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Preface

The different sections are inspired by various references, in particular (but not exclusively): Section 1 by
[43, 28], Section 2 by [43, 6, 5, 30], Section 3 by [8, 21, 28], Section 4 by [11, 27], Section 5 by [2, 23],
Section 6 by [2, 20, 19].

Warning: These notes are in progress and change from week to week. They are likely to contain errors!
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1 Introduction

Spin systems are collections of many random vectors, spins, associated to the vertices of a graph, and
typically with locally specified dependence. They were invented as simple models for ferromagnetism, but
have now become fundamental models for phase transitions, of which many aspects can be understood
rather well. Part of the fascination of the subject results from their rich structure and the many different
tools that have turned out useful in their study, and also from their connections to other areas such as
quantum field theory.

1.1 Spin systems

Spin systems are formulated on graphs (which will always be simple undirected graphs). Thus a graph
G = (V, E) is given by a vertex set V' and a set of edges F which are subsets of V' with two elements.

Definition 1.1 (Spin system on finite graph). Let G be a finite graph, and n > 0 an integer. Let i be a
finite positive measure on R™ with fet‘s‘Qu(ds) < oo for any t > 0. The spin system on G with spin-spin
coupling J = (J.) € RY, single spin measure p, and external field h = (h,) € (R™)V is the probability

measure 1
P(dp) = e 10V (dyp) (1.1)

where

H(p)=— > Jaylz-0y) = > ha* Pa. (1.2)

zyeE veV

The expectation with respect to P is written as (-), and we sometimes denote the support of u by Q C R™.
We write the covariance (or truncated expectation) as (F';G) = (FG) — (F){(G).

The graph of primary interest for spin systems is the infinite graph Z? and its finite approximations.
The definition on infinite graphs is more subtle, and requires the specification of boundary conditions. For
any subset A C Z9, the outer (vertex) boundary is defined by

ON ={x € Z*\ A : z ~y for some y € A}, (1.3)
where 2 ~ y denotes that zy € E. The closure of A is A = A U OA.

Definition 1.2 (Gibbs measures). (a) Given A C Z% finite, the spin system on A with boundary condi-
tion w € (R™) is the probability measure (finite volume Gibbs measure)

1 _ _
Prw(dgp) = e H(@) 1,20 (dy), (1.4)

where @, = p, for x € A and @, = w, for x € OA, and H is defined by (1.2) with G replaced by A.

(b) A probability measure P on (R™)%" is an infinite volume spin system on Z¢ (infinite volume Gibbs
measure) if for all finite A C Z¢ and P-almost every ¢|gn, it obeys the DLR condition

P(l@lon) = Pa,gloy (-)- (1.5)

In practice, the study of infinite volume Gibbs measures requires study of their finite approximations,
with sufficient uniformity in A and the boundary conditions. Throughout the course, we almost exclusively
focus on methods to study finite volume Gibbs measures. Moreover, a particularly useful approximation
of Z¢ that is not exactly an example of the above definition is the torus T¢, = Z¢/mZ?.



Remark 1.3. (a) The assumption J > 0 means that the spin system is ferromagnetic; antiferromagnetic
spin systems, for which J < 0, are also of interest, but this is a different story.

(b) In more generality, the single spin measure ;1 might be space dependent, i.e., i is replaced by measures
tg. By replacing p(ds) by pg.(ds) = eXy~e Jzy‘sPu(ds), one can then replace the interaction part of the
Hamiltonian by the (discrete) Dirichlet energy since

=Y Tl o) =5 O e el + 30 (3 ) el (16)

zyeE zyelR zeV y~w
The second can on the right-hand side is irrelevant if |p,| is constant (which is the case for the O(n)
models; see below), and can otherwise be included in the single spin measure(s).

(c) It is customary to include a parameter 5 > 0 (inverse temperature) in (1.4), but we will usually omit
it. It can either be included in J or (by rescaling the field) in the single spin measure.

1.2 Models

O(n) symmetric models. The following are important examples of spin systems with O(n) symmetry.

(a) In the O(n) model, p is the surface measure on the unit sphere in R” and J is constant, i.e., J. = (.
Equivalently, by rescaling, it is given by the surface measure on the n-sphere of radius /3 and with J = 1.

For n = 1,2,3, the O(n) model is known as the Ising (n = 1), XY or rotator model (n = 2), and classical
Heisenberg model, respectively. For example, the Ising model is given by

Jwy = Ba :u(d()p) = 5—1(d90) + 5+1(d90)a (ﬁ > 0)7 (17)
or (after rescaling)
=1, pldp) = 6_s5(dg) + 6, 5(dg), (B> 0). (1.8)
For the O(n) models, it is customary to denote the spin variable by o (with |o| = 1).

(b) The Gaussian model, or Gaussian Free Field, is given by the probability measure
_ 1 s 1 2 1 o 2
P(dp) = —e %W dp,  S(p) = 2;, 0o =y f* + 5m zx: oz l?, (1.9)

where dy on the right-hand side denotes the Lebesgue measure on RV and m > 0 is called the mass. This
is a spin system with single spin measure

Toy =1, pa(dp) = e~ rtamilel gy, (1.10)

where J, =)
(¢) The Ginzburg-Landau-Wilson |o|* model is given by the probability measure

Ty-

Yy~

1 _ 1 1 1
P(dy) = Ee S(e) dp, S(p) = ) Z |z — ¢y‘2 + Z <2V|¢x‘2 + 4g|90x’4) : (1.11)

T~y T

where g > 0 and v € R. It is a spin system with single spin measure

Toy =1, paldg) = e a0l =Utamlel gy, (112)



u(t)

In general, if the single spin measure p is absolutely continuous with some density e~ with respect

to the Lebesgue measure on (RY)", we also write the spin measure as
1 —5()
P(dp) = Z¢ ) dp, (1.13)

where dy is the n|V|-dimensional Lebesgue measure on (RY)" and
S(p) = H(p) + U(). (1.14)

Potts models. The Potts models are examples of spin models with discrete symmetry.
(a) Let 91, ... 99 in R9~! be ¢ unit vectors with

c o1 =)
99 {q_ll Y (1.15)

The g-state Potts model is given by u the uniform measure on 9, ..., 9%, Identifying o, € {9, ..., 99}
with o, € {1,..., ¢}, the energy becomes

1
- Z Jzy Pg - (py Z ny Ox=0y ﬁlaz;ﬁoy) = - Z %nyloxzoy Z Jacy 1 16

Since the second term is a constant, and rescaling J to K = (¢/(¢ — 1))J, the Hamiltonian can also be
represented as

Y Kyl (1.17)
ry

(b) The Zg-clock Potts model is given by single-spin measure the uniform measure on Z, C S L

Exercise 1.4. Show that the |p|* model interpolates between the O(n) model and the Gaussian model in
the sense that, on any finite graph, the probability measures of the O(n) model and the Gaussian model
are limits of that of the |p|* model.

Exercise 1.5. Interpret the Ising model as a lattice gas.

1.3 Mean field theory for the Ising model

Most of the course will focus on the study of spin systems on approximations to Z¢. However, to get
some intuition, we first consider mean field theory, which is obtained by replacing the spin ¢ by its mean

m =m(p) ]V| Z(pm (1.18)
zeV
Then the interaction becomes
BIv| 1 1 8 2
- ijySocz:(Py ~ _Tmz¢mm Z@y = _§‘V’|m’27 ﬁ = W ZJ$Z/7 (1'19)
Ty T Y Ty
1 1

—th-%w—|V|h-m§jsox=—|vrh-m, hzmzhz. (1.20)



This is equivalent to a spin model on the complete graph on N = |V| vertices with J,, = 3/N for all z,y
and h, = h for all . (The complete graph K consists of N vertices with all possible edges between the
vertices.) Thus mean field theory is given by G = Ky with interaction Jg, = §/N for all z,y € [N] and
hy = h for all z € [N], i.e.,

Hy(p) = —gﬁ]mp — Nh-m. (1.21)

Much is exactly computable in mean field theory and provides intuition for the general case.
In the remainder of this section, we study the mean field Ising model, the Curie-—Weiss model. Then
the possible values that m can assume are

2 4
=4-1,— —, = —, ...+ 1.22
MN { 17 1+N7 1+N7 7+}7 ( )

and each of these values of m, the number of x such that ¢, = 41 is HTmN , which means that the number

of possible configurations ¢ with m(¢) = m is

(1.23)

Thus:

Z _ Z N' e%ﬁm2+th — Z e*NfB,h(m)“FO(N) (124)

(5N N)!

meMn meMy

where, using Stirling’s formula, logn! = n(logn — 1) + o(n),

fan(m) = <—§m2 - hm> - (—1 Zm log Ltm _1-m log - m) = —hm + fg(m). (1.25)

2 2 2
energy ent;;py
Proposition 1.6.
1
lim —logZy = — i = hm — . 1.26
o ylogZy == min fan(m)= max (hm = fz(m)) (1.26)

Proof. Let mg be an absolute minimum of f. Since f is continuous,

min f(m) = f(mp) +0(1), as N — oc. (1.27)
mEMN

Therefore

Zy = e Nf(mo) Z e~ N(f(m)—f(mo))+o(N) (1.28)
meMpn

and since

() < Z e~ N(f(m)—f(mo))+o(N) < NeoWV) < eo(N) (1.29)
meMpn

the claim follows. O

Exercise 1.7. For any interval J C [—1, 1] show that the magnetization concentrates around the minima
of f, in the sense that

meJ me[—1,1]

Pr (zlv§awe‘]>‘e_w”°““7 1() = min f(m) = min f(m). (1:30)



Proposition 1.8. The local minima of fg, satisfy the self-consistent equation
m = tanh(fm + h), me (—1,1). (1.31)

Let . =1. Then

(a) For B < B, the function fgp has one absolute minimum mo(B3,h), and my(B,0) = 0.

(b) For B> B. and h =0, the function fgo has two absolute minima £mg(53,0).

(c) For B> B. and h # 0, the function fgp has one absolute minimum mo(B,h) # 0, and mo(B,04) =
—mo(5,0-).

Proof.

f'(m)=—Bm —h+ %bg % = —(Bm + h) + artanh(m) (1.32)

Since f’(m) — £oo as m — %1 the minima lie in (-1, 1) and obey f/(m) = 0. The rest is an exercise. [

Two important observables for spin systems are the (mean) magnetisation and the (magnetic) sus-
ceptibility, defined respectively by

. 1 . 1
M = lim m Z<@x>a x = lim m Z (@5 Py), (1.33)
zeV

Vi— V]—
V=00 Viseo [V 2=,

defined along a suitable sequence of graphs (and possibly boundary conditions), and regarded as functions
of the parameters of the Hamiltonian, here (3, h).

Exercise 1.9. Show that for (8, h) # (8¢, 0), it holds that

o .. 1 |
It follows that
0 , om 0
__ 9 _ om0 — 1.
M = == fs.1(mo(B, 1)) f.n(mo) o (%fﬁ,h(mo) mo(B, h) (1.35)
0
For the susceptibility, note that 0 = f5 ;, (mo(5, h)) implies
0= =0y nmalB )+ (o8, 1)) 20 (1.36)
= Ohom ! PO )T g JERIMONT ) "5y '
~ ~
1 X
and therefore 1 1
= = . 1.37
X T mo(BR) B+ (1 mo(B, )] (137
Proposition 1.10 (Critical exponents). (a) The magnetisation obeys
0
wM(p0,)] "0 (9= 0 (1.38)
= O (5 > BC)v
and )
M(/Bv 0+) ~ C(/B - 56)5 (6 { BC) (139)



(b) The susceptibility is finite for B # B, and (Curie-Weiss law)

X(8,0) ~ Cx|B = Be| ™t (B — Be — £0). (1.40)

Proof. (a) tanh(z) = z — 323 + o(2®) and mg(3,04) — 0 as B — 3. implies

mo(B,04) = tanh(Bm(B,04)) = Bmo(B,04) — %(ﬁmo(ﬁ, 04)) + o(Bmo(B,04))? (1.41)

and therefore )
(8~ 1ym = < (8m)° + o(Bm)°. (1.42)

The claim follows by dividing by m/3 and taking the square root.

(b)

1 1 1
R R (A B B (1.43)
1 1 1
X B+ (1-3(B-1))"1 i B+3(8-1) 2(8-8) (B> Be), (1.44)
as claimed. .

Much of the theory of phase transition concerns proving similar results for Z?, and understanding the
behaviour of the system. Spin systems are a paradigm for other systems that undergo phase transitions.

The problem can roughly be divided into the high temperature regime (8 < 1 or v < 0), the low
temperature regime, as well as the critical temperature and its approach. The regime that is by far easiest
to understand is the high temperature (or phase uniqueness) regime. The low temperature regime is well
understood for the Ising model, and should be similar for models with discrete symmetry (n = 1), but
is much more difficult to understand for n > 1 (and many aspects are open). The abelian case n = 2 is
more tractable than the nonabelian case n > 3 (which includes the Heisenberg model).

The critical point has the most delicate and most interesting behaviour. However, even is uniqueness
is rather nontrivial and in general not known (it is a priori conceivable that high and low temperature
phases alternate in some way, though it is highly unplausible). The exponents % and 1 in (1.39) and (1.40)
are examples of critical exponents. They characterize the shape of the phase diagram, and are believed
to be universal with very general scope. For example, experimentally, certain fluids should are found to
have the same exponents as spin models. The universality of phase transitions is open except in special
cases.

1.4 Mean field theory by Hubbard—Stranonovich transform

Exercise 1.11. Compute the Laplace transform of the standard Gaussian measure:
142 1 /OO 7lx2+tx
et = —— e 2 dx. 1.45
el A (1.45)
This implies

n/2
o= H(®) _ o3n Xuy reyth Y, 0n _ <W> / e~ 3 NBY W) Xp 0 ) (1.46)
2 n ’ '



and thus

n/2 N
7 — /e—H(U) p®H (dyp) = (52]7:-[> /ne—éNﬁlﬁz </ H e(wﬂ"'h)'%;a@]v(d(p)) i, (1.47)
=1

H;vazl [ e(@B+h)s (ds)=eNv(¥B+h)

with the definition e?® = [e¥*(ds). (For example, for the Ising model, ¢"¥) = 2cosh(y).) Therefore
the partition function is equal to the integral

n/2
2=(52) [, s =36 - o+ n), (1.49)
2 n 2

Theorem 1.12 (Laplace’s Principle). Let S : R” — R be continuous and bounded below, and assume
that {1 € R™ : S(¢) < min S + 1} is compact and that fe_S dy < co.

(a) For any bounded continuous f : R™ — Ry with f(1g) # 0 for some 1y with S(1pp) = min S, we have

/ F@)e W) dp = e~tminStolt) (3 o0). (1.49)

(b) Assume that S is in C? and has a unique global minimum at 1g. Then for any bounded continuous

f:R™ = R with f(vg) # 0, we have

/mmﬁww:¢mﬁﬁhmmmemem,@e@. (1.50)

Proof. Assume without loss of generality that min .S = S(0). First, it suffices to show the claim with the
integral replaced by the integral over K = [—d,6]™ with arbitrary 6 > 0. Indeed, since S is continuous
and {¢ : S(¢) <min S + 1} is compact, there is @ > 0 such that S(¢) > S(0) + « for ¢ ¢ K. Thus

] Flp)e oW dw' < [ fllace™ (DO / =S dyp = O (7500t (1.51)
KC

which is smaller than the right-hand sides.

(a) Clearly, for any compact K, we have

/K F)e™ W dy < | floo| K [e7 05 = o7t minSTOW), (1.52)
On the other, if we choose § > 0 sufficiently small that for ¢y € K we have
S() <minS e, f(8) > 3 I, (1.5
it follows that
F)e W) gy > %f(woﬂK’e—t(minS—l—a) _ o—t(minS+e)+O(1) (1.54)

K
The claim follows since € > 0 is arbitrary.

