by applying the rescaling.

B. Rescaling and scaling dimensions of operators
The rescaling is aimed at bringing back the cutoff to its original value, such that A = Apmax and L/b — L. There
are two crucial elements involved in the rescaling.
e First, we rescale coordinates and momenta. In particular we set JNX/ Anax = 1 — dl and we replace:
r=(1+d)x, k=—i0, = (1 —dl)k . (53)

Here 2’ and k' are the new rescaled coordinates and momenta. In particular, here, I am assuming that we have
Lorentz invariance as in most of the examples in this course [otherwise time and space scale differently and one
needs to introduce a dynamical scaling exponent z such that ¢t = (1 + zdl)t'].
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e It is not sufficient to rescale coordinates and momenta. We must also rescale the fields. We need to replace
s () with a suitable function of the rescaled ¢'(z’). Therefore we must find a suitable function f such that

¢'(2") = [ (¢s(2)).
e This replacement of the fields will allow us to compare the original action S [¢ (z)] with a new action S [¢’ (2/)].

Next, we formalize this required rescaling of the fields. The starting point to determine the relation between ¢ ()
and the rescaled ¢'(2’) is the following assumption: a massless Gaussian model is scale invariant. This assumption
corresponds to the statement that a Gaussian massless free theory (which is always characterized by S; = 0) has
no scale dependence, and it is consistent with the direct calculations of its two-point correlation functions, which
typically display a power law decay [you will see a few examples in the exercise sets and other exercises]. Therefore,
we will always consider any massless Gaussian theory as a scale-invariant fixed point, which means that, for these
theories, the coarse graining has no effect, and, more importantly, the rescaling must leave both the partition function
and the action invariant. Therefore, for Gaussian massless theories we demand that:

S = /de L(z) = /de' L'(x). (54)

This relation is indeed valid only for scale invariant models. Here £ is the Lagrangian density, the integral is taken
on both space and time coordinates (think about x as a four-vector), and primes indicate rescaled quantities. Let us
consider a general bosonic theory. The previous relation implies:

S = / dPa (Vo(x))? = / Lo’ (V' ()2 . (55)

From Eq. (53) we obtain that, for an infinitesimal rescaling, d”z = (1+dl)” dPz’ = (1+ Ddl)dPz’, and V =
V'/(1 + dl). Therefore:

/ P (Vo(z))? = / (1+ Ddi) d”a' (m)Q _ / [+ (D —2)dl] P2 (V'ip(a))? . (56)

To fulfill Eq. (55) we must impose:

2

(1 +d)P 72 (Vp(2))? = (V¢ (2)) (57)

This gives us the rescaling of the free massless bosonic field:

(L+d)T p(z) = ¢'(2'). (58)

This is the relation we were searching for, and it provides the naive or canonical or engineering scaling dimension

of the field ¢. We label this scaling dimension with D, = %. In full generality, we will always associate to any

local primary operator Oy(x) its canonical scaling dimension via the definition:
Oy(x) = (L+dl)" P2 O)('). (59)

In our previous example Oy4(z) = ¢(z) and Dy, — D,. Eq. (59) constitutes the definition we will adopt of the
canonical scaling dimension. During the rescaling step we apply indeed general replacements of the kind in Eq. (59)
for all fields and their combination appearing in the Lagrangian. This means that we consider the operator O,4(x) to
behave as the power kP¢ of the momentum, as you can see by comparing Eq. (59) with Eq. (53).

Hereafter, I will refer to the Dy simply as scaling dimension. These scaling dimensions are always consistent with the
renormalization of the fields one derives based on the solely first order in the action expansion in Eq. (52). The second
and higher orders, typically provide corrections to the scaling dimensions which are called anomalous dimensions. In
this course we will typically not consider the anomalous scaling dimensions. Or better, we will be mostly interested
in describing interacting 1 + 1D theory through a technique, called bosonization, which will systematically account
for anomalous scaling dimensions, in such a way that, for us, the distinction between canonical and anomalous will
not be so relevant...

The scaling dimension of any local operator is intrinsically related to its two-point correlation functions. In par-
ticular, let us consider again a massless and Gaussian action as in the previous equations. In this case the system
is scale invariant, and the decay of correlation functions can be only algebraic (no exponentials are allowed, because
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they would introduce a finite correlation length, which constitutes a non-invariant length scale). Therefore, for these
critical theories, we have:

(05(@)05 (1)) = 47227 {OF ()04 4))y, - (60)

where the subcript 0 indicates that the average is calculated based on the bare critical action (as a function of the
bare operators), whereas the subscript 0’ indicates that the average is takes based on the rescaled action (as a function
of the rescaled operators). For a critical system, furthermore, we should typically assume a power law behavior:

_ _ —A
(O}(@)04(y))y x (x—y)* =b"* (' —¢/) " . (61)
Finally if the action is scale invariant, as in Eq. (55), we also know that:
-2
(O (20 (Y)Y, o (&' —y) " . (62)

This is due to the fact that the Lagrangian of a fixed point assumes the exact same form (and same coupling constants)
when expressed as a function of the fields before and after the rescaling; this observation implies that the exponent
A must be the same before and after rescaling, since, formally, the calculation to derive the correlation functions in
Eqgs. (61) and (62) from the related actions is exactly the same.

Comparing the previous relations, we conclude that, for any scale invariant action, the two-point correlation function
of a primary operator are of the form:

(O}(2)04(y)),, ox (x —y) "o (63)

This equation is quite important because it often allows us to obtain the scaling dimension D, of a primary operator
O, from its correlation function calculated based on a massless (scale-invariant) Gaussian action.

