7 Euclidean field theory as classical statisti-
cal mechanics and more RG

7.1 “Spins” in R

In the Ising model the spins at each site take on only two values. There are
a variety of ways to generalize this. One can let the spin take on some finite
number of values greater than 2 (Potts models). One can let the spin equal
points on a circle or sphere (rotator or sigma models). In this chapter we
will consider models in which the “spins” s; take on all real values and the
Hamiltonian is of the form

Hs) =5 Y (50— 5,7+ Y Vis)
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where V(x) is just a real valued function of a single real variable. If s; only
equals +1, then (s; — s;)*> = 2 — 2s;s;, which is just the nearest neighbor
Ising interaction.

There are several motivations for studying models like this. First, if we

then the model acts very much like the Ising model since the probability
measure is dominated by configurations in which the spins s; are near the
bottoms of the two wells at £1. If we replace the quadratic term in the
Hamiltonian by a more general quadratic function, it is possible to write the
Ising model exactly as a continuous spin system. The transformation that
does this is known as 77?7. We will return to it later. Other models of interest
in statistical mechanics, in particular Coulomb systems and dipole systems,
may be related to continuous spin systems through a transformation known
as the sine-Gordon transformation.

A second motivation comes from the renormalization group itself. All the
renormalization group transformations we considered in the previous chapter
mapped Ising like models into Ising-like models, i.e., the block spins only took
on the values 1. Another transformation would be to define the block spin
to be the sum of the spins in the block. For 2 by 2 blocks this block spin
would take on the values —4, —2, 0, 2,4. As we iterate the transformation the
number of possible values of the block spins would grow. Like the quasilinear
transformations for the Ising model, this transfomation must also include a
rescaling of the spin if it is to have a fixed point. Then in the limit of



infinitely many iterations the block spin would take on all real values, and
we would have a continuous spin system. Of course, we would not expect
the renormalized Hamiltonian to be so simple that it would be of the above
form.

A third motivation for studying such systems is that they are models from
a different area of physics - quantum field theory which describes elementary
particles. The above model is too simple to describe any real particles, but
the theories of electromagnetic interactions and the other interactions be-
tween elementary particles are generalizations of the above.

It is customary to denote the continuous spins as ¢; rather than s; and to
refer to them as fields rather than spins. As in the case of the Ising models,
we need to first define the model in a finite volume. To be concrete we will
take the potential V' (x) to be A(z — 1)*(x +1)? where X is a large parameter.
If the purpose of this term is to make our model look like the Ising model,
then it is natural to only multiply the interaction (¢; — ¢;)* by 8. So we let

) =5 3 (0= 6, + A (0 — 1+ 1) 0
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Let A be a finite subset of R?. The partition function or normalization is
given by

7= [ el a0
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and we define a probability measure on R* by

du(¢) = Z " exp[~H(¢)] [ | dos
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We will denote the expectation of a function F(¢) with respect to such a
probability measure by < F'(¢) >.

As with the Ising model there are a variety of choices for the boundary
conditions. Free boundary conditions mean that we only sum over nearest
neighbor pairs < 4,7 > for which both of ¢ and j are in A. We could also
sum over all pairs such that at least one of the sites is in A and then fix the
value of ¢; outside the volume. We might fix it to be +1 or —1 to try to pick
out one of the two wells. We could also fix the value outside the volume to
be zero. This is known as Dirichlet boundary conditions. (The first term in
the Hamiltonian is a finite difference Laplacian, and the boundary condition



we just described is the analog of the Dirichelt boundary condition for the
usual Laplacian.) Periodic boundary conditions may also be defined in the
obvious way.

We now fix A to be some large value. The probability measure will be then
be concentrated on configurations for which most of the ¢; are close to —1 or
+1. What happens as we vary ( from small to large values? In particular,
can we obtain different infinite volume measures by different choices of the
boundary conditions.

If 3 is small we might hope to mimic the proof of 7?77. We don’t have an
identity like 77, but we could try something similar by writing

o[- 37 (00— 0,71 = T 11+ Ko 0))

<i,j> <1,7>

where K(¢; — ¢;) = exp[%ﬁ(@ — ¢;)?] — 1. We then expand out this product
over nearest neighbor bonds to produce a sum of subsets of the set of bonds.
Some of the neat tricks we used in the Ising case are no longer present. In
particular, the contribution of a particular set of bonds may be nonzero even
though the set of bonds has nontrivial boundary. In the Ising proof we had
factors of tanh(/3) which are small if 3 is small. In the present case small (3
implies K (¢; — ¢;) is small if ¢; and ¢, are of order 1. Unfortunately these
fields can be arbitrarily large. This happens with small probability, but the
reader can see that things are a good bit more complicated. We will need to
deal with the rare events of large fields by a separate argument. Although
the argument is more complicated, it is possible to prove that when [ is small
the boundary conditions don’t matter. The model is in a “high temperature”
phase.

When £ is large we might try to adapt the Peierls argument to the present
case. We could define the contour by looking only at the sign of the fields
¢;. We would include a bond in the dual lattice in the Peierls contour if the
fields on opposite sides of the bond had different signs. Since the fields are
usually near +1, the energy in the Hamiltonian associated with a contour is
usually close to twice the number of bonds in the the Hamiltonian. However,
it is possible for the fields on opposite sides of a bond in the contour to both
be close to zero. Thus the energy of the contour can be essentially zero. This
bad case should be very rare, but clearly it will take a lot more work to carry
out the Peierls argument in this case. It can be done, and one can prove
that for large 8 the boundary conditions do matter and the model is in a low



temperature phase.