(b) Choose 6 > 0 such that for ¢» € K we have

IV2S(0) = V2S(y)| < e, [f(0) = f(¥) <. (1.55)



Then

J 27
—tS(Y) Johy < ... < i) (O O — .
| e an << (10 + 9SO [ (1.56)
Since Jis
d —tx2 d t _y2 dy
fgje o f‘o‘{f‘s ~ 7 51 ast o oo, (1.57)
[Z et de [T eV dy
similarly
) 27
S gy > > (1 1 _g)e SO [ T 1.
[ @S a0 > 2 (1 o)) (1(0) = eSO [ (159)
as claimed. O
Using Laplace’s Principle, we can now study (1.48). Clearly,
S() = §B8¢°* —v(yB + h), (1.59)
VS(@) = By — BVu(YB + h), (1.60)
V2S(¥) = B — B2Vu(4f + h). (1.61)
Example 1.13. For the Ising model, we have
1
o / o _ " _
U(:l/) - IOg COSh(y) + 10g27 v (y) - tanh(y) € [ 17 1]7 v (y) COSh(t)Z € (07 1] (162)

In particular, S is strictly uniformly convex if 8 > (2, i.e., if 8 < 1; see Proposition 1.8.

Exercise 1.14. Assume that p is non-degenerate and fec|s|2,u(ds) < 00. Then V?u(y) is strictly positive
definite for each y, and Vu(y) is bounded in y. Compute the critical temperature for the mean field O(n)
model.

Sketch. The strict convexity follows from the fact that [V2v(y)](h, h) is the variance of s - h under the
probability e~ v®)+v:s u(ds) which by assumption always has more than one point in its support. Vu(y) is
the mean of s - h under e *®)+¥5;(ds) and therefore bounded. O

Since —V,S(¢) = Vu(¢¥f + h), the magnetization is given by

_ g 21 L IVRS@) e NS ay V(B + h) e VW) gy
M_]&grlm%ﬁlogz__]\/lgnoo fe_NS(w) dw _]\}EPOO fe—NS(w) d¢

(1.63)

Laplace’s Principle shows that M = Vu(of + h) if S has a global minimum at 9. Since then )y must
satisfy V.S(¢9) = 0 this gives g = Vo(¢of + h), and we again obtain a self-consistent equation for the
magnetization:

M =YVv(Mp+ h). (1.64)
Laplace’s Principle also implies
1 1
lim —logZy = —minS = ——BM? +v(BM + h), (1.65)
N—oo N 2

where the second inequality only holds if the global minimum is unique.
Let

e = Jnf, S(0) = sup (<510 + (30 +1). (1.66)

ER™ PER™

Then we have already shown the following proposition.



Proposition 1.15. For the mean field model with single spin measure u, it holds that

1
lim N log Zn = pur. (1.67)

N—oo

Exercise 1.16 (Kac model). Consider, say, the torus T%,, and spin-spin interaction

Tay = m ™~ n((z = y|)/m), (1.68)

model converges to the mean field pressure,
m~%log Z — pur (M — o0), (1.69)
with mean field model defined by 8 = [p4n(z) dz. The Kac model is essentially a mean field model.

The following proposition shows that mean field theory always provides a lower bound on the pressure.

Proposition 1.17 (Mean field bound for partition function). For any spin model on a graph, the partition
function is bounded below by

1
= log Z = pur, (1.70)
V]
with the mean field model defined by the same single spin measure and
ﬁ—lZJ h—iZh (1.71)
|V| ” TY» |V| - xT- .
Lemma 1.18.
1
par = sup (=500) + TSP, (1.72)
PERN B

Proof. Let T(1) = =S(¢) + 55|VS(¥)[*. Then

VT($) = ~VS() + ;vsw VES(4) = ~VS() + ;vsw (B~ BAVPu(yp + 1))

= —BVS() - V(Y5 + h)
= =2 = Vo(B + h)) - V2o(y8 + h). (1.73)

Now, by Exercise 1.14, V2v(y) is strictly positive definite for each y, and thus VT'(¢0) = 0 if and only if
VS(¢) = 0. Moreover, Vu(y) is bounded, and thus thus (¢ — Vu(5Y + h)) - u — oo if || — oo, for any
u € R", and VT - u < 0 outside a compact set. Thus T assumes its maximum in a compact set. ]

Lemma 1.19.

sup (—sw) T ;ﬁrvsw) ~ sup (vw) o) + SAITU()E + b ww) (1.74)

PeR™ PER™

Proof. Indeed, by direct computation,
VS = 82| = Vu(Bu + )P = B2(16 = 20 Vo(BY + h) + [Vu(Bv + W), (1.75)

9



and therefore
~5(6) + 55 VS = (36 + ) = B+ Vo(B6 + )+ 2BIVo(36 + b

=v(BY +h) = (B +h) - Vo(ByY +h) + %B!VU(W +h)[>+ k- Vo(By + h).
(1.76)

The claim now follows by replacing 8¢ + h by 2. O

Proof of Proposition 1.17 [}3]. For any F(p) > 0, since t — e’ is convex, Jensen’s inequality applied to
the measure F(¢)u®Y (dy) implies

log Z = log / o~ HO8F @) () 4=V (dip) > — / (H(9)F(9) + F(g)log F(9) u® (dg).  (L.77)

Let F(p) = [[,(e7*We¥¥=) for an arbitrary y € R™. Then since Vu(y) = [se @4V (ds) and
1= [e vW+ys y(ds), we have

- / H()F () 12V (dg) = / (Z Je(a o)+ 3 o %) F(o) u®Y (dg)

zyelE eV
= (Z ny) / (5 s)e " WHVay(ds) e WV, (Zh) / WYE(ds)
rzyck eV
1 2
(Z ny) Vo(y (Zh) — 1Al (2/3|w<y>| +h-w<y>>, (1.78)
zyel zeV
and
- / F(¢)log F(p) =-3 / Fo)(—v(y) + 3 - 0a) 1 (dp) = [Al(w(y) — - Vo(y)). (1.79)

Together we have

- [F (@) + P05 F@) i () = A (AT + 1 Tola) + (00) — - o))

(1.80)
Since y was arbitrary, by Lemmas 1.18-1.19, we obtain
1
o8 2 > |V sp (V0P + - F0) + (00) 5 Vo(w) ) = VI (151)
This was the claim. O

10



2 High temperature by inequalities

For sufficiently high temperature, there are various techniques to show that the spontaneous magnetization
(the limit of the magnetization as h | 0) vanishes, and that the correlation functions decay exponentially.
Due to its interpretation in quantum field theory, exponential decay of the two-point function is often
called a mass gap, and the rate of exponential decay is called the mass. In this section, we consider
non-expansion methods that are effective at high temperatures.

2.1 Preparation: Griffith/GKS inequalities

The is a zoo of correlation inequalities for ferromagnetic spin systems (J > 0), which are very useful for
their understanding. The number of available inequalities decreases with n, and this is one of the reasons
that in many respects n-component models with larger n become more difficult to study.

Notation. For any A C V x [n], where [n] = {1,...,n}, write

IT (2.1)

(z,a)EA

Moreover, we write J > 0 if J. > 0 for all e € E' (which we always assume), and similarly A > 0 if h$ > 0
for all z € V and a € [n] (which we do not always assume, but which is often a helpful assumption).

Proposition 2.1 (First Griffith/GKS inequality). Assume that the single spin measure p is O(n) invari-
ant, and that h > 0. Then for any A, it holds that

() = 0. (2.2)

Proof. Let A = {(x1,a1),...,(zx, ax)}. By expanding e #(#) (which can be justified by the assumption
that [ e u(ds) < oo for any t), it follows that

> 4 .
A) o Z ﬁ / (103:1 e Sogz <Z Ja:yS%SDy + Z hx@m) dgp) (23>
=0

x y7
For any rotation invariant single spin measure u on R", and any components a, ..., ag, it holds that
/s‘“ <o 8% pu(ds) =0, (2.4)

because the integral is 0 if any component appears an odd number of times, and is nonnegative otherwise.
This and J > 0 and h > 0 imply the claim. O

Proposition 2.2 (Second Griffith/GKS inequality for one-component spins). Let n = 1. Then for h > 0
and any A, B, it holds that

(e o%) > 0. (2.5)

In particular, () is increasing in each of the spin-spin couplings Jy, and in the h,. The same holds for
any Hamiltonian that is a polynomial in the spins with nonnegative coefficients.

)

Proof. Let ¢’ be an independent copy of ¢. Then

(0% 0%) = (" ~ o) (&P — 9P, (26)
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and

— H(p) — H(¢') = > Jay(patpy + 05f}) + halow + 0y). (2.7)
zy

By expanding the exponential, it suffices to prove
/H(wA + ) p®Y (dep) =V (dg') = 0, (2.8)
A
where the product ranges over a finite number of sets of vertices. By the identities
11/ ]‘ / / 1 / /
ab+ab:§(a+a)(b+b)+§(a—a)(b—b) (2.9)
1 1
ab—a't = §(a+a')(b—b’)+§(a—a’)(b+b'), (2.10)
the claim reduces to
/H(si s') p(ds) p(ds’) > 0. (2.11)

As a consequence, then

9 A A 0 A A
. (7)) = (¢75 paipy) o, (1) = (@7 ) (2.12)
and the claim about monotonicity follows immediately. O

The analysis of two-component spin system (such as the XY model) is often made possible by Fourier

analysis. In polar coordinates, o, = (7, cos 8,7, sin,) for h, = (hl,0,...,0) >0,
H(p Z JoyTaty (05 - 0y) Z he 04 = Z JgyTz1y cos(6 Z hlr, cosb,. (2.13)
xy

In particular, with r fixed, —H is positive definite on S', i.e., it has nonnegative Fourier coefficients. For
m € ZF and 6 € T* we abbreviate cos(m#) = cos(m16y + - - - + my0y).

Proposition 2.3 (First and second Griffith inequality for two-component spins; Ginibre inequalities).
Let n = 2 and assume that p is O(2)-invariant or that 0 is uniform on 2xlq]/q. Then for h = (h*,0) >0
and any a,b € 7V,

(cos(ab)) = 0, (cos(ab); cos(bB)) = 0. (2.14)

In particular, (cos(a®)) is increasing in J and h. The same holds for any Hamiltonian H that is negative
definite on (S1)V

Remark 2.4. Since
cos(mf)) cos(m’0) = %(cos((m +m/)0) + cos((m —m')h)), (2.15)

the inequalities (2.14) extend to any product of cosines with positive coefficients.

It does not seem to be known whether the second Griffith inequality holds for n > 3; see [47].

12



Proof [26]. For simplicity of notation, assume that r, = 1. Moreover, we only give the proof for O(2)
symmetry; the Z, case is analogous (but requires some care in the change of variables below).

First, for any m € ZV, one has (2r)™ [Ly €™’ df € {0,1}. This and cost = (e’ + e7'*) imply that
for any m € ZF, one also has the inequality

/ Hcos(m@) do > 0. (2.16)
TN

The first inequality in (2.14) follows from (2.16), expanding the exponential as

[e%¢] o0 F
it 1 vy >
e~ H(o) _ k§ :E(_H(U))k — k T < Jy cos(by — 0y) + ht oS 035) (2.17)
=0 =0 Ty T

and using (2.15) since all coefficients are by assumption nonnegative.
To show the second inequality in (2.14), denote by ¢’ and independent copy of o. Then

oo

o H(o)—H (") _ Z 7 (Z Ty cos(9 —0y) + cos(e’ —0 )) +pt Z(COS 0, + cos 0;))k

T

x Z H cos(mf) + cos(mb')), (2.18)

where the sum and product range over collections of m € Z~. Therefore, with some sequence of signs =+,
1
(cos(ab); cos(bh)) = §<(cos(a9) — cos(af'))(cos(b8) — cos(bd")))

x /T N /T NZH(cos(m(‘))icos(mG’))deG’. (2.19)

It remains to show that the right-hand side is nonnegative. Since

cos(m@) + cos(mb') = 2cos(m(0 + 6')/2) cos(m(6 — 6')/2) (2.20)
cos(m@) — cos(mb') = 2sin(m(0 + 6')/2) sin(m(6 — 6')/2), (2.21)

for any sequence of signs +, there exists F : TV — R such that
/ / H(cos(mﬂ) + cos(m;0')) dO do’ = / / F(0+0)/2)F((0—6)/2)dodd
TN JTN ;7 ™ JTN

/TN /TN B)dedf = (/TN F(a) da) >0, (2.22)

where we used the change of variables o = (6 + 6')/2 and 8 = (6 — 6')/2. O

Proposition 2.5 (FKG inequality). Let P be a probability measure on RN given by

1 _
P(dy) = Ee H(y) ,u®N(d<p) . (2.23)

with 0,0, H(p) < 0 whenever i # j. Then P is positively correlated, i.e., for all increasing functions
F,G:RN R,
(F;G)

Here F : RN — R is increasing if F(o) < F(¢') if o;

>0 (2.24)
< ¢l for alli.
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Proof [7]. The proof is by induction in N. For N = 1, denote by ¢ an independent copy of ¢. Then

1

(F:.G) = S {(Flp) = F(9))(G(p) = G(9))) 2 0, (2.25)

where the last inequality follows since F and G are increasing. Now assume the claim on RV ! and write
¢ = (¢, ¢on). Then

(FG) = ((FGlen)), (2.26)
where (-|¢n) is the conditional expectation on ¢y. The latter is proportional to e~ # (@ ¢n) &N =1)(g),
which clearly satisfies the hypothesis of the proposition. Thus, by the FKG inequality on RV 1,

(FG) = (FGlon)) = (Flen)(Glen))- (2.27)
Next, we show that (F|¢n) and (G|en) are increasing in ¢pn. Indeed,
0 OH OH OH
9 (Flon) = (—ZL Flon) + (Flon (- on) = (=22 Floy) > 0, 2.98
5o (Flon) = (5o Flon) + (Flond g -lon) = (- i Flen) 229

where we used that the assumption implies that —aa—HN is increasing in ¢’ and that the FKG inequality

holds for (-|¢n). Thus (F|en) and (G|en) are increasing on R, and the one-dimensional FKG inequality
implies that
(FG) = (Flon)(Glen)) = (Flon)) (Glon)) = (F){(G), (2.29)

which was the claim. O

2.2 Mean field bounds on correlations

Throughout this section, the single spin measure y is the surface measure on S”~! C R”. In particular, for
constant coupling J > 0, this is the O(n) model at inverse temperature J. Proposition 1.17 shows that the
partition function can always be estimated from below by the corresponding mean field approximation.
The goal now is to prove that if % Zy Jzy < 1 (the critical temperature of the mean field approximation)
then the model is in the high temperature phase, in the sense that:

(a) The spontaneous magnetization at h = 0 vanishes.

(b) There is a mass gap, i.e., there exists m > 0 such that (o, - o) < e”™4@Y),

Theorem 2.6. Consider the O(n)-model with n > 1 and general spin-spin couplings J.
(a) For constant external field h = (h,0,...,0),

1

1 1

(o3) < - E Jry(oy) + h. (2.30)
y
(b) For any x # z, for h =0,
1

11 11

(0,03) < - E Jry(oy03) - (2.31)
y

In fact, ifn =1, (a) holds with h replaced by tanh h < h, and (b) holds with J, replaced by tanh Jpy, < Jyy.

In particular, on the torus T¢, with translation invariant .J, by (a) the function m(h) = (ol);, obeys
m(h) < JMEm(h) + h where JMF = %Zy Jzy, and thus m(04) = 0 if JM < 1. Thus the spontaneous
magnetization vanishes. Morever, (b) implies that the two-point function decays exponentially if JMF < 1,

as shown by the following proposition and the fact that, by translation invariance and continuity, on the
torus the assumption JMF < 1 implies that (2.32) below holds for some > 0.