C. A simple example: Gaussian theory with a mass in 141D

In the previous subsections, we defined the coarse graining and rescaling steps in the Wilson RG procedure. In
particular, the rescaling of the fields was based on the behavior of a massless Gaussian model. We consider here, as
a simple example of the full procedure, the case of a massive Gaussian model in 1+ 1D:

1

_ 1 2.9 2 2 2 2 _
S—Qﬁ/d ﬂﬂv(at@) +gv (9z)” + m7p

- L / Pho(—K)C (B)p(k) = 5- / dqdup( =g, —) (gi tarv mQ) Ala) (0

where k = (w/v, q) is the energy-momentum vector.
We distinguish slow and fast modes by writing:

oz, t) = ps(z,t) + or(x,t). (65)

where the slow term includes the modes with |k| < A and the fast the ones with A < |k| < Apay. For Gaussian
theories the interaction part of the action is not present (which makes things much easier than usual):

S = S [ps] + Sy L] - (66)

Given the non-interacting structure, the coarse graining step is indeed trivial, and we get:

Z:/Dspfp%efss[ws]fsf[w} :/Dspsefss[%], (67)
In this particular case we get:
/ 1 2 9 2 2 2 2
Slps] = Sslps] = g/d 2 (Ops)” + gu(Oaps)” +m7p5 (68)
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We now apply the rescaling:

B, oy
_ / _ / _ Y _
de = (1+d)de, dt = (1+d)dt', 0, = 7~ O = 75 (69)
we get:
1
Sips] = %/d%’% (aycps)2 + gv (895/@3)2 + (1 +dl)*m2p?. (70)

From Eq. (58) we know that ¢, (x) = ¢} (2’) (which is a special case for D = 2, namely D, = 0; in general D, must
be taken into account). Hence:

1
S'lesl = 52 / 'L (00)" + gv (06" + (L+ dI)Pmo 2. (71)
By comparing the initial and the rescaled action we get:

d=g, vV=v, m?=(1+d)*m?. (72)

The last relation can be reformulated as:

dl

This is the RG equation for the coupling constant m. Its solution is clearly:
m(l) = e'm(0). (74)

We can associate a scaling dimension to the coupling constant m, and in this case, it is 1. The previous equation
indicates that m becomes larger and larger under the RG flow. It is therefore a relevant perturbation of the gapless
system at m = 0. It drives the system towards a fixed point where m — oo. By calculating the spectrum of the
theory, you clearly see that m constitutes indeed a gap in the theory, therefore it breaks its property of being scale
invariant.

D. Dimensional analysis

From the previous example, we understood that if the theory is Gaussian, the coarse graining is trivial and we are
left with the rescaling only.

When you consider an interacting system, in general, things are different, and you should properly deal with the
coarse graining as well. However, a preliminary and brutal understanding of the RG flow can be obtained by the
simple rescaling and the analysis of the (canonical) scaling dimensions. Therefore, in the next example, we implement
the rescaling step only, even though we are considering an interacting theory.

We consider the bosonic field action:

S = /de (Vo) + he + got . (75)

Based on Eq. (53) and the scaling of the bosonic field (58) we get the following rescaling:
/de ho = /d%’ A+d)Pn(l—d) = o = /d%’ (1+dl)Z " hy' . (76)

Therefore b’ = (1 + dl)%le h. This implies that h grows under the RG flow for each D, and this term is always a
relevant perturbation of the Gaussian massless model.

Here, the operator coupled to the constant h is the field ¢ itself, which displays a scaling dimension D,. The
associated coupling constant h flows with the exponent (D — D) > 0. Since this exponent is indeed always positive,
we conclude that the operator ¢ is relevant for any D.

We can repeat the same analysis for the g term. In this case, the scaling dimension of the operator p? is 4D,:

Dys = 4D, = 2D — 4, (77)

which implies the relation g’ = g(1 + dl)?~P¢* = g(1 + di)*~P. This result implies in turn that:
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e For D < 4, the interaction go* is relevant, because g grows with di.
e For D = 4, gyp* is marginal, and additional analysis is required.

e For D > 4 (in case you have some weird theory in which this makes sense), g¢?* is irrelevant. g decreases with
the RG flow and it is supposed to be unimportant for the long-distance properties of the system.

This conclusions are only preliminary though, and a more accurate coarse graining, with higher-order perturbative
terms would provide a more precise understanding of the system behavior.
The general situation is the following. We consider an interacting action term:

/de 904(x), (78)

where O, is a suitable operator. The scaling dimension Dy of this operator is such that, at the leading level, Eq. (63)
is fulfilled.
At first order, g scales with the exponent D — Dy, therefore:

o If D— D, >0, then ¢’ > g and the operator Oy is relevant.
o If D— D, <0, then ¢’ < g and the operator Oy is irrelevant.
o If D—- D, =0, Oy is marginal and we need a higher order analysis to understand the general behavior.
This analysis has several implications. For example when you consider the operator VOy, its scaling dimension is:
D(VOy) =Dy+1. (79)

This implies that VO, is always less relevant than O, and, for understanding the long-distance / infrared behavior
of a model, it can be neglected if also the interaction O, is present.
In general we consider:

S = /de > 9,05 (80)

In this case, the operator with the smallest scaling dimension D, dominates and typically defines the thermodynamic
properties of the system [if it is relevant!]. Sometimes, if several O; are relevant and commute, they concur in
determining the properties of the system. If they do not commute, they compete and the most relevant terms
dominates.
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