Like the Ising model the above Hamiltonian has a symmetry. If we change
the sign of all the fields, i.e., let ¢ — —¢ then H(¢) is unchanged. Not all of
the boundary conditions we described respect this symmetry. We can also
break the symmetry as we did in the Ising model by adding a magnetic field
term h ) . ¢; to the model. Another way to generate different infinite volume
measure when 3 is large would be to let o — 0% or h — 0~ after we had
taken the infinite volume limit.

As 3 goes from small to large values there should be a critical value 3,
at which the boundary conditions start to matter. (The critical value will
depend on the value of A.) We can study all of the question we did in the Ising
model. In particular we can define critical exponents. It is believed that the
critical exponents of our continuous spin model are exactly the same as for
the Ising model! The second motivation we gave for studying the continuous
spin models is the reason. This sort of RG transformation should take Ising
models into continuous spin models.

As in the Ising systems, an important object to study is the “two point
correlation function ”, < ¢;¢; >. In particular we would like to know how it
decays as |i — j| — oo. Most of the time it should decay exponentially, and
the correlation length ¢ is defined by

< Gis ¢ >=< gith; > — < i >< ¢ >~ e 1IN

The Hamiltonian we have been considering above can be written as

1) =2 36— 6,7 + 3 (267 + 2a)
<i,j> i
with a = —4\. More generally we could consider this model for any choice
of 3,a and X\. While it looks as if we have three parameters, we should keep
in mind that in the continuous model we can do a trivial change of variables,
¢; — to;, and so there are really only two parameters in the model. Two
models which are related by such a change of variables are essentially the
same model. In particular they have the same correlation length.

If X\ is zero, then the Hamiltonian is just a quadratic function of ¢. So
the integral is a Gaussian integral. For nonzero A we can write the integral
as a perturbation of a Gaussian integral. Let ¢; be a Gaussian process with
covariance

/@mmzcmm
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where C'= (—3A + a)~!. Then the partition function is equivalent to
2= [exp(-2 Y o) du
J

One can write down a continuum version of this. First we are going to
change our notation somewhat. The continuum version of our interaction is

0 [@or@ate s ot + xo@)iits

where ¢(x) is a function on R? rather than the lattice. In quantum field
theory one wants to study these continuum models, and so it is common
even in the lattice case to denote the sites by x and the value of the field at
x by ¢(x). The operators in continuum case often have integral kernels, so
instead of writing matrix elements as C,, we will denote them by C(x,y).

Exercise: Consider the Hamiltonian (1) with A and [ large. Impose bound-
ary conditions in which the fields outside the finite volume are fixed to be
+1. Carry out the Peierls argument to prove the expectation of the field at
the origin is close to 1, uniformly in the volume.

7.2 Renormalization group transformations

Renormalization group transformations may be defined for the continuous
spin models that are somewhat analagous to those we defined for the Ising
type models. For example, we could divide the lattice into 2 by 2 blocks and
define the block field for a block to be the sum of the four fields in the block.
The new interaction for the block spins is then obtained by integrating over
all configurations of the original field that are consistent with a fixed block
spin configuration. Label the blocks by «, the block fields by ), and the
original fields by ¢,; where i labels the sites within a block. Formally we
would have

expl= () = [ []0(0 = 3 o) expl—H (81D

where D¢ stands for the product of a copy of Lebesgue meaure for each field
¢a,i- Note that we have included a parameter z in the ¢ function. This



rescaling of the field (“field strength renormalization”) is necessary if the
transformation is to have a fixed point. As for the quasilinear transformations
for the Ising systems, we will need to choose the parameter z just right. After
computing H; (1)) we would rescale the block lattice to make it into a unit
lattice.

Just as in the Ising models, this transformation “preserves the partition
function”.

/ expl— Hy (4)] D¢

/ [ J T80 =23 60D | expl-H(2))Do

— / exp[—H ()| Do

The above transformation is similar to the quasilinear transformations for the
Ising systems in that the correlation function of the renormalized system is
directly related to the correlation function of the original system. Work this
out. In particular the correlation length is reduced by the block length. Of
course, our definition of the renormalized Hamiltonian H; has all the infinite
volume problem that we encountered with the Ising systems. The definition
of H; makes sense if we start with a lattice model in a finite volume. One
then needs to show that an infinite volume limit can be taken.

There are lots of variations on the above transformation. For example
one can soften the delta function:

exp[—Hy(¥)] = / [ c(@) exp(—aftba = 2> ¢uil®) expl—H(¢)| D¢
a 7
Here a is a parameter and c(a) is the constant defined by
[e.e]
/ c(a) exp(—az?)dr = 1
With measures that are defined in terms of Gaussian measures there is an-
other approach to defining renormalization group transformations. This is

the approach that we will use, but first we need some more Gaussian process
machinery.