14



Proposition 2.7. Let d: V xV — [0,00) be a metric and assume that (2.31) holds. Assume further that

sgp % Z nye“d(x’y) <1 (2.32)
y
for some > 0. Then there exists m > 0 such that
(0, - 0y) < e md@), (2.33)
Proof [6]. Let a > 0 be such that
sgp % Zy: nye“d(x’y) =e (2.34)

Let X; be a discrete-time random walk with transition probability
1
P[Xi1 = y|X; = ] = = Jpyetdmv)tos, (2.35)
n

where o, > « is chosen such that the right-hand side is a probability distribution. Then the assumption
(2.31) implies

E[{0x,y,00)e % HIEX DX, = 2] = Z]P [Xe1 = y|X; = 2)(0.0.)e e rdlw)

= Z Jaoy(0y02) = (0,0). (2.36)

Since |o,| < 1, it therefore follows that

El(ox,,,0y)e" X - HdErn X0 | ] (X, # 2)

| Koe ) (2.37)

(ox,02) < {

Define 7y = min{t < N : X; = z} with 7y = N if the minimum is not assumed. Then 7y is a stopping
time for the random walk. Using o, > « and the triangle inequality for d, we obtain

E(ox,02) < El(ox,0.)e XX Lo < Ef(ox,, 0. )em TN T HA N X0)], (2.38)
Finally, with X (0) =z and N — oo,

E(0,0.) < (0,0.)e "4@2) lim Ele™V] L e #d@2) (2.39)
N—o0

as claimed. O
Theorem 2.6 is proved differently for n =1 and n > 2

Proof of Theorem 2.6 (n = 1). The inequality (b) follows most easily from the random current represen-
tation, and its proof will therefore be deferred. To show (a), fix x € V, and define

Je(N) = {;J Ei Z 2 (2.40)

and consider the spin system with spin-spin coupling J(\). For A = 0, the spin o, completely decouples
from all other spins, and it is therefore clear that
Zs:il S €Sh eh B e_h

(0z)r=0 = S o i tanh h. (2.41)
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Next,
aa)\ (oz)r = )\Z Jay(Oz; 020y) ) = )\Zny< (Oy)r — (T2)A(020y) A ) Z Jey(Ty)a=1, (2.42)

where the last inequality follows from the positivity of correlation functions and their monotonicity in A
(first and second Griffith inequality). Integrating over 0 < A < 1 gives

(Oe)r=1 — <Y Teyloyhrmt, (2.43)
Yy
and thus
02) <Y Juyloy) + tanh h <Y Ty (0y) + b, (2.44)
Yy Yy
as claimed. O

For n > 2, the proof of Theorem 2.6 uses the idea of local Ward identity.

Exercise 2.8. Let Q be the support of the single spin measure y and v, : Q¥ — QY be a smooth family
of automorphisms that preserve the a priori measure u®Y. For a smooth observable A : QY — R, set

.0
A=—v(A . 2.45
507t A _, (2.45)

Show that the following local Ward identity holds:
(A) = (AH). (2.46)

We also require the following correlation inequalities for the O(n) model, which are similar to the first
Griffith inequality.

Lemma 2.9. For the O(n)-model, for all constant h = (h',0,...,0) >0,

(((02)* = (02)%)ay) 2 0, (((02)* = (03)*)oy02) = 0. (2.47)

Proof. We show the first inequality; the second one is analogous. Use polar coordinates for the first two
components of o:
0z = (cosby,sinb,, 0%, ... 0"). (2.48)

Then
((02)* = (62)*)o} = ((cos 0;)? — (sin 0,)?)? cos B, = (cos 26,,)* cos b, (2.49)

T x y

and the inequality follows from the first inequality in (2.14), at least for n = 2. However, the essentially
same proof carries through for n > 2 (with the other components handled as in Proposition 2.1). ]

Proof of Theorem 2.6 (n > 2) [17, 6]. Let R(t) € SO(n) be a rotation by angle ¢ in the first two compo-
nents. Fix 2 € V, and define v; : (S*1)* — (S"~1)A by

_ )R (y=2)
[e()ly = {wy (v £ 12) (2.50)
Then
=— Z Jzy(aiaé — 031005) . (2.51)
y



(a) Since 6. = 02 and 62 = —c, by (2.46) we have

(o2) = —(63) = ~(02H) = Y _ Juy(02(0%0y — 0403)) = Y _ Juy((02)°0). (2.52)
Y

(oy) = (03 - ai)ay) = (n = 1)((03)%0,) + {(03)%0,) = n{(03)*a,), (2.53)
and it follows that
ol < =S Tyl (254)
Yy

(b) Set A = agaé. Then A = a}ca; and (2.46) implies

<Ualc‘7;> = <A> = Z ny<(ag)20;a; - U:%U;Ualca;> < ZJwy<(U§)2‘7;U;> (2.55)
y y
Since by (2.47), analogously, we have (o,0l) > n((02)?0,01), it follows that
1
<Ui0—;> < 5 Z J:Ey<(7;a;>a (2'56)
y
as claimed. n

It is also possible to bound the two-point function of the XY model in terms of that of the Ising
model. This is of particular interest in d = 2 since there the critical temperature of the Ising model can
be computed explicitly.

Theorem 2.10 (Aizenman-Simon). For h =0, it holds that (o, - 7,)5) < (0,0,) 5"

Proof [5]. Let (-)Y be the two-component spin model taking values in {(1,0), (0, 1), (=1,0), (0, —1)}, i.e.,
the Z4 clock/Potts model, and consider more generally Hy = H + A" cos(46,) with expectation ().
Then (-)F is the limit A — oo and (-)*Y is A = 0. By invariance under rotations by /2, clearly

(00 0,)) = 2(0kal). (2.57)

Note that the second Griffith inequality for two-component spins (Proposition 2.3) applies to (-)*. There-
fore the right-hand side is increasing in A, and

(00 0y)3) <2(030,)Y. (2.58)

To estimate the right-hand side, set s, = ol + 02 and t, = o} — 2. Then

2> Jayou oy =Y Jey(sasy + taty), (2.59)
Ty

Ty

and thus s and t are independently distributed according to ()8 under (-)*. It follows that

2<09160;>P - %«Sr + ) (sy +ty))" = (s08y)T + (suty)T = (s28,)" = (040,) " (2.60)

as claimed. 0
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2.3 Convexity: Helffer—Sjostrand representation and Brascamp—Lieb inequality

Mean field theory is an example of an exactly solvable spin system and thus provides a very useful reference
for comparision, as we saw in the previous subsections. An equally important reference system is given
by the Gaussian free field, which is given by the probability measure

1 1 1
P(dp) = e W dp,  S(p) = 5D lex—yl* +5m? Y leal” (2.61)
Ty T

where dy is the Lebesgue measure on (R™)Y. For notational convenience, we restrict to n = 1 throughout
this section, though the content does not rely on it. The action S is quadratic, and its generator (which
is now the same as its constant Hessian) is

DS = —A +m?, (2.62)
where A is the graph Laplacian defined by (—Af), = Zywx( fz — fy). Indeed,

s b puP = 1o el = 1 S (leel + el 200 ) (263)
zy

T Yy~ T Yy~
= Y e () = 5 Y (Bph (264)
T y~x T

Much can now be calculated using the Gaussian structure. We can return to this in detail later. For now,
we only note that two-point function is always summable if m? > 0, and thus the spin system is in a high
temperature phase if m? > 0.

Exercise 2.11. Let m2 > 0. Show that
_ 1
<90$§0y> = (_A + m2)a:y17 Z(@x@y> = W < o0, (265)
Yy

and that on the torus, (—A + m2);y1 actually decays exponentially in |z — y|.

Given an action S : RV — R, we now consider the general probability measure (assuming it is defined)
1
P(dp) = Ee_s(“’) dep, (2.66)

and denote its expectation by (-) or (-)g (if another expectation appears). Compared to mean field theory,
where the dimension n was the number of spin components and therefore fixed (for example n = 1 for the
Ising model), now we are interested in the case that the dimension is N = n|V| is unbounded (proportional
to the number of vertices).

Notation. For any smooth enough functions F : RY — R, write D, F = %F, DF = (DyF,...,DNF),
and D?F for the Hessian of F'. For two quadratic forms Q and @’ (such as D?F(y)), we write Q < Q' if
Q(h,h) < Q'(h,h) for any h; in particular Q < ¢ means Q(h,h) < c|h|? for any h.

Definition 2.12. The Dirichlet form associated to P is

(DF)(DQ)) = Y ((DaF)(Da)). (2.67)

x

Its symmetric generator (acting on sufficiently nice test functions) is given by

L=-> DI+ (D:S)D,. (2.68)
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For Dirichlet forms, the generator L can always be defined as a self-adjoint linear operator on L?(P).
There are many textbook references treating this in detail; e.g. [41, 39]. In this section, we will not be
too careful about such points. For the material of this section, see in particular [30].

Exercise 2.13. Check that L is the generator of (2.67) in the sense that for nice F' and G it holds that
((DF)(DQ)) = (F(LQ)). (2.69)

Strong results about P relating to the Gaussian case (in which D?S is constant) exist if V' is uniformly
strictly convex, which we will assume throughout this section.

Definition 2.14. S : RY — R is uniformly strictly convex if D2S(p) > cid as quadratic forms for ¢ > 0
independent of p.

Proposition 2.15 (Helffer—Sjostrand representation). Assume that S is uniformly strictly convexr (and
perhaps that S and its derivatives obey some growth condition). Then for any F,G : RN — R (sufficiently
nice),

(F;G) = (DF(p) - L7'DG()), (2.70)

where L is the Witten Laplacian on L?(P) ® RN given by
L=L®id+ D?S. (2.71)
For the proof, we require some (perhaps somewhat technical) properties of L. Note that U : L?(RV) —
L%(P), F — UF = e2F is a unitary map, and that
1 1
-1 _ 2 2 2
ULU'=-> DI+ 1 > (D.S)* - 5 Y Dis. (2.72)
x x X
Thus L is unitarily equivalent to the Schrodinger operator — Y~ DZ+V with potential V = 2 3 (D,S)?—
32, Dis.
Lemma 2.16. V — oo implies that — Y., D2+ V (and thus L) have compact resolvent.
Proof. [40, Theorem XIII.67] O

The assumption of the lemma can be weakened somewhat [30, Proposition 6.8.2]. The typical example
of a continuous spin model that we are interested in is the |¢|* model given by S = %(g@, —Ap)+>, v(ez)
with v(t) = Lgt* + 1t and g > 0. Then

DyS = (=Ap)s + 995 + vipr, D3S =2d+ v+ 3g¢2, (2.73)
and the growth assumption V' — oo is easily satisfied.
Lemma 2.17. Under the previous condition, Im L = {F € L?(P) : (F) = 0}.

Proof. By the spectral theorem for compact self-adjoint operators, the eigenvalues of L are discrete and
since L is positive they are all nonnegative. The lowest eigenvalue 0 is simple because LF' = 0 implies

0= (F(LF)) = ((DF)?), (2.74)

and thus DF = 0 almost everywhere, which implies that F' is constant. Therefore ker L = {constants},
and Im L = (ker L) since L is self-adjoint. O
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Proof of Proposition 2.15. By Lemma 2.17, there exists U such that G — (G) = LU, and therefore
DG =DLU = LDU. (2.75)

Since L is a positive operator on L?(P) and S is uniformly strict convex, so D28 is strictly positive, the
operator £ is invertible on L?(P) ® RY. Thus (2.75) implies that DU = £~ DG. Thus

(F;G) = (F(G —(G))) = (F(LU)) = {(DF)(DV)) = (DF - L' DG), (2.76)

so (2.70) holds as claimed. O
Corollary 2.18 (Brascamp-Lieb inequality). Assume that S is uniformly strictly convezx. Then

(F; F) < (DF(g) - [D2S(¢)] " DF (). (2.77)

Proof. We prove the inequality only for S such that the conclusion of Proposition 2.15 holds. By definition,
L is a positive operator on L?(P), and by assumption D2S(y) is positive and has bounded inverse. This
implies the quadratic form inequality

L' =(Lol+D*S(p)™t <(D*S(p)) 1. (2.78)
The claim then follows from (2.70). O

In particular, the Brascamp—Lieb inequality implies bounds on correlations.

Corollary 2.19. Assume that S € C? is even and that D2S(p) > Q for a strictly positive quadratic form
Q on RN, uniformly in p. Then, for any h € RV,

<e(h7‘P)> < e%(h’Q_lh). (279)
Proof. Set F(¢) = (h, ) and v(t) = log(e'f"). Then the claim is equivalent to v(t) < 5t2(h, @ 'h). Let

(GetF)

(Gl ===y (2.80)

Since F' is linear in ¢, the Brascamp—Lieb inequality (2.77) also applies to (-); instead of (-), and therefore
V' (t) = (F; F); < (DF - [D*S]"'DF); < (DF - Q" 'DF); = (h,Q'h). (2.81)

Since v(0) = 0 and v/(0) = (F) = 0 (since V is even), this implies
t t t2
v'(t) :/ v"(s)ds < t(h,Qth), v(t) = / v'(s)ds < E(h’ Q7 h), (2.82)
0 0

as claimed.

Example 2.20 (Boundedness of the susceptibility). For any continuous spin model with S(¢) = D(p) +
> . V() with D(p) = %ny |z — ¢y|? and v (t) = § > 0, the Brascamp-Lieb inequality implies

[u—

D)1 ) < (2.83)

1
= — ; < —-.
X ‘V’ ;<¢Ia¢y> = (5

Thus a strictly convex action implies that the susceptibility is bounded (as in mean field theory).

Remark 2.21 (Decay of correlations). Using the Helffer-Sjostrand representation, it can also be shown
that the two-point function decays exponentially; see [29].
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2.3.1. Application: Hubbard—Stratonovich transform in general spin systems. Let J be the
coupling matrix of the Ising or O(n) model. By addition of a constant diagonal matrix, we can assume
that J is positive definite; the addition of the constant does does not change the probability measure if
the length of the spins is constant.

Exercise 2.22. For any positive definite N x N matrix J, it holds that
IR / 3BTV gy o / o HWT ) (0) gy (2.84)
RN RN

Exactly as in (1.46)—(1.47), with the same definition of the function v : R" — R as below (1.47), the
first identity in (2.84) implies

/ o3 (@I +(h) BV (1) o / e~ 500 T 2U¥)sthe) gy — (I 0 / o~ SWHHh) gy
(Rn)V (R")v

(R")V
(2.85)

x

with action

S() = 36, 79) = Y2 o((T0)a) (256)

T

In contrast to (1.47), the integral is now over nN instead of n variables. Regarding the partition function
Z = Z(h) as a function of h, the two-point function is given by

(o20y) = D*log Z(0; 6., Oy) = [J_l]wy + (athy)s- (2.87)

An alternative form is obtained using the second inequality of (1.47) (i.e, by rescaling by J~!). Then the
action becomes

S08) = (6T ) = Y (). (289)

T

In this case, the spin-spin coupling J is not nearest-neighbour in the transformed variables 1), but with
a diagonal added above it typically (say on the torus) has exponential decay; see below. In the following
proposition, we assume the form (2.86).

Proposition 2.23. Assume that sup V2v < Mid and that ||J|| < (1 —3)/\. Then
D?S(¢) = 6.J. (2.89)

In particular, S is then uniformly strictly convex. Thus (possibly subject to technical growth assump-
tions on v), the susceptibility is bounded (Example 2.20) and the two-point function decays exponentially
(at least if J~! does and perhaps technical conditions to show Remark 2.21 are satisfied).

Proof. By definition,
D2 (S oten)) = ding(Fu(p,)) < Aid (2.90)

xT

where diag is a block diagonal matrix, consisting of nxn blocks. Thus, with DiF(ﬁb) = JT[D?F)(Jv)J <
cJTJ for F(¢) =, v(ps), it follows that

D2S() = J - JTT=(1-xJ1)J, (2.91)

and since ||J|| < (1 —9)/A the claim (2.89) follows. O

21



Example 2.24. Consider the nearest-neighbour Ising model on the torus T¢ e 1€, with Jpy = Bl(x ~
y) + 8(2d + N\)1(x = y) the coupling matrix with a constant diagonal term added, making J strictly
positive definite for A > 0. Indeed, its Fourier transform is

/5_2Zcos J+2d+A>0 if A >0, (2.92)

and ||.J|| < (4d + X\)B. Moreover, since 1/.J is analytic in a strip around the real axis, if A > 0, it can be
shown that there exists some m > 0 such that

[T gy < e7mlevl, (2.93)

By Example 1.13, for the Ising model,

1
v(t) = logcosh(t) +log2, o'(t) =tanh(t) € [-1,1], V"(t) = ——— <L (2.94)
cosh®(t)
Thus A = 1 and the condition of Proposition 2.23 is satisfied if (4d+ )3 < 1—40. Hence, for any 8 < 1/4d,
there are some §, A > 0 so that the condition holds. (Can this be improved to give the mean field bound
B < 1/2d on the transition temperature? The loss of the factor 1/2 might be technical.)
The growth assumption V' — oo should also be satisfied. (Verify that (t+v (t))? — oo as |t| — oo since
o] < 1, and [lJ]] - 00 as [[9l] — oo since [[9] < 2[Jp]. Thus (D,8)? = (Jg)e +0(Jp)a))? — o0
and DQS is bounded, so that V' — c0.)

Example 2.25. Instead of nearest-neighbour spin-spin coupling, one can of course consider more general
Jzy such as finite range distributions (e.g., constant in a band), or with exponential decay in |z —y| — oo.
In these cases, the behaviour of the model is expected to remain identical. In particular, one can consider

J =61 —-w?A)"L. (2.95)

Then 0 < Jpy /B8 = Ce™¢=U/% (50 w is a measure of the bandwidth) and >y Juy = (J1)z = B (so B is
the mean field temperature). In particular, as w — 0, J becomes diagonal (independent spins), while in
the limit w — oo, Jyy becomes constant for all z,y € V' (mean field theory). Then, with this choice of J,
instead of the first equality in (2.84) it is better to use the second one, giving

03(0.70) oc/ e 2T W) g(o0) dl/JOC/ o3 WA= () (0) gy
RN RN
~ / o= 5w AY)= F W) (0,88 gy (2.96)
RN
Thus the action after Hubbard—Stratonovich transform becomes

S0) = 2, ~uw) +Z( mr?—vm)), (2.97)

which has nearest-neighbour spin-spin coupling in the 1) variables. In particular, for the Ising model, the
action becomes strictly convex if 3 > 2, i.e., 8 < 1 as in mean field theory.
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3 Low temperature by inequalities

Low temperatures are much more difficult to understand than high temperatures, and a robust under-
standing is still lacking for n > 2. In this section, we consider non-expansion methods applicable for low
temperature.

3.1 Peierls argument

The Peierls argument shows that the Ising model has a phase transition in dimensions d > 2.

Theorem 3.1. Let d > 2. For any A C Z%, for the nearest-neighbour Ising model on A with + boundary
conditions outside A, for any x € A, it holds that (o) — 1 as J — oo, uniformly in A and x.

Proof. We restrict to d = 2; the same argument applies in d > 2, but requires slightly more care there.
The energy of a spin configuration o is

H = —JZUgCUy, (3.1)
y

Thus the energy difference between a ++ and +— pair of spins is 2J. Moreover, the energy cost of an island
of — spins surrounded by + spins (or vice-versa) is 2.J x (length of the boundary). The configurations o
are in correspondence with contours separating + and — island; denote these contours by I'. Then

H=2J|l'| - J|E|. (3.2)
Decompose I' into disconnected components 7 (breaking ambiguities). The probability of some - is

—2JI
ZFD'ye Ir

p(y) = ZF o—2JT] (3.3)
Since, given any -,
Ze—ZJ\F\ > Z o—2JI0'| _ o271 Z o211, (3.4)
r I'=I\v,I'Dy I'Dy
it holds that
p(7) < e 27Nl (3.5)
Since (0,) =1 — 2(1,,=—1), and since o, = —1 implies that z is enclosed by some =, written = C 7,

it suffices to estimate

(loy=—1) < D _p(7). (3.6)

Yoz

Fix some y and consider contours v with 7 5 y (on the contour). Let 2n be the number of horizontal
edges and 2m the number of vertical edges of . Then

(number of v 3 y with given n,m) < 327+2m), (3.7)
Fix some z and a contour v D z (enclosing x). Then
(number of translates +' of v such that v' D z) < nm. (3.8)

It follows that

2
<10x:_1> < an32n+2m672J(2m+2n) _ (Z neZn(logSZJ)) . (39)

n,m

g(J)
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Clearly, g(J) — 0 as J — oo. It follows that, as J — oo,
(o) >1-29(J)? =1 (3.10)

as claimed. 0

3.2 Infrared bound and reflection positivity

The most important result for spin systems in dimensions greater than two is the infrared bound [21]. It
only applies to the discrete torus T¢, with constant spin-spin couplings J (and other interactions that are
reflection positive), which we assume throughout this section. For convenience, we normalize J. = 1 for
all e, by rescaling . The Hamiltonian (without magnetic field) is then

1 d
H:_Z%.(py:§Z|¢I_¢y\2_121%|2. (3.11)
Yy Yy x

The second term on the right-hand side can be kept or dropped at convenience, by changing the single
spin measure L.

Theorem 3.2 (Infrared bound). Consider a spin system on (V,E) = T4, with J, = 1 for alle € E and
O(n) invariant single spin measure p. Then for any h : V — R™ with ) hy =0,
(e9)y < oz (h(=2)"'h) (3.12)
In particular, for h with Y h =0 then
((h,0)?) < (b, (=A)""h). (3.13)

In the above normalization, in which J = 1, the infrared bound provides a uniform bound on fluctua-
tions, independent of the measure (1 (and thus the temperature), as opposed to (2.79), for example, which
is only effective at high temperature. On the other hand, the magnitude of the spin field ¢, can be made
large by choice of the single-spin measure u. In particular, in the O(n) model with above normalization,
|oz| = /B becomes large for large 8 (small temperatures).

Proposition 3.3. Fiz a single-spin measure 1 and set ug(ds) = p1(ds/+/B). As B — oo, it holds that
li %) g — 00. 3.14
dim (Jea|")s = 00 (3.14)

Proof. Let py = % log Z and p = limy_,0c pn. Let Mz = max{|s| : s € supp pug}. First, we show

p(B) ~ 2dMj = 2dBM;? (B — o0). (3.15)
Let A; C R™ be a with s-s' > (1 — §)M? for 5,5’ € Ay and p1 (A1) > 0, and set A = \/BA;. Then
2 2
CSMVILRM VI > Z(8) = V()] (3.16)
and therefore
2dM? + log i(R™) = pn > 2dM? + log u(A). (3.17)
Since u(R™) and p(A) are independent of 3, this shows
p(B) ~ 2dBM} (B — o0). (3.18)
Finally, the inequality e — 1 < te! (convexity) implies
1
(lel?) = 55D ew - @y) > p(8) = p(0) ~ 2dBMF, (3.19)
y~zT
and the claim follows. O
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Notation. The Fourier transform of a function f : Z¢ — C or f : T¢ — C is given by f (k) = fk =
>, e® e £, and k takes values in the Fourier dual (Z4)* = T = [—7, 7]? respectively in (T%,)* = [—7, 79N
m~1Z%. These Fourier space tori are not to be confused with the torus Tﬁl in real space. In the last case,
we identify f with a function that is constant on cubes of side length 1/m such that

L fwae=—o S p (3.20)

k?E Td )*
The Fourier inversion formula is then f, = 5= [ el F(k) dk

Exercise 3.4. Let A(k) = 2 Zgzl(cos k; — 1) be the Fourier multiplier of the discrete Laplace operator
A. Then

dk {< 0o (d>2) (3.21)

—A(k) |=00 (d<2),
where, in the discrete case, < oo means uniformly bounded and = co means unbounded.

The infrared bound, together with observation that |p,| grows with £, implies that there is long-range
order for large 3 and d > 3. Long-range order means that the two-point function (p.p,) does not decay
to 0 as the distance between x and y becomes large (as it does for high temperatures). In different terms,
it means that the ground state spin wave is macroscopically occupied. Without reflection positivity, which
is used in the proof of Theorem 3.2, such continuous symmetry breaking is very difficult to prove.

Corollary 3.5 (Long-range order, spin wave condensation).
Ster o) =N el - [ (B wyan] (3.22)
Y (Td,)*\0

and in the infinite volume limit,

moup (22 3) > (il”) = JE8) w (3.23)

r—y|—00

Since, in d > 3, the sum f(’]l‘d )*\0(—A)*1(k‘) is uniformly bounded, it follows that the 0-mode is macro-

scopically occupied whenever (|p.|?) is sufficiently large.

Proof. Denoting by ¢ = 3., e*%p, the Fourier transform of ¢, and by A(k) = 2 Zgzl(cos k; — 1) the

Fourier multiplier of the discrete Laplace operator A, the infrared bound (3.13) implies that, for k # 0,
([@rl*) < N(=A)7!(k). (3.24)

On the other hand, by Parseval’s identity,

<]17§k:|¢k!2> <ZI%\2> Nlga|). (3.25)

Thus
> (0w 9y) NZ o - Py) <‘ZSD1 >
= (@l = Neal?) — = S8 2 N [(eel?) — = A7 W) (3.26)
k#0 k#0
as claimed. 0
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Proof [21]. {¢z - ¢,) is a positive definite T¢, x T matrix. Bochner’s theorem implies that there exists
a positive measure w on (T%)* such that

(02 - ©y) = / (=) ) (dk). (3.27)

The infrared bound implies that for any h with A(0) = 0, it holds that

N (k)2
[ 7 etan) = ) < (o) = [ (3.28)
Since h is arbitrary with h(0) = 0, this implies that
w=ch+g (3.29)

for some constant ¢ > 0 and g : T — R absolutely continuous with g(k) < 1/(—A(k)). Since d > 3, in
particular [ gdk is bounded independently of 3. It follows that

(lox]?) =/dw=6+/gdk (3.30)
Thus
(6n - py) = / &) o(dk) = ¢ + / eE @) (k) dk = (i |?) — / (k) dk + / ) (k) dk, (3.31)

as claimed. O

The proof of Theorem 3.2 relies on the method of reflection-positivity. While powerful when applicable,
it exploits symmetries of the torus in a crucial way, and fails for more general geometries (for which the
infrared bound is believed to continue to hold, but few methods of proof are known).

Let H(p) = (¢, —Ap). Since, for any h with Y~ h =0,

1 _ 1 _
H(SO) - (h7 80) = 5(907 _AQD) - (ha (10) = H(SO —-A lh) + §(h7 (_A) lh)v (332)
we have
/ e HEHH0) OV () = o3 (-2)7Hh) / =80V (dp) = WA Z(—ATIR)  (3.33)
where
Z(h) = / e H(e+h) 4BV (o). (3.34)

To prove Theorem 3.2, it therefore suffices to show that Z(h) < Z(0) for any h.

Consider a plane going through the midpoints of edges (an edge plane) that splits the torus into two
halves. (It is also possible to consider planes going through vertices instead of edges.) The plane gives
a decomposition V =V, UV_ and F = EL U E_ U FEy, with Fy the edges between the two halves. Let
0 : Vi — V= be the reflection about this plane, and

(00)z = Poz),  (OF)(p) = F(Op). (3.35)
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Definition 3.6 (reflection positivity). Let (V,E) = T¢,. A measure on QY is reflection positive if
(FOG) = (GOF), (FOF) > 0. (3.36)
Lemma 3.7. Any product measure ,u®v is reflection positive.
Proof. Clearly, ¢|y, and ¢|y_ are independent, so
(FOG) = (F){(0G) = (F)(G), (3.37)
and both conditions for reflection positivity are obvious from this. O

By definition, reflection positivity of (-) means that (F/OG) is a symmetric positive semi-definite bilinear
form. The importance of reflection positivity results from the Cauchy—Schwarz inequality

(FOG)? < (FOF)(GHG). (3.38)
Lemma 3.8. Let 0 be a reflection and (-) reflection positive. Then for any A, B,C,D : Q"+ — R,
<eA+GB+CGD>2 < <eA+0A+CGC> <eB+OB+D9D>’ (339)

and the measures ((-)eAT0ATCICY gnd ((-)eBT0B+DID)

COD, COC, and DOD replaced by sums of such terms.

are reflection positive. In fact, the same holds with

Proof. Expand the exponential as
=1
eA+c9B+C€D Z ( Ack) 9 (eBDk) ) (340)
k! ——— N —
X Yi
Then the Cauchy-Schwarz inequality (twice) implies

o0 oo

1 — 1 1
(eATOBFCODY2 7 (XkOX) V2(y,.0Yz) 1/2 ZH (Xk0Xr) D - (VihYe). (3.41)
k=0 k=0 k=0
By (3.40) and reflection positivity of (-), we also have
— 1
((FOF)eAToATcocy — 3~ UFXRO(FX) > 0. (3.42)
k=0
This completes the proof. ]
Lemma 3.9 (Gaussian domination). For any h:V — R,
Z(h) < Z(0). (3.43)

Proof. By definition,
1 2 1 2 1 2
=52 lee— P+ 5 ler — 0yl + 5D 0 — @y = Hi(p) + H-(9) + Hole),  (3.44)
E E- Eo
Since H_(y) = 0H, (), and since

1 1
=5 2 e —al =5 X (e’ +0lel + 20 00), (3.45)
zycEy z€ViNEy
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we see that H(y) is of the form
H(p)=A+0A+ ) COC, (3.46)

with A,C : Q¥+ — R. From this, it follows that H (¢ + h) is of the form
H(p+h) = Ap, +0A5_+ > _ Ch 6C;_, (3.47)
with Ay, Ch, : QY+ — R. Lemma 3.8 implies that
Z(h)? < Z(hy) Z(h-) (3.48)

where hy = h on V4 and hy = 6h on V_ and similarly for h_. Note that V.hy = 0 for e € Ey and that
Veh =0 implies Voh4 for any e € E. Thus, by iteration, it follows that

Z(h) < sup Z(f) (3.49)
f:Vf=0
where Vf =0 means V.f =0 for all e € E. Thus f is constant and therefore Z(f) = Z(0). O

Reflection positivity extends a number of other very interesting models, but not for example to next-
to-nearest neighbour interactions, and is in this sense rather special. It is a major open problem to prove
continuous symmetry breaking without reflection positivity.

3.3 Mermin—Wagner Theorem; McBryan—Spencer Theorem
Theorem 3.10 (Mermin-Wagner Theorem). For the O(n) model with n > 2 on the discrete torus, with
magnetic field h = (h',0,...,0) > 0, for small k, it holds that

S e odo2) > elod)/ (I + B (od)) (3:50)

In particular, in d =2, since [ |k| =2 dk = oo, it follows that (c}) — 0 as h* — 0 for any B > 0.

We will only give the proof for n = 2. The general case follows by considering the first two components.
In preparation, recall that the Hamiltonian is then

H= —Zﬁcos(@x —0y) — Zhl cos 0. (3.51)
Ty T

The Ward identity (2.46) associated to global spin rotation (all spins are rotated by the same angle), with
observable A = sin f, is
(cosbp) = (A) = (AH) = h' ) “(sinfysinb,). (3.52)
x
(Compare this to the Ward identity in random matrix theory: Im Gy, (2) = (Im2) >, |Gy (2)]2. In fact,
many aspect of random matrix theory can be viewed in terms of supersymmetric spin systems [45, 46].)