7.3 Normal ordering

Next we want to define a procedure called normal ordering or Wick ordering.
It will prove useful when we look at the linearization of the renormalization



group map about a Gaussian fixed point. Let ¢(z) be a Gaussian process
with probability measure p. The normal ordered polynomials : ¢(z)™ : are the
polynomials one obtains by applying the Gramm-Schmidt orthogonalization
procedure to the monomials ¢(x)™. So : ¢(x)" : is an nth order polynomial
in ¢(x) and

/: o) ()™ du=0

if n # m. The polynomials are normalized so that the coeffecient of ¢(x)"
in : ¢(x)" : is 1. These polynomials are closely related to Hermite polyno-
mials (they are Hermite polynomials?) The operation of normal ordering is
extended to other functions by requiring that it be linear. For example, we
define

:e‘b():zzﬁzd)(x) :

n=0

We claim that
i) . AC) id(w)

More generally, we will show

. eitd)(x) — e%t20(x,x)6it¢(x)
To prove this we need to show that the " term in e2”C@0)itd(@) ig : ¢(z)
/nl. Clearly this term is a polynomial in ¢(z) whose highest order term
is ¢"(z). Thus all we need to show is that the t" term in ezt’C(@a)¢ité()
is orthogonal to the s™ term in e35°0@a)gisd(@)  Now a little computation
shows

eétQC(w,w)eitqb(w)e%sQC(:v,a:)eisMa:) d,u _ GXp[—tSC<J], I)]

Clearly the expansion of the right side only contains terms t"s™ with n = m,
and so the claim is proven.

The above result also gives a nice way to compute normal ordered mono-
mials. Since

. eitqb(;r) — e%t2C(:v,a:)6it¢(a:)

one can compute the normal ordered polynomials by differentiating with
respect to t a bunch of times and then setting ¢ = 0. Normal ordering
depends on the covariance, but as we can see from the above the dependence



on the covariance is rather simple.
c " (x) = Zan,kC’(x, )R 2 ()
k=0

where the a, j; are constants which do not depend on the covariance. In fact
they are the coeffecients of the Hermite polynomials. >"}'_ a, ,2" is the nth
Hermite polynomial.

When we implement the renormalization group we will want to integrate
out some of the modes in our functional integrals. Gaussian integrals provide
a natural way to do this. Suppose that we have a covariance C'(x,y) and it
may be written as a sum of two covariances

C(z,y) = Ci(z,y) + Ca(x,y)

If Cy(z,y) is a valid covariance, then there is a Gaussian process ¢;(z) with
this covariance. We denote the underlying measure by p;. Likewise, there is
a Gaussian process ¢o(x) with measure uy whose covariance is Cy(z,y). Now
consider the product measure fi; X po. The sums ¢y (z) + ¢a(x) are random
variables for this measure. Their characteristic function is easily computed

[ el X ta)(nte) + oa(o)ldls x o
= /exp[iZt(x)gzﬁl(a:)]d,ul/exp[iZt(x)gbg(Q:)]dug
= explg Y Ha))Cu(r ) expl— 3t )l )]

:B’/y 1”7y

Thus ¢y (2)+¢o(z) is a Gaussian process with covariance Cy(z,y)+Cq(z,y) =
C(z,y).

The operation of normal ordering depends on the underlying measure, or,
equivalently the covariance. When we need to make this dependence explicit
we will write : ¢(z)" :¢c. Normal ordering has a nice property with respect
to integrating out part of the covariance.

Lemma: Let ¢(x) and ¢o(x) be Gaussian processes with covariances C
and Cy and measures p; and ps. Then letting C = C7 + Cs,

/ (61(2) + $a(@))" 0 dps = 1 (2)" ¢
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Proof:

[ s explit(on(o) + a(e))) i dns = expl5C () [ explit(on(e) + (o))l
_ eXp[%tQC’(x,x) F it (x)] / expliten(2)]da
_ exp[%tQC’(I,x) it () — %tQC’g(x,x)]

— explaC(r. ) + it ()
= :explitor(x)] o

The result now follows by expanding both sides in powers of t. O

Suppose that our original system is given by exp[—V(¢)]du(¢) where
w has covariance C(z,y). We split the covariance into a short range and
long range part C(z,y) = Cy(z,) + Cilz,y). Let ¢y(z), ps and r(x), s
be Gaussian processes with covariances Cs and Cj respectively. If we only
integrate out ¢, then the result will be a function of ¢;.

exp[—Vi(d)] = / exp[—V (65 + d1)]dte

After appropriate rescaling this will be our renormalization group transfor-
mation.

There are lots of ways to split the covariance into short and long range
parts. The most naive thing to do would be to let Cy(z,y) equal C(x,y)
when |z — y| is not large and equal zero otherwise. However, C and C)
must both be positive definite, so this splitting cannot be used. When the
covariance is diagonal in momentum space, a natural way to do the splitting
is in momentum space. Let C(k) be the fourier transform of C(z,y). We
could let Cy(k) equal C(k) when k is large and equal 0 otherwise. The re-
sulting transformation is often called a momentum space RG transformation,
and it is these transformations that we are going to study. Note that the
transformation is not simply the map V' — Vj. Part of the interaction is
now encoded in the covariance and the covariance is changing. So we should
think of the above as a map from V, C into Vi, C). (The rescaling in both V;
and C has yet to be done.)

Exercises:



1. Define : exp(t¢(x)) : by normal ordering its power series term by term.
Show that

L otd@) .= =3t C(@2) te()

7.4 The Gaussian fixed point

We consider a continuum model with covariance C(z,y) which is given by

Clay) = iz [ explite - (o = pIC(RE

1
(2m)4

Since we are in the continuum the integral is over all of R?. We would like to

study the covariance C/(k) = ﬁ We will modify it somewhat by assuming

that C'(k) is supported in the unit sphere, i.e., C'(k) is nonzero only if k| < 1.

This requires changing k2—1+a for |k| > 1, but such a change should not change

the long distance behavior of the covariance. We split this covariance as
C = C;+ C; where Ci(k) = C(k)x(|k| < %) and Cy(k) = C(k)x(|k| > %) So
C; contains the long distance modes and Cy the short distance modes. We
let ¢; and ¢4, be Gaussian processes with covariances C; and C.