Proof [24, 45]. Let D = N~1/2%" e_i’”% and S(k) = N~1/2 >, e¥%sinf,. By integration by parts
and the Cauchy—Schwarz inequality then

(cosbo) = (DS(k)) = (S(k)(DH)) < (|S(k)]*)*(IDH|*)'/2, (3.53)

and thus

N

([S(K)I?) = (cosbo)?/{| DH?) = (0g)* /(| DH|?). (3.54)
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By translation invariance, the left-hand side is

(1S (k) %) NZelk 2=Y) (sin 6, sin 6,) Zelk @) (sin @, _, sin ) = Zeik'x (sin 0, sin 6p)

T,y z,y

= Zel’” olo2).  (3.55)

Since

0? oy ) +2cos(0p — 6y) (z #vy)
; 50,06, 5 0u = 00) = {_2 S, co8(0, — 0,) (z=1y), (3.56)

and by another integration by parts,

(DHP) = (DDH) = % S (2B cos(0 — B,) (1 — D) 4 Bl cos6,)

Y

1
<N %(ﬂ cos(0; — Oy)|[k[*|z — y[* + h' cosb.)
< 2d(BIk|* + k' (cos bp)) < 2d(BIk|* + h'(0g)). (3.57)
This completes the proof. O

There is also a quantitative version of the Mermin—-Wagner Theorem for the two-point function.

Theorem 3.11 (McBryan-Spencer Theorem). For the O(n) model with n > 2 on the discrete torus, with
magnetic field h = 0, it holds that

(00 - 02) < Cp (1 + |z])~(172)/@mB), (3.58)

Exercise 3.12. In d = 2, define the Green’s function on the discrete torus by Cy = > 4 eF e (—A(k))~1
Show that

1
Cy ~ o log |z| as |z| — oo, (3.59)
(in the sense of first taking the infinite volume limit and then |z| — c0), and that
|Cr — Cy| <2 forxz~y. (3.60)

Proof [32]. Again we only provide the proof for n = 2; the general case is again analogous by applying the
argument to the first two components and using rotational invariance. The point z is fixed throughout
the proof. By definition and since (sin(fy — 6,)) = 0,

. 1 .
(00 - 04) = (cos(by — b)) = (el@0—02)y — 7 / e 2yz 003(0y=0:)+i(00—02) g (3.61)
Use the complex translation (and periodicity to cancel the vertical parts of the contours)
1
Oy — 0y +iay, ay = B(Cy — Cy—z). (3.62)

Then, since cos(u + iv) = cos(y) cosh(v) + isin(y) sinh(v), and since
(cos(0, — 6p)) = e_(ao—az)% /eﬂ 3y cos(By—0-+iay—iaz)+i(6o—0z) gp

< e—(ao—ax)% /eﬁ >y c08(0y—02) cosh(ay—az) df < e*(aofaz)%g 2ye (COSh(ayfaz)il). (363)
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To estimate the right-hand side, use |ay —a,| < 4/ for |[y—z| = 1 by the exercise, so that for 5 sufficiently
large depending on ¢, by Taylor approximation of cosh,

1+¢

%Z:(Cosh(ay —a;)—1)< %(1 +¢) %Z:(ay —a)? = %(1 +¢)(a,—Aa) = 55 (ap — az). (3.64)

Since ag — a; = —%(C’x — (), this gives
(cos(0y — b)) < e~ a0—a2)/2 — ((1=e)(Ca=C0)/B — || =(1=)/@mB)+o(1) (3.65)
as claimed. O

For high temperatures § < 1, we have already seen that this bound on the two-point function is
not sharp: the two-point function actually decays exponentially. It is believed, though unproved, that
exponential decay persists in d = 2 for all temperatures if n > 3 (in particular for the Heisenberg model).
One of the deepest theorems in the theory of spin systems is that for d = 2 and n = 2, for low temperatures
B > 1, power law decay is actually correct. Thus there is a phase transition without long range order,
and in fact many interesting properties: the Kosterlitz—Thouless transition.

Theorem 3.13 (Frohlich-Spencer). For the O(2) model in d = 2, for any sufficiently large [3, there exists
B’ > 1/(4r) such that
(00 - 02) = Cp(1 + |z|) =Y/ @8, (3.66)

The proof [22] of Theorem 3.13 is very interesting, but long and difficult, and will not be given for
now. Time permitting, we will come back to it at a later point in class.

What remains?

(a) What happens between high and low temperatures? In particular, how does the transition between
the two regimes occur? As in mean field theory, is there a unique transition temperature, are there critical
exponents, and what are they?

(b) Are there expansions at high and low temperatures that can give more precise information than the
upper and lower bounds presented? Are there expansions that converge near the transition?

(¢) How do spin systems with nonabelian continuous symmetry behave in two dimensions? How is the
existence of the Kosterlitz—Thouless transition for abelian spin systems proved? How can one prove the
existence of a phase transition in spin systems with continuous symmetry without reflection positivity?

(d) Is the phase transition universal? In particular, are critical exponents independent of the single spin
measure 7
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4 Expansions for high and low temperature

The bounds for high and low temperatures presented in the previous sections are very elegant. Expansion
is messier, but they are generally much more robust and can give more complete information when they
apply. Their ideas play a role in much of statistical mechanics.

4.1 High temperature expansion

For simplicity, we consider the Ising model, although without difficulties high temperature expansions
apply more generally. The partition function of the Ising model is

7 = e’?%%% = e”7%% 141 ez 4.1
>, L= ]I >, 11 )11 (41)

oe{+1}V zyckE zeV oe{*1}V zyek zeV

Since

[T +a)=> []a (4.2)

iel JCIied

the partition function can be rewritten as

7 = Z Z H(e’BUz"y—l) H elaoe H elwoe (4.3)

oe{+1}V XCE zyeX zeV(X) zeV\V(X)
= > D [ RGN VI ] > I (4.4)
XCE \oe{#+1}V(X) zyeX zeV(X) oc{£1}V\V(X) zeV\V(X)

The second sum is equal to

Z H ef=e — H Z eh=o = H 2 cosh(hy). (4.5)

GE{£1}V\V(X) zeV\V(X) 2eV\V(X) oe{£1} 2eV\V(X)

The partition function becomes

7 = (H 2cosh(hx)) Z Z H (ePo=ov 1) H M=% (2 cosh(hy)) ™!

zeV XCE \oe{£1}VX) zyeX zeV(X)
= (H 2cosh(hx)) > K(X), (4.6)
zeV XCFE
with
KX)= > I -1 [] e"(2cosh(h,)) ™" (4.7)
ce{£1}V(X) zyeX z€V(X)
Using
P29y = cosh(B)(1 4 tanh(B)o.0y), (4.8)

an alternative form of the high temperature expansion is given by

Z = (H QCOSh(hz)> cosh(3)¥! Z K(X) (4.9)

zeV XCE
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with
K(X) = tanh(B)¥! Z H T20y H M= (2 cosh(hy)) ™! (4.10)

oe{+1}VX) zyeX zeV (X

Let B = E be the edges and P the set of subgraphs (i.e., subsets of B). Elements of P are also called
polymers. Clearly, if X,Y € P have no vertices in common, we have K(X UY) = K(X)K(Y), and up to
a multiplicative constant the partition function takes the form

Z=> K(X) (4.11)
XeP

This is an example of a polymer system. Correlation functions can also be expressed in terms of polymer
gas partition functions. By definition, the truncated correlation functions are

ak
1} 3 0g,) = —————log Z. 4.12
In particular,
<O-€E1;0-362> = <Ux10-x2> - <G$1><012>a (4'13)
<0'z1§ Oxa) 013> = <011Jx20$3> - <U$10$2><UI3> - <0-9310$3><O-x2> - <UI20$3><0w1>
+ 2(02,)(00){(03)- (4.14)

Set A= (x1,...,xx) and

Kai(X) = ( 11 ix) K(X), (4.15)

zeXNA
with empty product interpreted as 1. Then

(Ouys e 300,) = m = exp llogZX:KA(X) —logZK(X) (4.16)

Thus it is very useful to be able to understand the logarithm of the polymer partition function. This will
be done in a more general context. To motivate it, we consider another example of polymer systems.
4.2 Peierls expansion

In this section, we again consider the Ising model. But now this is not merely a question of convenience;
the Peierls expansion does not apply to n > 1. Drop the last term in

— Zﬁamay — tham = — Zﬂ(azay -1)— Zhw(o’x —-1)— (Zﬁ + th> (4.17)

Denote by Zj 4 the partition functions with & boundary conditions on JA:

ZA,:I: — Z e*HA,i(U). (418)
oe{x1}A

As in Section 4.2, denote by I' the set of phase boundaries and by I'g the outermost boundaries (which
are well defined given + or — boundary conditions on OA). Then

ZA+ — Z H ( inty 26|7|) Z H 1nt’y +K ) K(fy) = 672[3'7'@- (419)

VA
To ~v€lo To ~v€lo nty,+
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Iterating this identity until the v do not enclose further phase boundaries, it follows that

Zns =S K@), K@) =][EH). (4.20)
N

ver

Let B be the set of simple phase boundaries and P the unions of such. Then again the partition function
takes the form of a polymer system
> K(X), (4.21)

XeP
with K(X UY) = K(X)K(Y) for disjoint X,Y.

4.3 Polymer expansion

The high and low temperature expansions of the Ising model are examples of a polymer gas, which have
a wide range of other applications in statistical mechanics (see [27, 11, 12] and references).

Definition 4.1 (Polymer system). (a) Let B be a finite set, with a symmetric, reflexive relation express-
ing nonintersection of its elements. Let P be the set of subsets of B, and extend the notion of intersection
to P, so that X and Y intersect if v and ' intersect for some v € X and~' €Y. The X € P are called
polymers. The set of connected polymers is denoted C.

(b) The activity is a function K : P — C such that K(XUY) = K(X)K(Y) if X andY do not intersect,
and with K(0) = 1. The polymer partition function is

Z=)Y K(X) (4.22)

XeP

(¢) Given Xy,...,X, € C, we associate the graph G = G(X1,...,Xy) on vertices [n] with edges E(G) =
{ij : X; and X; intersect}. Then X1,..., X, are disjoint if G is empty, and connected if G is connected.

Remark 4.2. Our connected polymers C are often simply called polymers (e.g. in [27]). More generally
than in the definition above, the activity could take values in a commutative normed algebra (for example
regarding the polymer activity as a function of a magnetic field h).

Exercise 4.3. (a) Show that the polymer partition function can be written as

Z = Z S K- Z S K- KX [JUKL X)), (4:23)

n=0 " Xi,..,X,€C n=0 " Xi,..,X,€C 1<j
disjoint

where
U(X,Y) = Lxry—p- (4.24)

Thus the polymer partition function takes the form of a grand canonical partition function of a gas of
particles X; which interact via the two-body interaction U (which is a hard-core repulsion). This explains
the name polymer gas.

(b) Show that the polymer partition function generalizes the product over B in the sense that

[[a+Rm) =Y KX) for K(X)= ] R(. (4.25)

yeB XeP yeX
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For a connected graph G, define the index or Ursell function of the hard core polymer gas by

I(G)= ) (~n)/EHl, (4.26)

HcG
The sum is over all spanning subgraphs H C G (thus H and G have the same vertex set).

Theorem 4.4 (Formal polymer expansion). As formal power series in K,

log Z = Z > KXy K(X)I(G(Xy,..., X)), (4.27)
n= 1 Xl, 7X7Zedc

Proof. Given Xi,...,X, € C, denote by G = G(X1,...,X,) the connection graph associated to the X;.
Then, since U(X,Y) =1+ (U(X,Y) — 1), by expansion,

[Tvxax)=> J[O&,x)-1)="> (-1)FHl (4.28)

i<j HCGijeH HCG
Thus
K(Xy) - K(Xo) [JUX: X5) = Y ()P (X)) - K(X,). (4.29)
i<j HCG

The sum over the subgraphs H of G can be performed by first summing over partitions of the vertices
into connected components Vs and then over the connected subgraphs Hg with vertex sets V:

Z H \E(HSIHK H Z IEHS\HK

Hy,...,Hy s=1 ieVs s=1 HsCGly, 1€Vs
= HI Glv,) [ K(x (4.30)
ZEVS
Summing over the choices of X7, ..., X,, such that G has connected components Vi,...,V,, writing V; =
{vs.1,. .., Vs, } with |V| = ng, this becomes
T
I = ew]xe) (4.31)
s=1t Xy g Xog 0, €C ieV;

G(X11571 7"‘7X1’s,ns ):G|V5

The term in the bracket only depends on G|y, up to relabelling of its vertices. We may therefore replace

Vs by {1,...,ng} and the constraint G(X,, ,,..., X, ,.) = G|y, becomes that X1,..., X, is connected.
Thus the term is the bracket equals:
Y KX)o K(X, )(G(X1, ..., Xn,)). (4.32)
X1,..,Xn,€C
connected
For each choice of the sizes ny,...,n, of the connected components, the number of possibilities to choose
the sets Vi,...,V, is
n!
] 4.33
ny!...n,! ( )
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This gives

Z = z Y. K- KX [[Ux. X))

n=0 " X1,...Xn€C 1<j
SIEPIE IO | ([ SR RRIE T
ni,...,n s=1"-X1,...,Xn,€C
connected
1 1 r
=D G2 > KXy KX)I(G(X,.. . X))
T n X1,..,Xn€C
connected

—exp{z > K(Xy)- K(Xn)I(G(Xl,...,Xn))} (4.34)
m el

which was the claim. O

Example 4.5. Consider B = {7} for a single element v and K () = z. Then

—_

oo
Z=1+z, log Z = log(1 + z2) Zi )ik, (4.35)

3

The only connected X3,..., X, are v,...,, and the associated connectivity graph is the complete graph
K,,, whose index is
I(K,) = (-1)""Y(n-1), (4.36)

consistent with (4.27).

Next, we seek a criterion that guarantees convergence of the right-hand side of (4.27). For this we
need the following two preparatory lemmas.

Lemma 4.6 (Penrose resummation). Let v;; € [0,00] for all ij € K,. Then
S e o[ <X I ke -1l (.37
H ijeH T ijeT

where the sum over H is over all connected spanning subgraphs of K,,, and the sum over T is over spanning
trees of K. In particular, we have (Rota’s Theorem,)

‘ > (—U'E(H)" <> 1 (4.38)
HCG TCG

where the sum over H is over connected spanning subgraphs in G, and that over T is over spanning trees

mn G.

Proof. Fix an order on the edges of K,,. Given a connected spanning subgraph H C K, select a spanning
tree T' of H by selecting edges from H in the given order discarding any edge that completes a loop among
prior edges. This algorithm (Kruskal’s algorithm) defines a function H — T'(H ), and we can write

S Ifer—-n=> > JlE™-. (4.39)

H ijeH T H:T(H)=TijeH
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From the construction of the algorithm it follows that for any 7" there is a maximal graph Hp such that
T(Hr) =T and the sum over H such that T'(H) = T is the sum 7" C H C Hp. Therefore the inner sum
on the right-hand side becomes

o Il —n=J -1 Y J[e-n=][Ew-1 [[] e (440

TCHCHy ijeH ijer XCHp\TijEX ijer ijeHp\T

Since the second factor is bounded by 1, the claim follows. O

Lemma 4.7 (Cayley’s Theorem). The number of trees on [n] with degree sequence (dy,...,d,) is
(n—2)!

VRO (4.41)

Exercise 4.8. Prove Cayley’s Theorem using the following steps. Associate to each edge ij € K, a
weight w;; and define the weighted Laplacian matrix

Lij = =Lligjwij + Li=j Z Wik - (4.42)
ki

Look up Kirchhoft’s Matrix Tree Theorem which states that (for any &, 1)

Z H wij = 1)+ det LF (4.43)

T ijeT

where the matrix L* is obtained by deleting the k-th row and I-th column. Set wi; = x;x;. Then

[T wi; = H:cdegT , (4.44)

iye€T
and this gives the generating function
ST = det(LM) = a1 ... wn (@ + -+ + 2)" 2 (4.45)

The number of trees on [n] with degree sequence (dy,...,d,) is

n . n .

1 9% degr(7) 1 9% n—o
WG 2 11 = I g -onon ) (446
=1 1 T 1 z1="=xn=0 =1 7 T1==p=0

Since a spanning tree on [n] has n — 1 edges and each edge contributes to the degrees of two vertices, we
have ) d; = 2n — 2, and the claim follows.

The following criterion guarantees convergence of the right-hand side of (4.27). Its assumption (4.47)
is not optimal, but it gives a fairly simple proof (along the lines of [27]). Sharper conditions and references
are given in [38].

Theorem 4.9 (Convergence of polymer expansion). Let A > e and a = (Ae)/(A —e)?, and assume that

| K| == sup Z |K(X)|AXT < 1/a. (4.47)
7€B xec
X3y
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Then the right-hand side of (4.27) converges absolutely and

log Z < |B] (!MHZ !KH” ") (4.48)

Moreover, there is s > 0 such that for any a > 1 and any Y C B, we have the improvement

Z > K (X)) K(X)T(G(X1, -, X)Ly et X0 20 (XU 00 )Y 20
n= 1 ){17 L, XneC
connected

< [Yfe™ (HK!HZ HKH” ”)- (4.49)

Proof of Theorem /J.9. First consider the term n = 1. Fix k and v € B and sum over X € C with |X| =k
and X 3+, and then over the choices of v and k£ > 1

D IK(X ZZ Y. IEX)<IKIBIY AT <|K[BI(A-1)" (4.50)
k

XeC v |X|=k, X3y

Now consider the n > 1 terms. Asforn =1, fix y1,...,v, € B, k1,...,k, > 1, and sum over X1,... X, €
C with X7 5 v1,...,X, 2 v, and | Xy| = k1,...,|Xn| = kn, and then sum over the possible choices of
the v and k. If X, intersects X, then the sum over =, can be restricted to Xj; further if X, intersects
multiple X we can choose which X the sum over ~, should be restricted to. To specify the choice, use

G)l< > 1, (4.51)

TCG

where the sum runs over the set of spanning trees of G, by (4.38). Given a spanning tree T of G, choose
the summations of the ~, as follows:

e For any leaf in 7', choose the sum over the polymers associated to its unique neighbour.
e Remove the leaf and iterate the procedure.
e Once the tree only contains one vertex, sum the associated ~, over all of B.

For T with degree sequence (di,...,dy), this bounds the sum over the v by

BT k&, (4.52)
=1

and thus gives the bound

KX KX < BIIKIM Y > [ EAT (4.53)

X1,..,XneC ki,..kn TCG 1
connected

Lemma 4.7 implies that

ST <o Y Tt <2113

TCG i di,....dn 1 zzld:l

(n— 2)! T ] Kie™. (4.54)
=1



Since (exercise)

> kel )" = (1_% —a. (4.55)
we obtain the claim

log Z < |B] (IIKH +Z IIKH” ”) : (4.56)

For the improvement if |X1| + -+ + |X,,| = a and (X1 . ~Xn) NY =0, use that

> Hk (e/A)ki < (Ce/A)*a™ < e 2™, (4.57)

ki+-+kn>ai=1
and that the factor |B| can be replaced by |Y'|. This completes the proof. O
4.3.1. Application of polymer expansion to the Ising model.

Lemma 4.10. For any A, the polymer activity of the high temperature expansion (4.7) obeys | K| = O(pB)
as 3 — 0, and that the Peierls expansion obeys | K| = O(e™2P) as f — .

Proof. Since e+ — 1| < e, from (4.7) we obtain
IK(X)| < ()X > [T € (2cosh(ha)) ™" = (8e%)XI. (4.58)
oe{+1}VX) zeV(X)

Given any edge e € B, the number of connected polymers X of size k containing e is bounded by (2d)*.
Therefore, for any A,

[e.e]
1K) <) (2dABe)" = O(B) as B — 0, (4.59)
k=1
as claimed. The claim for the Peierls expansion is an exercise. O

Exercise 4.11. Complete the proof for the Peierls expansion. Use that by symmetry Z; = Z_ for h = 0.
For h > 0 show that Z_ < Z, by differentiating log Z_ —log Z in h and using Griffith’s first inequality.

For a cube A C Z¢ denote by C(A) the connected polymers contained in A, and define analogously
C(Z%) such that C(Z%) = UpC(A).

Exercise 4.12. Use Theorem 4.9 to show that, for § < 1 and for 8 > 1 with + or — boundary conditions,
the pressure exists and is given by

KX K(X,
R e S ID VI (L L L (CIE IS o P )
n= 1 Xl, L Xn€C(Z4) ! "
connected

Show that the truncated correlation functions have tree graph decay:
<0—xl; e ;U$k> < O(e_ST(xlv“'vxk)), (4'61)
where 7(x1,...,x)) is the length of the shortest tree connecting x1, ..., xk.

Sketch. Existence of the limit involves bounding the difference of the right-hand side for A’ > A. This is
done using the exponential decay in the size of the clusters in (4.49). For the second claim, use that for

X1,..., X, € C connected and containing points x1, ..., Zk, it is necessary that
X0+ Xl 2 71, 2): (1.62)
More details can be found in [27, Section 20.5], for example. t
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5 Abelian spin systems: currents, charges, and spin waves

5.1 Currents and charges

A very insightful approach to the study of spin systems with abelian symmetry (Ising and XY model) are
their representations by currents and charges, which follow from Fourier analysis on the abelian symmetry
groups O(1) = Zy and O(2). For the XY model, such representations were extensively used in [23, 25]
(and other references), for the Ising model in [1]. For the Ising model, they provide a percolation picture,
while they relate the XY model to a Coulomb gas.

Ising model. The partition function of the Ising model is zero external field is
1
_ E : | | Boe
Z= 2Vl & - e (5.1)

where we added the convenient normalization 1/ 2|Vl Expanding the exponential as

o1 =30 (o) ng Jowr)"s wsln) = 2 (52)

|
n.
n=0

the partition function can be rewritten as
Z= > Wsn 2|V| ZH (020y)™,  Wa(n) = [ ws(nay). (5.3)
n:E—Ng o Ty
The map n : E — Ny is called a current. The dwergence of a current n is the map V-n : V — Z given by
(V-n)e =) nay. (5.4)
Yy~x

Lemma 5.1. For any current n: E — Ng and m : V — {0,1},
1
v 2" [(oery)™ = 19, (5.5)
o Ty

where the equality V - n = m is interpreted mod 2.

Proof. Note that
H O20y)" ™Y = H H ot = HU;V'")”” (5.6)
Ty x

T y~x

since in the product [], [] each edge appears twice. The claim follows from

y~x
1 .
5 Z Ug(cv netms — l(V-n)ermz is even- (57)
oo €{£1}
This completes the proof. ]
This represents the partition function and correlation functions as those of systems of currents:
> Vn=m Wa(n)
Z = Ws(n), (c™) = =i . (5.8)
V;O ZV-n:O W,B (n)
Instead of (5.2), one can also write
. h(B) (n=0)
8929y _ cosh _ Jcos
e cos + sinh(pB)o,0 w (oz0y)", wg(n 5.9
() 2y = Z 5()(000y)",  ws(n) {Smh(m m_p. 09

Then the partition function becomes a sum over currents n : £ — {0, 1}.
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XY model. The expansion (5.2) should be viewed as that of a function on the abelian group Zsy into its
characters. In particular, analogous considerations apply to the XY model, with the abelian group now
SO(2). Indeed, the partition function of the XY model is

71'

By Fourier expansion, there are wg(n) such that

eheost — Z wp(n)e™. (5.11)
nez

It is convenient to select a standard orientation zy for every edge {z,y}. Then when writing zy € E we
mean that zy is in the standard orientation. Integrating over 6, the partition function becomes

Z = /Heﬁcos(ea:—Qy) do = Z/Hwﬁ(nzy)einw(ex—ey) a8,
Yy n xy
= Ws(n) / [T =% do,  Ws(n) =[] ws(nay). (5.12)
n zy zy

where the sum is over all currents n : £ — Z. Extend n to directed edges by ny, = —nz,. The divergence
is then defined by (on the right-hand side the edges zy are not necessarily in the standard orientation)

(Von)e = nay. (5.13)

y~z

Lemma 5.2. For any currentn: E —Z and m:V — Z,

1 —i0-m T ainey (0a—0y) 79 —
W/e 1;;[6 v v) df = 1V.n:m. (514)

Proof. The proof is analogous to that of Lemma 5.1 replacing o, by €% and using

1 o 10 ((V-n)z—mg
e (Vma=me) 46, = 1(5.n),zmo (5.15)

which shows the claim. O

Thus the partition function and correlations take the analogous form

— n cos(f -m)) = Zv-n:m Wﬁ(”)
2= 2 Wil {cos(®m)) = e (5.16)

Interpretation. Correlations of the Ising and XY models are equivalent to current correlations. For the
Ising model, there sources and sinks are the same since +1 = —1 in Zy. On the other hand, for the XY
model, sources and sinks are distinct. They are vortices which which can turn in either direction. These
representations have many consequences, which we will discuss later.
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Villain XY model. For the usual XY model, the function wg(n) in (5.11) can be computed explicitly in
terms of Bessel functions. A model that is somewhat easier to handle but has the same features as the
standard XY model is the Villain XY model, obtained by the replacement

Fxy(t) =ePeost=b o (1) Zw t+2mn), wi(t) = e 2P, (5.17)
neL

The right-hand side is a periodized Gaussian. It preserves the important features of the function fxy (¢):
periodicity in 27 and the its behaviour for small t.

Proposition 5.3 (Poisson summation). Let f: R — R have sufficient decay. Then

> Ft+2mn) = Z f(n)e™,  f(k) = / f(x)e ke dg, (5.18)

nez neZ

Proof. The left-hand side defines a 27-periodic function g(¢) and its Fourier coefficients are

2w 2
A —mt —int —mt
gn—/o dt E:/ F(t+ 2mn)e= it it / F(t)e= ™ dt = F(n). (5.19)

ne”L

The same holds for the right-hand side. O

By the Poisson summation formula and the fact that the Fourier transform of a Gaussian is Gaussian,
the Villain interaction has the two dual representations

) 1
)= wl(t+2mn) =Y wsn)e™, wl(t) =2, wy(n)= %e*%’ﬂ/ﬁ. (5.20)
nez nel

For the standard XY model, fxy(t) can also be represented as the periodization of a function w® defined
on R; see [23, Appendix B].

5.2 Discrete calculus

Let G = (V, E) be graph that can locally be embedded into Z¢, and denote its faces by F for d > 2, and
its cubes by @ if d > 3. Define oriented versions of V, E, F, @ (see Figure 1). Each vertex z corresponds
to two oriented vertices z (its standard orientation) and ! (its reversal). An edge has two boundary
vertices e = {z,y} and an orientation selects an order of these, written e = {z,y '} with e™! = {27} y}.
The faces have four consecutive boundary edges a = {ej,e2,e3,e4} and an orientation determines the
direction in which these are traversed; so, e.g., if e € a then e™! € a~!. Denote the oriented vertices,
edges, faces, cubes by 17, E , F , Q, and fix a standard orientation on V, E, F, Q. Define

e O-form: s: V — R, extended to s : V — R by s, = —s, if x71 € V;

e I-form: v: EF — R, extended to v : E—>R by ve = —v, if e € E;

e 2form: ¢: F — R, extended to ¢ : F — R by ¢y = —¢, if a~! € F;

e 3-form: ¢:Q — R, extended to ¢ : Q — R by ¢, = —¢, if ¢~ € Q;

and k-forms of higher degree can be defined similarly. For s : V - R, v: F - R, ¢ : FF = R, set

e Exterior derivative:

(ds)ay = (V$)ay = Z Sz = Sz — Sy, (dv)a = ZU& (dg)q = Z Pq- (5.21)

r€e eca acq
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Figure 1: The vertices, edges, faces are drawn with an assigned standard orientation (for which we drop
the arrow). Left: e = xy = {z,y~!}. Right: e € a but e7! € b, and in d = 2 one has (V x ¢). = (d*¢). =
Pa + p-1 = da — Py

Figure 2: Free (left) and Dirichlet (right) boundary conditions.

e Codifferential:

ds=0, (d0)e=(V-v)e=Y vs (@@= (Vxde=) da (5.22)

esx ase

Denote the standard Euclidean inner product on the spaces RV, R¥ R R? of 0-, 1-, 2-, 3-forms by (-, -).

Exercise 5.4. Verify that dd = 0 and d*d* = 0 and that d and d* are adjoint. Then (d*¢,ds) = (¢,d*s) =
0 implies that imd* L imd in R¥. The 1-forms that are orthogonal both to im d and im d* obey d*v = 0
and dv = 0. Thus they are harmonic, i.e., they lie in ker —A where —A = dd* + d*d. Check that d and
d* both commute with A.

The following boundary conditions are most common:

e Periodic boundary conditions: G = (V, E) is a d-dimensional discrete torus.

e Dirichlet boundary conditions: G = (V, E) is the subgraph of Z? shown in Figure 2 (right). Denote
the vertices completely contained by V and 0V = V' \ V, and extend O-forms s € Z" by 0 to dV.

e Free boundary conditions: G' = (V, E) is a hypercube in Z? and F is the set of its internal faces as in
Figure 2 (left). The boundary faces are denoted by OF, and 2-forms ¢ € Z" are extended by 0 to OF.

Lemma 5.5. (Dirichlet boundary conditions) For s : V. — R (with s|gy = 0) and ds = 0, it follows that
s=0. For anyn: E — Z with dn = 0, there exists s : V. — Z (with s|gy = 0) such that ds = n. For any
q € ZF with dg = 0, there exists n € Z¥ such that dn = q. Thus:

kerdg =0, ZF =imdy, Z' =imd,. (5.23)
The same holds with Z replaced by R, and A is invertible on RE.
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v

Figure 3: For g = 1, —1,, an integer-valued solution to d*h = g is given by a string from x to y. Orienting
the edges as shown in the bottom-left corner, h defined by h. = 41 for the horizontal edges on the path,
he = —1 for the vertical edges, and h, = 0 for all other edges, is indeed a solution to d*h = g.

Sketch. For example, let n € ZF with dn = 0. Then, for some  ~ y with y € 9V, define s, = s, — Sy = Ne
with e the edge between x and y. This is consistent since if also 2 ~ ¢ then n, — n. = (dn), = 0 some a
face a and so also ¢, = ny,. Now one can proceed by induction (now regarding x as part of the boundary)
analogously. O

Example 5.6. Let g € ZV with Y ¢ = 0. By linearity, it suffices to consider g = 1, — 1,, for z,y € V.
Define h € Z¥ by choosing a path v € (xo==x,...,2, =y) and set h, = +1 if e = z;2;11 for some i < n,
with the sign determined by the orientation (see Figure 3). Then d*h = g.