The renormalization group transformation will be to integrate out ¢ and
then rescale the field. There are two type of rescaling that must be done.
First, we need to rescale the momenta by a factor of 2. This will rescale the
sphere |k| < % back to the unit sphere. This rescaling is the same as rescaling
distances by a factor of % Second we need to rescale the field ¢; by a factor
of z, where z is some parameter which will need to be adjusted in order to
obtain a fixed point. These two rescalings imply that we should define the
“block field” ¢ by ¢y(x) = 27 (2/2). We need to choose the covariance of
1 so that the covariance of z 1 (z/2) is Ci(z,y). Let C’ be the covariance
of 1. Then the covariance of z !¢ (x/2) is z72C"(x/2,y/2). So we want

220 (2)2,y/2) = C)(x,y)
or equivalently
22C" (z,y) = C)(2z,2y)
and so

~

20 (z,y) = (271r>d / expl—ik - (22 — 29)|Cu(k)dk

10



~ r [ ewlib (2 - 2 < HOWar

1 A
_ o-d .
2 (27) /exp[—@/f (z = y)x(k] < DC(k/2)dk
where we did a simply change of variables in the last line. Thus we have
C'(k) = 2227 (|k| < 1)C(k/2) ()

Our renormalization group transformation is thus given by C,V — C’, V'
where C' is defined by the above equation and V' is defined by

expl-V/($)] = / expl =V (z 1(2/2) + dul())]dp (3)

The notation V(z71¢(x/2) + ¢s(x)) means that wherever we see a ¢(x) in
V(¢) we replace it by z7'¢(x/2) + ¢(x). For example, if V(¢) = [ ¢(x)*dx,
then V(271 (x/2) + ¢5(2)) = [[z7 (x/2) + ¢s(x)]*dz.

All of the headaches that we had with the Ising system are still present.
There is an infinite volume limit to be taken. The new interaction V' will be
much more complicated that the original interaction. In particular, it will
not be local, i.e., it will contain terms like [ ¢ (z)i(y)k(z, y)dxdy. There is
one advantage to the present setup. Note that V' = 0 does not imply that
our system is trivial. A Gaussian measure can have a nonzero correlation
length, even an infinite one. Thus a fixed point of the RG which had V' =0
might be quite interesting. (In the Ising systems H = 0 is a fixed point,
but a very trivial one.) Furthermore, we might hope to study our new RG
transformation by perturbing around V' = 0. (There is no analog of this in
the Ising systems since any small H will yield a high temperature system.)

To look for a Gaussian fixed point we simply need to see if (2) has a fixed
point. (Obviously, if V' is zero then V' is also zero). There are two simple
fixed points. The first is to simply let C'(k) = x(|k| < 1) and take z = 29/2.
If C (k) were simply the function 1 then the covariance would be the identity
operator. This yields uncoupled fields and a trivial model, in particular an
infinite correlation length. Changing the covariance to x(|k| < 1) will only
change the short distance behavior. It will still be a trivial model. This fixed
point is called the “high temperature” fixed point. The second fixed point is
to let

C(k) = k7 2x(|k| < 1)
5 — 9(d=2)/2
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Actually, there is nothing special about k=2 here. Choosing z appropriately,
|k|? is a fixed point for any power. These fixed points are important if one
allows interactions with a power law decay.

For the rest of this section we will take z = 2(4=2)/2 5o that the transfor-
mation has the k=2 fixed point. We want to study the linearization of our
transformation about the Gaussian fixed point. C” only depends on C', not
on V and the map C' — (" is already a linear map. Linearizing C,V — V'’
about V = 0 is easy:

Vi) = / V(e p(/2) + bu(a))ds

We have not said anything about what sort of space the V' should belong to
and we are not going to now. We will simply look at what this linearization
does to local polynomial interactions, i.e., interactions of the form [ ¢(z)"dx.
Equivalently, we can use the normal ordered interactions [ : ¢(x)™ : dz. The
normal ordering here is with respect to the covariance C'. The lemma 77 said

/ (@) + So(@)])" = dpy =: i) ¢,

Since ¢;(z) = 2z~ ')(x/2) this implies

[0 = = w2 o
We have used the fact that : ¢;(x)" :0;= 27" : (x/2)" :¢r, which follows
easily from ??. Thus the linearized map sends [ : ¢(z)" : dz into 2™ [ :
Y(z/2)" : dx which after a trivial change of variables becomes z7 "2 [ :
(x)" : dr. Thus the normal ordered monomials are eigenvectors of the
linearized transformation with eigenvalue z7"2¢. Since z = 2(@=2/2 the
eigenvalues are 24-7(@-2)/2
For the quadratic interaction the eigenvalue is 22 for all dimensions. Thus
there is always at least one eigenvalue greater than one. If we start with a
V(¢) that is even then V' will be even. So we restrict our attention to the
even subspace for the moment. The eigenvalue of the quartic interaction
(n = 4) is 2479, This is less than 1 when d > 4. So when d > 4 the Gaussian
fixed point has only one eigenvalue greater than one in the even subspace.
This is the same setup as for the Ising models. The eigenvalue greater than
one should be 27, so we find yr = 2. This yields v = 1/yry = 1/2, and
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a =2 —d/yr = 2 —d/2. The value for v is correct. The value for « is
negative since d > 4, and this is wrong. One can go on and consider odd
interactions, find another eigenvalue of the linearization that is greater than
one and then compute the critical exponents 3, and §. The results are all
wrong. The explanation for these wrong values is somewhat involved. We
will return to it later. The buzz word is “dangerous irrelevant variables.”