Two dimensions. In d = 2 the faces F' form the dual graph. The dual graph the same same edges in the
sense that two faces are neighbours if they share an edge of the original graph. Free boundary conditions
are mapped to Dirichlet boundary conditions and vice versa (see Figure 2), and clearly periodic boundary
conditions are invariant. For example, let (V, E') and (V*, E*) be the graphs in Figure 2 with free boundary
conditions and Dirichlet boundary conditions respectively. Then there are natural maps * : ZV — Z",
x: ZF" - 7V, and so on, and d* = *dx. In particular, Lemma 5.5 implies that ker d5 = 0if (V,E) has
free boundary conditions and ker d5 = {constants} if (V, E') has Dirichlet boundary conditions.

Example 5.7. (d*¢). = (V X ¢)e = ¢q — ¢p where a and b are the two faces containing e.

Closed 2-forms. For d = 2 (with Dirichlet boundary conditions), the condition dg = 0is > ¢ = 0 and
such ¢ are neutral configurations of charges. As in Example 5.6 there is n € Z¥ such that dn = g, where
n can be interpreted as paths between the charges of opposite sign. In d > 3, the ¢ € Z with dg = 0
form closed loops.

5.3 Dual models

To be concrete, assume that (V, E) is a (hyper)cube with free boundary conditions. Then, by Lemma 5.5,
for any n € ZF with d*n = 0 there exists ¢ : ' — Z such that n = d*¢. The partition function of the
Ising and XY model then take the form

Z= ) Wan)=3 Ws(do). (5.24)
@

d*n=0

where the sum runs over ¢ : F' — Z respectively ¢ : F' — Zs, in both cases with ¢|gp = 0.
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5.3.1. Ising model and Kramers—Wannier duality. By (5.24), the partition function of the Ising
model on (V, E) is

Zyg =Y Ws(d*¢) = (cosh ) ¥ > [](tanh g)l ). (5.25)
S S pezl Ty
Now assume that d = 2. Then (d*¢),y = ¢ — ¢» and
Zy.3 = (cosh B)IE! Z H(tanhﬁ)'d’”_‘z’b‘ (5.26)

¢€Z§ ab

Identifying ¢ € {0,1} with 7 € {41, —1}, we have |¢p, — ¢p| = %(1 — 747). Defining 8* by e~2%" = tanh 3,
the partition function can thus be written as

ZV,IB:(COSh,B)‘m(tanhﬁ)lE‘/z Z Heﬁ*m-rb

Te{£+1}F ab
= (coshﬁ)‘El(tanhﬁ)'E‘/QZF’B*,O (5.27)

Exercise 5.8. Assume that V is a (hyper)cube. Show that then Zy g, = Zy g0 + o(IN), and moreover
that the limit p(8) = imy_ 00 % log Zy g, exists (for any boundary condition w).

Since |V| = N, |F|/N — 1 and |E|/N — 2, it follows that (Kramers-Wannier duality)

p(B) = p(B*) + 2logcosh 3 + log tanh 5 = p(5*) — log(2sinh 23) (5.28)

The function log sinh is real-analytic on (0, 00). Assuming that p is analytic in 5 except at a single point
B (this is not clear), it follows that 8. must be fixed point of the function g(f) = artanh(e=2).

Exercise 5.9. The function g as exactly one fixed point 8. = %log(l ++/2) and it maps (0, 5.) to (B, 00)
and vice-versa.

5.3.2. Villain model and discrete Gaussian. By (5.24), the partition function of the XY model is
Z= Y W)= D Ws(de). (5.29)
n€ZE:d*n=0 $ELF [ ker d*
In particular, the partition function of the Villain model is equal to
Zo Y emdedd), (5.30)
PELF [ ker d*

Let d = 2. Then this is the partition function of discrete Gaussian model on the dual lattice at inverse
temperature 5* = 1/5. The discrete Gaussian model is a discrete model for an interface. By yet another
Poisson summation, the partition function can be further rewritten as

7 Z o~ 3 (2m)?B(d" (dd*) " q,d* (dd*)~"q) _ Z o~ 3(2m)B(q.(=2)""q) (5.31)
qeZF:>" q=0 qeZ¥:>" q=0

Here we assumed Dirichlet boundary conditions in the original graph so that ker d5 = {constants}. This
is the partition function of a Coulomb gas.
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5.3.3. Dual models via periodization. Now we use the representation

F&) =" w(t+2mm), (5.32)
meZ
and assume Dirichlet boundary conditions (on the original graph). (In particular, the Villain XY model

is the case w®(n) = e_%ﬁnz.) The partition function then is

Z=> WH(d + 2mm) df. (5.33)

mezZE L

The sum over m € ZF can written as a double sum over ¢ € Z and then over m € Z¥ with dm = q. The
nontrivial terms obey dg = 0 (which in d = 2 with Dirichlet boundary conditions on the original graph is
to be interpreted as ) ¢ = 0):

Z= > > WP(df + 2mm) db. (5.34)

v
q€Z¥F :dg=0 meZE :dm=q T

By Lemma 5.5, for any ¢ € ZF with dg = 0 there exists m € Z¥ with dm = ¢, and for any n € Z¥ with
dn = 0 there is ¢ € Z" such that di» = n, and 1 is unique for Dirichlet boundary conditions. It follows
that

Z= >, > / WP(dO + dip + 2mng) o = ) WA (dp + 2mn,) dp (5.35)
qEZEF :dq=0ypeZV L qeZF :dg=0 RV

By Lemma 5.5, and using that d commutes with A,
ng = —(dd* + d*d)A™'n = —dd*A™'n, — d*A™q. (5.36)

Translating ¢ to ¢ = @ — 2rd*A~1n,, it follows that

Z= > / WP(dp — 2nd* A™1q) dep. (5.37)
qEZF :dg=0 RY

This gives a decomposition of the angle field 6 into spin waves ¢ and vortex charges q. For the Villain
model, these contributions decouple:

Wo(dp — 2nd* A 1q) = o~ 3Bldp.dp) o (—58(2m)%(¢,~A1g) (5.38)
using that the images of d and d* are orthogonal and (using dg = 0 in the last equality)

(d* A7 q,d* A7 ) = (dd* A g, A7 q) = (q,—A7"q) — (d*dA™"q, A7 q) = (¢, —A7'g). (5.39)

5.4 Sine—Gordon representation

Let ¢ be a Gaussian field on the faces F' (to match the set-up above) with covariance matrix 3(dd* +m?)~*

(a massive free field), and denote its expectation by Eg 2. Its Fourier transform is

Eg 2 (l@9)) = e 2A@(dd +m) ™) gop any ¢ : RF - R. (5.40)
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Lemma 5.10. As m? | 0,

. —3B8(@,(dd) ) (gq —
lim Eg 2 (ef@?) = { ¢ ° (dg =0) (5.41)
m2l0 "’ 0 (dq #* 0)
Proof. Write ¢ = q1 + g2 with dg; = 0 and d*q2 = 0. Then
(0. (" +m?) ") = L) gy (ad 4 m)gy). (5.42)
The second term is continuous as m? | 0, while the first term diverges if ¢o # 0. O

In the following, we will simply write Eg instead of lim,,,2g Eg ,,,2. It follows that the partition function
of the Coulomb gas can be written as

7 — Z e~ 382m*(¢.(-2)"g) _ Z Eg(e?™(@9)) = R Z e2mi(0,9) | (5.43)
qEZF:Y" q=0 qEZF:Y " q=0 qeZ¥

The sum can be rearranged to

H Z e?mada — H 1+2 i cos(2mqeq) | (5.44)
q=1

a q€Z a
and in summary, we obtain the Sine-Gordon representation of the Coulomb gas:
oo
Z=Es |[]|1+2D cos(2mqea)| | - (5.45)
a q=1
Remark 5.11. This is formally the same as
1 > 1
(normalization)/ e 25 (@"Pd"9) H 1+2 Zcos(27rq¢a) = Z ¢ 28 (@ 0d9) (5.46)
RY a g=1 SELF

since

Ze%i‘” = Z Om (dz). (5.47)

qE€Z meZ

5.5 Long-range order and Kosterlitz—Thouless transition of the XY model

The same derivation as (5.35) can be carried out for the expectation of a function F'(df) that is 2r-periodic
in every edge. For such a function, the above shows that

(F(dB)) = (F(dp + 2mng)) = (F(dp — 2rA™'d*q)), (5.48)

where the first equality follows from 27-periodicity of F. To study the two-point function between 0 and
z, set g = 1, — 1g, and define h € ZF as in Example 5.6 such that d*h = g and thus

b — 0, = —(g,0) = —(h, db). (5.49)
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It follows that ' . ‘
<el(00_6x)> — <el(soo—<pa:) 5 e—2m(o—,q)>’ where o = dA7h, (5.50)

and we used that
(h, A™'d*q) = (dA™'h, q) = (0, q). (5.51)

The first factor in the expectation on the right-hand side is the spin wave contribution, the second factor
the vortex contribution. For the Villain model, they are independent:

(el0=02)y — (gi(Po—x)y (o= 2mil00)y (5.52)

5.5.1. Spin wave contribution. The spin wave contribution to the two-point function is (in the Villain
XY model):

<ei(900—§0x)> — e_%(gv_Ailg)‘ (553)
Since (—A)g, ~ — 5t log |z for d = 2 by (3.59) and similarly (—=A)ot ~ Cylz| =42 for d > 3, as || — oo,

_ ~1/(2xp) —9
<el(<po—<pz)> ~ Cla| (d ) (5.54)
C1 4 Cylz|~@=2  (d > 3).

WV

Spin wave theory states that for sufficiently low temperatures the spin wave part should give the correct
behaviour of the system. It thus predicts that there is long-range order in d > 3, with power-law correction
(Goldstone mode), and there is power-law decay in d = 2.

5.5.2. Vortex gas contribution. The contribution of the vortex part to the two-point function is (again
in the Villain XY model) .
(e~2mi(@:0)y, (5.55)

Clearly, it is bounded from above by 1, and one immediately obtains that the spin wave part is an upper
bound on the two-point function. In particular, for the Villain XY model in d = 2,

(elB0=02)) < 025 (9=A7g) _ O(|z|~/@mB))y. (5.56)

(Compare with Theorem 3.11.) The first bound in (5.56) of course also holds in d > 3, but does not
provide strong information since the Green’s function —A~! is bounded. The main difficulty is to obtain
a lower bound.

Proposition 5.12 (Frohlich-Spencer). For the Villain XY model in d > 2, there is ¢(8) with ¢(8) — 0
as B — oo such that
1> <e*2ﬂ‘(07q)> > ¢B)lg,—A7"g), (5.57)

Together with the spin wave contribution (5.54), it follows that, for § sufficiently large,
e%(gy—ﬁilg) > <U$ i Uy) > e(%-y-c(ﬂ))(g’_A*lg). (5.58)

An analogous estimate holds for the standard XY model, but its proof is more involved. Moreover, the
proof of (5.57) for d = 2 is significantly more difficult [23], and we will only consider d > 3 as in [25].

For d > 3, (5.58) implies that there is long-range order for sufficiently small temperatures (the right-
hand side is bounded below by a strictly positive constant). Using reflection positivity and the infrared
bound, in Corollary 3.5, we have already seen that the O(n) model exhibits long-range order for any d > 3
and n > 1, for small enough temperatures (and also seen in Theorems 3.10-3.11 that in d = 2 they do not
if n > 2). For the Ising model (n = 1), we have seen that long-range order can be proved by the Peierls
argument (and expansion). For d = 2, (5.58) implies the existence of the Kosterlitz—Thouless transition, a
phase transition without long-range order: for high temperatures correlations decay exponentially, while
for low temperatures they have power-law decay.
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5.5.3. Proof of Proposition 5.12 for d > 3. Define

Z() = 3 e 350 @A ) 2riea) (5.59)
dg=0

where the sum runs over 2-forms g with dg¢ = 0. Then

ooy 2(0)
2mi(e0)y = : 5.60
(e2men) = 28 (5.60)
In the Sine-Gordon representation, it follows that
Z(0) = E; | 3 eriteron (5.61)

dg=0

Exercise 5.13. Let (1 and (2 be two independent centered Gaussian field with covariances C; and Cs.
Then ¢ = (1 + (2 is a centered Gaussian field with covariance C' = C} + Cj.

Since dd* is bounded on ¢?(F), there is a constant ¢ > 0 such that (dd*)~! > cid. By Exercise 5.13,
the field ¢ can therefore be decomposed in distribution as ¢ = ¢ + ¢/, where ( is a Gaussian field with
covariance Bcid and ¢’ has covariance 3((dd*)~! — cid). Taking the conditional expectation over ¢ then
gives

Z(0) =Es | 3 e 3800 2mil¢ o) | | (5.62)
dq=0

This is one step of renormalization that integrates out fluctuations on the smallest scale, and makes the
coefficients small for large 5. Now write the partition function as

Zo)=Eg| > > e zflaagntod ) g, (ZK(X,¢’+0>> (5.63)

X CF dq=0,supp g=X X

where
KX ¢ to)= Y e boeign@ton (5.64)
dq=0,supp ¢q=X

Note that K (X1 U X9) = K(X;1)K(X>) if X1, Xo C F have distance at least 2. This factorization into
locally neutral contributions is where the condition d > 3 enters crucially. (In d = 2, the condition dg = 0
is the non-local condition ) ¢ = 0, and a significantly more complicated argument is required.)

The next step is a cluster expansion that writes the polymer partition function as an exponential. In
order to do so, the next lemma verifies that the polymer activity K is small.

Lemma 5.14. For any A, the norm (4.47) satisfies
|K|| =0 (58— oc0). (5.65)

Proof. Since ¢ can only take integer values ¢, # 0 for any face a in its support X,

| X

> 1,342 267%% -
IK(X)| < [2) ez == . (5.66)

1
q=1 1—e 2%
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Given any a € F, the number of connected sets X C F containing a are bounded by e“IX!. Tt follows that

K| = sup S IKX)AX =0 (8= ), (5.67)
X>a

as needed. O

By the polymer expansion, Theorems 4.4, 4.9, it follows that

Z(o)=FEgexp [ > Y. %I(G(Xl,...,Xn))K(X1)---K(Xn) (5.68)
n=1 X1,...,.Xp,€C

It is convenient to rewrite the term in the exponential as sum over charge configurations. The product
K(Xp) - K(X,) is
K(X1) - K(X,) = Z e Z e_%c/BZi(QhQi)eQﬂ—i((b/J"Uyql+“‘+qn)’ (5.69)
a an
where the sum over g; is over ¢; with dg; = 0 and supp ¢; = X;. Thus
)
ooy %I(G(Xl, LXK (X)) =" 2(B, q)e* 10t (5.70)

n.
n=1 X1,...,.Xn,€C q

where the sum over ¢ with connected support, and

Z S HG(Xy,. ., Xy))e 2P Rulaa), (5.71)

= " qittan=gq

where the sum is again over ¢; with dg; = 0 and X; = supp ¢;.
Lemma 5.15. There is ¢ > 0 such that for 8 large enough, |2(8,q)| < e=Blall,

Sketch. Since q is integer valued,
1Y " aills < llaslh < Z lgF |l = Z Gis Gi)- (5.72)

The combinatorial factor can also be bounded. O

In summary, and using that for every charge configuration ¢, the configuration —g also appears in the
sum, we have obtained

Z(o) =Egexp Z 2(B,q) cos(2m (¢ + 0,q)) | - (5.73)
dq=0
Next, write
cos(2m(¢' + 7,q)) = cos(2n(¢', q)) cos(27 (o, q)) — sin(27(¢', q)) sin(27 (0, q)) (5.74)
— cos(2n (¢, ) + cos(2m (¢, ) (cos(2n(, ) — 1) — sin(2n(, ¢)) sin(2(5, 0)),
R(q,0,¢") O(¢q,0,9)

and note that O is odd in ¢’. It remains to estimate R. Since dq = 0, by Lemma 5.5, there exists an
integer valued solution n = ny to dn = q. Thus