So far we have only considered the action of the linearization on local
polynomials in the field. Next we consider a particular interaction that is
not of this form, namely,

/ Vo(z)ida

There are at least two ways to make sense of Vg (z). First, if the covariance
is nice enough, one can prove that there is a version of the Gaussian process
for which the random variable is differentiable function of x with probability
one. Second, the formal calculation

Vo(x) = /5($)V¢(aj)da: = —/¢(x)V(5(a:)da:

suggest that we define V¢(x) to be ¢(v) where v is the element in the Hilbert
space of distributions given by —Vd(z)dz. (Actually this is a triple of ele-

ments in the Hilbert space since V is a vector.) The action of the linearized
RG is

// Vi (x) + Vo (x)]*drdu, = /[V¢l(x)]2dx + constant
= z7? /[Vw(w/Q)]de + constant
= 224972 /[V@/)(x)]de + constant

In the last equality we did the change of variables x — 2z, but obtained an
extra factor of 272 from the gradient. Using our choice of z, 27224272 = 1.
Thus this interaction has eigenvalue 1. This appears to be bad news in view
of chapter 2, but this eigenvalue is really an artifact of the continuous spin
nature of the model. Recall that we can always do a rescaling of the fields,
i.e., send all ¢(x) to ag(x) without changing the physics of the model in any
significant way. In particular, given a fixed point of the RG we must in fact
have a one parameter family of fixed points. We can formally think of the
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RG map as a map H — H’ where H = C~! + V. Suppose H(¢) is fixed
point so

Then
RH(a¢) = H(ag)

Differentiating with respect to a and then setting o = 1 we find that the
interaction H' is an eigenvector of the linearization with eigenvalue 1 where

H'(6) = - |ocr H(00)

The Gaussian fixed point we have is homogeneous in the field, so one finds
that H' is just the RG fixed point [(V¢)?(x). We can remove this eigenvalue
of 1 by restrict the space of interactions to a subspace of codimension one by
placing a restriction on the interaction that removes the freedom to rescale
the fields. For example we could require that the coeffecient of k? in the
covariance be 1.

We now consider nonlocal interactions, first from a physicist point of view.
For simplicity we consider only interactions that are quadratic in the field,

e.g.,

| [ o@etwitz - ydudy
Integrating out the ¢, yields
[]] 6@+ o@low + ok - vsdydp,
_ / / o1(2)$u(y)k(x — y)dady + constant
= / / W(2/2)0(y/2)k(x — y)dady + constant
_ 2 / / W) ()2 — y))dzdy + constant

We are going to ignore the constant term. If we had used a normal ordered
quadratic interaction the constant term would not be there. Pluging in our
choice of z the result is of the same form as the interaction we started with
except that k() is replaced by 22*9k(2x). In momentum space this is the
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same as replacing k(p) by 22k(p/2). The local quadratic interaction is ob-
tained here by taking k(x) to be a delta function. Then k is a constant
function and is trivially an eigenvector for the map

k(p) — 2%k(p/2)

with eigenvalue 22 as we saw before. Any monomial in the components
of p will be an eigenfunction of this map with eigenvalue 22 — m where
m is the degree of the monomial. If k(x) is rotationally invariant, then
k(p) will be as well. The lowest order rotationally invariant nonconstant
monomial is |p|?. Its eigenvalue is 1. But this interaction is nothing but
our old friend V¢(z)?. All the other rotationally invariant monomials have
m > 2 and so an eigenvalue less than 1. We have only considered quadratic
functions of the field. Higher order monomials in the field can be treated in
the same way. From the above we can see that the eigenvalues of the nonlocal
interactions will be of the form 27" times the eigenvalue of the corresponding
local interaction. Thus when the local ¢* interaction has eigenvalue less than
1,i.e., when d > 4 the nonlocal ¢* interactions will have eigenvalues less than
1.

Monomials in p in momentum space correspond to derivatives of the delta
function back in position space. This is not the typical sort of nonlocal in-
teraction that arises in perturbation theoretic implementations of the RG.
Interactions of the form [ [ ¢(2)¢(y)k(x — y)drdy where k(z) is a nice func-
tion with rapid decay are what we will encounter. For a proper treatment
of these nonlocal interactions we need to introduce a proper space of inter-
actions, i.e., define a norm, and study the linearized RG map on this space.
This has been done rigorously in some models. The only remarks we will
make here it that while it is nice to obtain eigenfunctions and eigenvalues as
we did in the above highly formal calculation, there is no reason this is will
happen when we work in a proper space of interactions. The spectrum make
be continuous, etc. However, this is not a problem apriori. All we really
want to know is that when we remove a finite number of directions from the
linearized map corresponding to the eigenvalues greater than or equal to one,
the remainder of the map is a contraction.

We end this section with some of the standard buzz words in renormal-
ization group. Interactions that have an eigenvalue greater than one are said
to be “relevant”, while those with eigenvalue less than one are said to be
“irrelevant.” It is also possible to have an eigenvalue equal to one. Such
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an interaction is said to be “marginal.” For example, ¢* is marginal in four
dimensions. V¢? is marginal in all dimensions, but this is just a reflection
of a trivial symmetry in the model. Nontrivial marginal operators like ¢* in
d = 4 are interesting since they typically produce logarithmic corrections to
the power law divergences of various quantities at the critical point. We will
return to this later.

Exercises:

1 (this is a straightforward) The renormalization group transformation of
this section split momentum space into |k| < 1 and % < |k| < 1. We could
just have well split it into |k| < 1/l and 1/l < |k| < 1 for any [ greater
than 1. Repeat the calculations of this section for this transformation. The
eigenvalues of the linearization will be different. However, you should still
find that the quartic term changes stability at d = 4. This transformation
rescales lengths by a factor of [, so to find yr we should write the eigenvalue
of the quadratic interaction as Y. The yr you find should not depend on [
and so should be the value we found, namely 2.

7.5 A Non-gaussian fixed point

We now turn our attention to d < 4. We saw in the last section that in the
space of even interactions the Gaussian fixed point has unstable directions
in addition to the always unstable ¢? interaction. So we do not expect the
Gaussian fixed point to describe the critical behavior anymore and we should
look for a new non-Gaussian fixed point. The method for doing this is known
as the e-expansion. e is defined to be 4 — d. The idea is that if d < 4 and €
is small, then the non-Gaussian fixed point should be close to the Gaussian
fixed point. So we can try to compute it by perturbation theory around
V = 0. Of course, the model is only defined for integer d, so to take e small
we will need to extend the definition to noninteger dimension. To the lowest
order in € this is easy. The eigenvalues we found depend on d in a way that
immediately generalizes to noninteger d. (Mathematically this doesn’t make
any sense. Given a function defined on the integers there is no unique way to
extend in to noninteger values.) At higher orders in € the game is the same
although the functions of d that appear are more complicated. For example
integrals in momemtum space will produce the surface area of the sphere
in d dimensions. There is a formula for this which contains among other
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things the gamma function with the dimension entering in the argument.
The gamma function is defined for noninteger values.

As we said above, even if we start with a simple interaction like [ ¢(x)?*,
the new interaction V'’ will contain all sorts of terms including higher powers
of ¢ and nonlocal terms. The nice thing about the e expansion is that to
lowest order in ¢, the fixed point will only contain local quadratic and quartic
terms. (This is not obvious apriori.) The RG map to lowest order in e will
be a map in a space of only two parameters. The calculations needed are
somewhat involved. In the end many of the terms don’t matter. We are going
to first do the calculation by assuming that various terms can be neglected
because they are higher order in e. We will later go back and try to justify
this.

We will compute V' by doing perturbation theory around V' = 0. For-
mally we obtain this perturbation theory as follows. We introduce a param-
eter ¢ in front of V' and then use (3) to compute V' as a power series in t.
Vi=Vit+ Vot? + - -

1 dr

Vi = = drelimalos [ expl—tV (=7 0(w/2) + 6u(a)ld,

Of course the first term in the expansion just gives the linearization we
considered before and it cannot produce a non-Gaussian fixed point by itself.
We will need the first two terms in this expansion.

Vi= /V(z_1¢(x/2) + ¢s())dps

R / expl—tV ("1 (2/2) + 6u(x))]dis (4)
L 1d VET/2) o) expltV (/) + )l
24" Jexpl—tV (= 10 (2/2) + 60 () ds \

- / VA /2) + 6u(@)di+ / V(= "(/2) + a(x)) A8}

taking the log removes the connected diagrams
As we said before, our computation to lowest order in € will take place
in a two dimensional space of interactions — a local quadratic interaction
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and a local quartic interaction. We can put the quadratic interaction in the
covariance. So we consider a covariance of the form

C(k) = (K + a)x(|k| < 1)
and a V of the form
V= )\/gf)(x)4da:

We leave it as an easy calculation for the reader to check that the renormal-
ized covariance is

C'(k) = (K + da)x(Jk] < 1)

However, this does not mean that the renormalized a is simply 4a. The
renormalized V' will contains a quadratic term and we must move this term
into the covariance. We will denote the renormalized a and A by a’ and \'.
So far we have

a’ = 4a+ terms to be computed

AN = terms to be computed

The linear term [ V(27 '4(2/2) 4 ¢(x))dps is easy to compute. Keeping
in mind that the integral of an odd power of ¢, vanishes, it is

[ Viata) + o = [ o [l + o) 'dn.
= [ dr [loa) + 60aP 6,0 + 0.0
~ ) / deldi(z)* + 661(x)°Co(, ) + 3Cs(w, 2)7]
~ / de~hp(z/2) + 62~ 20(x/2)2C,(x, ) + 3Cs(x, 7))

= )\/dw[z42dw(w)4 + 627 22%)(2)*Cy (22, 22) + 30, (z, 1)?]

In the last equation we did a change of variables in the x integral. The last
term in the above is just a constant and can be thrown out. The coeffecient of
the ¢* term is \z742¢ = 2474 = 2¢. The coeffecient of the v? term contains
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Cs(2z,2z) = (C4(0,0). It is crucial to note that this depends on a. This
quantity is given by an integral in momentum space. We define

1 1
Alq) — - -
(@) = C0.0) = 5 / T

2

Then the coeffecient of the 2 term is 627222A(a)\ = 24A(a)\. We need to
move this term into the covariance. The weight for the Gaussian measure
contains —%C’*l. There is also a minus sign in front of V' in the exponential,
so this term contributes 48A(a)\ to the renormalized a. We now have

a = 4a+ 48A(a)\ + terms to be computed
AN = 2°A+ terms to be computed

Next we consider the second order terms in the perturbation theory,i.e.,
V5. We must compute

1

—5 [ Ve + o+ 51 [ Vi) + 6

This will contain a variety of terms including terms that are sixth and eighth
order in . We will ignore these terms and only compute the second and
fourth order terms. Eq. (6) for V5 contains two terms. The first term
involves the integral

/ (61(2) + 65 (@) [An(y) + b0 (9)]*dus

When we expand this out, the terms that are fourth order in ¢; are

¢l(y>4/¢s(x)4d,us+¢l(x)4/¢s(y>4d,us+36¢l(x)2¢l(y)2/¢s(x>2¢s(y>2d,us
116¢1(2)n(y)? / a2 () dpts + 1661(2)*b1(1) / 0s(2)65 (9)d,

Now consider the second term in V5.

[160)+ @ [16:0) +outo)d
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The terms in this that are fourth order in 1 are

¢l(y>4/¢s(x>4d,us+¢l(x)4/¢s(y>4d,us+36¢l(x)2¢l(y)2/¢s(x)2ﬂs /¢s(y)2dﬂs
+16¢l(x)¢l(y>3/¢s(x)3dﬂs/¢s(y>dﬂs+16¢l(x>3¢l(y)/d)s(x)d,us /¢s(y)3dﬂs

Some of these terms just cancel a term in the previous mess. We find

5 [P+ @i+ 5[ Viate) + 6w du

- —%)\2 / d / dy[36¢1(z)2 i ()2 / Os () s (y) dps — / s () dpss / s (y) dps)

+32¢1(2) i (y)? / ds(x) s () dpss]

The last term comes from combining two terms using the symmetry in x
and y. The integrals are just integrals of polynomials in ¢, which are easily

computed.

/ ¢s(2)%0s(y) dps — / ¢s(2)*dps / bs(y)*dps = 2C,(,y)?
/ 64(2)*0(y)dps = 3C, (2, 2)Co(z, y)

Note that both of these answers decay exponentially fast as |z —y| grows. So
even though we are obtaining nonlocal interactions, e.g., terms like ¢;(x)?¢;(y)?
rather than ¢;(z)?*, they are not too badly nonlocal. We now cheat and re-

place our nonlocal interactions by local ones, i.e.,

o(@)o(y)? — dilx)?
w(@)o(y)® = du(x)*

(We will justify this later.) This yields
1 1
~3% [ VEae) + @i+ 51 [ V(@) + oula)dn?

- / da / dy[366,(x) 120, (. y)? + 321(2)'3C, (2, 2)C, (x, y)]
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The second term contains [ dyCy(z,y) = C4(0) = 0. For the first term we
define

B(a) = /dyCS(O’y)2 - (271r)d /és(k)Qdk = @ /—<k|§1 mdk

2=

Then we are left with
—36B(a)\? / dxdy(x)* = —36B(a) / drz (2 )2)* T2\
= —36B(a)z_42d/\2/dm/)(x)4 = —363(@)26)\2/dx¢(x)4

We now have

d = 4a+ 48A(a)X + terms to be computed
N = 20 —36B(a)2°)\?

So far we have only computed the contribution of the second order per-
turbation theory to the quartic part of V'. We are neglecting higher powers
of 1, but we still need to compute the quadratic part. It will turn out that
this part will not matter to lowest order in €. The contribution to a’ will
obviously contain a factor of A\?, so we will merely include a O(\?) in our
equations.

d = 4da+48A(a)\+ O(\?)
N = 2°A —36B(a)2°\?

This may seem a bit puzzling. We went to a lot of trouble to compute the
O()\?) term in )\, but we are not bothering to compute the corresponding
term in a’. The reason will become apparent in a moment when we look for
a fixed point of the above equations.

The next step is to look for a fixed point of our renormalization group
equations (7). So we want a solution of

a = da+48A(a)X +O(\?)

A = 20 —36B(a)2°)\?
Since € is small, 2¢ ~ 1 + elog 2. In the A? term in the second equation we
might as well replace 2° by 1 and B(a) by B(0). Thus the second equation

becomes
0 = ellog2 — 36B(0)\?
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Denoting the fixed point by a*, \*, we have

., €log?2

~ 368(0)

Plugging this into the first equation we have

4 A(a)
a=4a+ —€elog2—-= + O()\?
The O(N?) term is O(e?) and so contributes to a only at second order in e.
We can also take a = 0 in the functions A(a) and B(a) since the resulting
error in the equation is second order in €. Thus we find
4 A(0)
a* = ——elog2——=
9° ®“B(0)
Now we see the crucial difference between the a and A\ equations. The linear
part of the A equation is X' = (1+elog2) . So the total factor in front of the
A is elog 2 and to find A\* to first order in € we must include terms of second
order in €2 in this equation. In the a equation the factor in front of a ends
up being just 3, so a is determined by the other terms in the equation that
are first order in e.

Having found a nontrivial fixed point we compute the linearization of
our two parameter RG map about it. This just amounts to computing the
Jacobian of (7). We only need to keep terms up to first order in e.

oa’

oa’'

— = 48A

oy~ 48 (0)
oN
%—0

oN
— =1 log2 — 728
B\ +elog2 — 72B(0)A

Thus the two by two matrix for the linearization will be upper triangular
(or lower triangular 77) and so the eigenvalues are just the diagonal entries.
At the fixed point the diagonal entries are 4 + %elog 2‘2}7(8)) and 1 — elog2.

When ¢ = 0 they are 4 and 1 as they should be. For € > 0, the smaller
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eigenvalue goes below 1 so our new non-Gaussian fixed point has only one
unstable direction. We leave it as an exercise to compute that ET(OO)) = —1.
Thus the eigenvalue greater than one is 4 — %e log 2. Setting this equal to 2Y7

we find (to first order in €),

1
yr =2 — §€
and so
1 1 N 1
v=—=—+ —¢€
yr 2 12
We can compute a second critical exponent using yr,
d 4 — 1
a=2——=2— 16:—6
yr 2 — 56 6

So far we have only considered even interactions. By considering odd
interactions as well we can compute y, to first order in e. We leave this as
an exercise for the reader. One finds that y, = 3 — ¢/2 and so

= 1+1
1 1
= — — —¢
2 0

0 = 3+e¢

In our search for a non-Gaussian fixed point we used the same choice
of z (z = 214=2/2) then we did for the Gaussian fixed point. This was not
justified. We should have expected to need a different rescaling of the field in
order to obtain a non-Gaussian fixed point. The fact that this choice worked
implies that the correct choice of z is the same as the Gaussian one to first
order in €. This implies something about the critical exponent 1. Recall that
1 describes the power law decay of the correlation function at the critical

point.
c

|z — y| 2t

< o(x)o(y) >~

where < > denotes expectation with respect to the probability measure
Z e V@ dyu. We need to study the behavior of the correlation function <
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qb( )é(y) > under the renormalization group transformation We have ¢(z) =
ds(x) + z7'(%£) and every measure in sight is an even measure, so

— X Yy
< 9()0ly) >=< du()uly) > +27 < (5 )(Y) > (7
The first term should decay exponentiall in z—y since the covariance of ¢,(x)
does. (This is a bit subtle. We need to be sure there is nothing in V' which
will introduce small momenta.) Now

<v(yl)>=2- //ﬁ L) expl—V (9u(x) + =~ (3) s

where y' is the measure for the process ©. (So p’ is y; except for some
rescaling.) Doing the du; integral first and keeping in mind the definition of
V' we have

<o) >= 27 [ GG expl-V @)l =< v(Z)u(d) >

where < >’ denotes expectation with respect to the probability measure
2z le=V"dy!. If we are at a fixed point

’ C
~ |2 — ¥[d2tn
2 2

Thus (7) can hold only if 27224727 = 1. Since z = 2(*~2/2 this implies that
1n = 0 to first order in e.

We end this section by going back and justifying the various terms that
we threw out in our derivation of the renormalization group equations to
first order in e. We are not going to prove anything, but will instead give
a self consistency argument. We assume that the only terms in the fixed
point to first order in € are those that we have already found. We then
argue that the neglected terms will not change this fixed point to first order
in e. The equation for \ is special because the eigenvalue associated with
¢* is close to 1. The fixed point value of )\ is determined by the terms of
order O(€?) in the equation. We have already computed everything that can
contribute from the second order terms in the perturbation theory. Higher
order terms in the perturbation theory do not contribute to second order in
€. There are however terms from the first order in perturbation theory that
might contribute. For example, the terms [ ¢°(z)dz and [ ¢®(x)dz could
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have O(e?) coeffecients and these terms will contribute to A in first order
perturbation theory.

We claim that in fact the [ ¢%(z)dx term is O(€®). The only contribution
to ¢%(x) that is O(€?) comes from second order perturbation theory. By
calculations similar to the above we find that the only nonzero term is

/ di / dyoi (@) 63 (y) / 0s(2)0(y)dpts = / dx / dy6 (@) 63 (y)Ci (i, y)

The local part of this is [ dz¢f(z) [ dyCs(z,y), and we have already seen
that

[ dyCs(x,y) = 0. Thus there are no O(e?) contributions to the local ¢°(x)
interaction.

The only potential O(e®) contribution to the local ¢® interaction is from
second order perturbation theory This contribution is in fact zero since it

The basic idea behind the ¢ expansion is that when € is small the non-
Gaussian fixed point is very close to being Gaussian. Thus it may be studied
by expansions around Gaussian measures. This strategy applies in a lot of
other setting. For example instead of the Ising model we can consider a model
in which the spin at each site takes values on the n — 1 dimensional sphere.
This is often called the O(n) model since that is the relevant symmetry group.
The field theory analog is to replace ¢(z) by a vector of fields ¢4 (x), - - -, ¢, ().
The critical exponents of this model depend on n as well as the dimension d.
There is again a Gaussian fixed point and it becomes unstable in less than
four dimensions for all n. The non-Gaussian fixed point that describes the
critical theory for d < 4 is close to being Gaussian when n is large. Thus one
can take d = 3 and do a “1/n” expansion in lieu of the e expansion.

Another model which has an e expansion without going to noninteger
dimensions is the Ising model with a power law interaction. The Hamiltonian

is of the form oo
005
0= Z i — j|dte

where p is a parameter. A slowly decaymg interaction is like putting the
nearest neighbor model in higher dimensions. If p < d/2 then a Gaussian
fixed point describes the critical phenomena. For p > d/2 a non-Gaussian
fixed point takes over. Ome can then use ¢ = p — d/2 as an expansion
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parameter. (Note: the Gaussian fixed point here is not 1/k* but rather 1/k

Exercises:

1 Show that % = —1.

2 This is a continuation of exercise 1 from the previous section. Split the
momenta into |k| < 1/l and 1/l < |k| < 1 where [ > 1. The calculations in
this section used [ = % Repeat these calculations for general [. In particular
compute yr to first order in €. The answer should be [ independent and equal
to the result we got in this section.

3 Compute the result of applying the linearized RG transformation to the
interaction [ ¢(z). You should find that y, = 3 — ¢/2. Show that this leads
to the results given for (3,9 and ~.
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