(¢',q) = (d"¢', ny), (5.75)

is gradient perturbation to the free field. The 1-form n, can be chosen with good properties.
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Lemma 5.16. Let d > 3 and q be 2-form with dg = 0. Then there exists a 1-form ng with dngy = q such
that |[ngllee < llql1-

Sketch. Let T be a (well-chosen) spanning tree of G. Given x € V' then there is a unique path I'; from 0
to . Given xy € E choose Sz, be a (nonunique) surface with boundary {zy} U, U~, 1 and

Nay = Y a. (5.76)

a€Szy

Since dg = 0, this definition is independent of the choice of S;, and the bound ||n|| < |/¢||1 is obvious.
See e.g. [31, Appendix B] for a detailed proof. O

Lemma 5.17. There is ¢(f5) with ¢(8) — 0 as B — oo such that

> |R(g,0,4)| < c(B)(g, —Ag). (5.77)
q
Proof. Since h and n, are integer valued, it follows that
(0,q) = (d*o,ng) = (d*dA" h,ny) = (dd* A7 h,ng) = (dA™ g, n,)  mod 1. (5.78)
Thus
cos(2m(a, q)) = cos(2n(dA g, n,)), (5.79)
where

|cos(2m(0,q)) — 1| < 2m%(dA™ g, )% < 27%(ng, ny) (AT g, dAT g) = 2% (ng, 1) (g9, — A g).  (5.80)

It follows that

ZIR q,0,9')| (27T22 (B,4q ||nq||2> (9, —A7'g) = c(B)(g,—A"g) (5.81)

and using ||ng|3 < |/g|l1, we obtain
By <y e ldlg|, (5.82)
from which the claim follows. O

Proof of Proposition 5.12. Applying Jensen’s inequality, using that O(q, 0, ¢') is odd in ¢', it follows that
Z(0) = Eg exp (Z (2(8, ) cos(2m(¢/,0)) — Ola, 0,6) + Rla,, ¢'>)) > Z(0)e P08 (5.83)
q

This completes the proof of Proposition 5.12. O
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6 Random geometric representations

6.1 Random currents as percolation

For the Ising model, the representation (5.8) provides and interpretation in terms of percolation, a point
of view developed in [2]. A current n : E — Ny can be seen as a subgraph of G with n,, edges between
xy. For vertices x,y € V, we write <> y in n if  and y are connected in n, i.e., if there exists a path ~y
from x to y such that n. > 0 for e € v. We also write

on={xeV:(d'n); =1 mod 2}. (6.1)

Proposition 6.1 (Switching Lemma). Let H C G be a subgraph, z,y € V(H), A C V(G). Then, for
any function F : {£1}F(@) 5 R,

> F(n* 4+ n®)W(nHyW(n?) = > F(n' +n® )W "YW (), &y it 402}
oni1={z,y},0na=A On1=0,0no=AA{z,y}
(6.2)
where the sums run over currents ny on H (thus ne =0 foree G\ H) and na on G.

Proof. Set n = n' + n? and first sum over n. Since d(n1 + ng) = In1 Adng, and since

n} n? nl 4 n2
Wt W) = I (i,) 11 (i.) —w ("), 63)

e e’ e e’

the left-hand side of (6.2) is equal to

> rowe Y (1) (6.4

OIn=AAN{z,y} oni1={z,y},n1Cn

while the right-hand side of (6.2) is

Y FWm)lpoyme Y <:1> (6.5)

In=AA{z,y} On1=0,n1Cn

Thus to prove the claim, it suffices to show

> (n)—l{wymn} > <,Z> (6.6)

n
8n1:{xvy}7n1 Cn ! 8n1=@,n1 Cn

For n such that x <% y in n both sides vanish. Therefore we assume z <+ y in n. View n as the multigraph
with n,, edges between vertices x and y. For any graph m, denote by dm the set of vertices with an odd
number of edges. Since x and y are connected in n, there exists a subgraph k C n such that 0k = {z,y}.
Note that m — mAk is an involution and maps graphs with dm = ) to graphs with dm = {z,y}. In
particular, both sets of graphs have equal cardinality, i.e., (6.6) holds. O

Corollary 6.2.
<O’ o >2 _ Z@nlzﬁﬁn?:(b W(nl)W(nQ)l{r oy innt +n?}
Y 28n1=@,8n2=® W(nl)W(nQ)
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Proof. By the switching lemma, the right-hand side of (6.7) is equal to

ZﬁnlzanQ:{x,y} W(nl)W(nZ) . Zan:{:p,y} W(n) ? — oo >2
28n1=®,8n2=® W(nl)W(n2) B Ean:@ W(nl) e

as claimed. O

(6.8)

Thus the square of the two-point function of the Ising model (0,0,) equals the two-point function of
the percolation configuration n' + n?:

(0,02 =F (z > yin nt +n?

0,0), (6.9)

where E(:|A1, A2) denotes the expectation of two current configurations n' and n? with sources On; = A;
and Ong = Ag. Let Cpiy2(x) ={y € V : z <> y in n; + na} denote the connected cluster containing x.
Its expected size is
2
E (’Cn1+n2 (:L')H(Da (D) = Z<0$0y> . (6'10)
y

Thus long-range order corresponds to percolation of the currents (the expected cluster size is infinite),
while exponential decay implies a finite expected cluster size. One can see many consequences from the
percolation point of view, see [2], as exemplified in the following proof of Simon’s inequality [42].

Corollary 6.3 (Simon’s inequality). Let B be a set such that V' \ B has at least two components, and let
x,y € V be in distinct components. Then

(0502) <Y _(020y)(0y02). (6.11)
yeB
Proof. For any BC V,

Z <Uz0y><0y0'z> . Z Zanlz{x,y}8n2:{y,z} W(nl)W(nQ)
a Zanlz{x,z},8n2=® W(nl)W(nQ)

yeB yeEB
-y > oni—{z,21on2=0 Lz o = in nt 402} W (nH)W (n?)
= > ont = (w2} on2—0 W ()W (n?)
=E (|BNCpyp2(2)||[{z,2},0). (6.12)
The assumption that B separates  and z implies |B N Cp1y2(x)| > 1, and (6.11) follows. O

Many results discussed in the previous sections apply mostly to high or low temperatures. To under-
stand the transition between these regimes is a fundamental question (of which many aspects are widely
open). For high temperatures, we have seen by various methods that

X(8) < o0, where y = lim Z(O’OUI>570, (6.13)

N—o0
zeV

providing that the infinite volume limit is taken appropriately (e.g., along a sequence of finite tori). For
low temperatures, for the Ising model on Z¢, we have seen that

My(B) >0, where My(B) = lém lim (04)gh- (6.14)

10 N—oo

Thus a natural charactization of the boundary of the high temperature phase is the temperature at which
(6.13) fails and that of the boundary of the low temperature phase at which (6.14) fails. Let

BX =sup{B: x(B) < oo}, BM =inf{B: M () > 0}. (6.15)
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Theorem 6.4. For the Ising model (and more general 1-component models that can be approximated by
Ising models such that the p* model), BX = BM.

This result is sometimes called the sharpness of the phase transition of the Ising model. Its proof [3]
makes use of inequalities between correlation function, derived using the random current representation;
we will not discuss it in detail. Recently, a new and shorter proof was given in [18]. For more general
n-component spin models, the result is certainly expected to be true, but in general this is not proved.

6.2 Random walks and local time

Spin systems also have representations by random walks (instead of random currents), for any number
of components n > 1. This point of view was developed in [10, 15]. It goes back to [48].

Continuous-time random walk. Let J be a symmetric matrix with no entries on the diagonal and nonnega-
tive entries elsewhere. The continuous-time simple random walk generated by J can be defined as follows.
Let Y = (Y;,) be a discrete-time simple random with jump probability from x to y given by Jg,/J, where
Ju =3, Juy, and given Y, let 7, be a sequence of independent Exp(/Jy, ) distributed random variables.
Here an Exp(a) random variable has density ae~%1;~0 and thus mean 1/a. Then (X7)7s¢ is defined by

n
X7 = Yn,, ]Ww:mm{n:22n<7}. (6.16)
i=1
Thus, at every step, from position x say, after waiting an exponential time with mean given by the inverse
of the total weight of the current vertex 1/.J,, the walk takes a step to one of its neighbors. Equivalently,
by properties of the exponential distribution, each edge has an exponential clock with mean given by its
inverse weight, and the walk then jumps to the neighbor whose clock rings first. We write E, for the
expectation of X with initial condition Xy = x.

Exercise 6.5. X is a continuous-time Markov process with right-continuous sample paths and for any
f: V=R,

OE(fx) = ~BQF(X)), (@)=Y Jeylle— 1) (6.17)
)

Sketch. That X is a Markov process follows from the property that the exponential distribution has no
memory (if 7 has exponential distribution then P(7 > s+ t|7 > s) = P(7 > t)), and that Y is a discrete-
time Markov process. Thus conditioned on Xy = z, the next jump occurs at an Exp(J,) distributed time,
and

TEL(fx, — o) = 7Ea((Fx — ) Tvst) + O1) = Balfs = £2) 1E(n < ) +0(0) = Q) +O(0),

2y Jny(fy*fz) %(173—‘13“)

(6.18)

where we used that
P(N; >2) =P(ri + 15 < t) = O(t2). (6.19)
This completes the sketch of the proof. O

The local time of X up to time T at vertex x € V is defined by
T
ﬁ:/]ﬁmﬁ (6.20)
0

Thus Lf is the time spent by the walk at that vertex x up to T.
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Proposition 6.6 (Feynman—Kac formula). Let b:V — R. Then, for any T >0 and f: V — R,
(e_T(Q+b)f)x _ E:p (e—(b,LT)fXT) _ ]Ex (e_ foT bx, dthT) . (6.21)

Proof. Define Prf by the right-hand side of (6.21). Since, by the Markov property, Xg; and X[, ;4 are
independent given X;, one can check that

(Pt-i-sf)a: = (Pt(Psf))a: (6.22)

Thus P is a semigroup. Its generator is

Pr—F, 1 1 [T — [Tbx, ds
= *Ex(fXT - foc) —Es (= bXte 0 "Xs T dt fa: - _(Qf)x - (bf):c (623)
T T T/
The claim follows from this (see, e.g., [49] for more details). O

In the following, actually only use the integrated Feynman—Kac formula for the resolvent will be used:
1 Oo b, LT
(Q+b);) = /0 E, <e—< : >1XT:y) dT. (6.24)

Gaussian field. Let D be a diagonal V x V matrix with Re D, > J,, and set A = D — J so that A
has positive definite real part. Let ¢ = (p;)zev be the n-component Gaussian field whose density is
proportional to

e 2(0Ae) de, (6.25)

where (p, Ap) = I, (¢!, Ap?), and dy is the Lebesgue measure on (R™)Y. We write E for the expectation
of the Gaussian field and include it in the expectation for the random walk E,. Abbreviate

1
7 = sleal? (6:26)

Proposition 6.7 (Brydges—Frohlich—Spencer representation). For x,y € V' and nice enough g : RK — R,

E(g(7)erpy) = /O E, (g(LTJrT)e_(A_Q’LT)lXT:y) dT. (6.27)

In our applications, g will usually have sufficient decay to eventually take A — @, which we will then
do implicitly and then simply write A = Q.

Remark 6.8. The integral over the final time T" of the random walk on the right-hand side of (6.27) can
be written in terms of a random walk with killing rate Ay, — Q2 at vertex x. This is a random walk on
state space V U {0}, where 0 is an additional vertex called cemetery state. At each step, the killed walk
jumps to 0 with rate A,; — Q.. Denoting the death time of such a walk X by Tp, the right-hand side
of (6.27) is equal to

E,(g(L*> +T)1XT6:y). (6.28)

Thus (6.27) has an interpretation that 7 under the signed measure (p}caplll x (Gaussian measure on @) has

the same distribution as 74 L under the product measure of the Gaussian field and a measure described
in terms of the random walk with transition rate @ and killing A— Q. See e.g. [49] for further development
of this point of view. The formula (6.27) is sometimes referred to as “Dynkin isomorphism.”
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Proof. Tt suffices to prove (6.27) for g(t) = e~ () and arbitrary b € RY. Indeed, replacing b by zb with
z € C, one can check that both sides of (6.27) are analytic in z € I = (—¢,¢) +1iR, for £ > 0 small enough
that Re A > @Q + £]b|. Since both sides agree for z € (—¢,¢) and are analytic in I, they must also agree
in all of I. Hence the Fourier transforms of both sides agree, which implies the equality.

Define

J(b) = /exmm>w. (6.29)
Then the left-hand side of (6.27) is
1, 1y _ —Lpbp) 1,1 J(b) -1

The right-hand side of (6.27) factorizes into the product of the following two terms:
J(b)

* —(LT» —L(pbp)y _
| R T = (Al EEEe) < O (6:31)
where the first equality follows from the integrated Feynman—Kac formula (6.24). O
Given a nice function g : RK — R, define for ¢ € RK,
1
Z(t) =E(g(r + 1), (F(p)) = 0] (F(p)g(T + 1)), (6.32)
and abbreviate (-) = (-)o.
Example 6.9. Let g(t) = e~ 2«(+7%) Then (-) is the expectation of the |p[* model.
For g(t) = e~ 2= v=(t2) we have
0
8T(F>t = —(F;up(ro + tx)>t . (6.33)

For n = 1,2, under certain assumptions of F' and v, the second Griffith inequality implies that right-hand
side is nonpositive, and thus (F); is monotone decreasing in t:

gtu?)t <0. (6.34)

This holds in particular for the |p|* model and appropriate F' and we will assume (6.34) from now.

Lemma 6.10 (Gaussian integration by parts formula). Let Cpy = E(p3;). Then

ZC’xyE< > Z/ <a ~1x,— y> dr. (6.35)

Proof. The last equality follows from integrating the Feynman—Kac formula. By integration by parts, the
right-hand side is of (6.35) is proportional to

ZCxl’/e 3 (0, A9) dp = — ZCW/F —3(p,Ap) d
= ZCWZAW/F( p)ple 2249 dop. (6.36)
Yy z

This is equal to the left-hand side of (6.35) since C' = A7, O
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The following non-Gaussian integration by parts formula generalizes (6.27) (and follows from essen-
tially the same proof).

Proposition 6.11 (BFS integration by parts).

(pLF(p)) = Z/OOO E, (Z(L) <§(2>L IXTy> dT, where Z(t) = g((é)) (6.37)

Proof. As in the proof of (6.27), first consider g(t) = e~ and recall .J(b) from (6.29). Then by Gaussian
integration by parts and the integrated Feynman—Kac formula,

1 1 1 1 OF
2N F(o) — LA Ll (o) dio — / ~ LA N4 4 -1 9
(0){ezF () J(O)/e 2 ol (p)de = 5y [ o7 Ey (A+0)gy a1 7

_ Z/O E, (e(T+LT7b)M1XT:y> AT
Yy

ot

= Z/Ooo E. (Z(L) <§2>L1XT:y> dT.  (6.38)

Since both sides are linear in g, as in the proof of (6.27), this identity extends to all nice g by analyticity
in b and Fourier transform. O

Corollary 6.12 (Gaussian upper bounds). Assume (6.34). Then

(erF(9) <) (o) <a§g>> . (6.39)

Proof. By (6.37) and monotonicity of (-); in ¢,

wren =% [ Y El(2(1) <§j>L o) ar<y [ Y E(2(D) <§5>0 Lxyey) AT, (6.40)
Y Y Yy Y

The right-hand side is equal to the right-hand side of (6.39). O
In particular, (6.39) implies for n = 1,2 and reasonable g that

(Pay -+ Pany) <) A1) @)+ (Pri2p—1)Pr(2p)) (6.41)

™

where the sum runs over all pairings (matchings) of {1,...,2p}. The case p = 2 is the Lebowitz inequality.

Corollary 6.13 (Lebowitz inequality).

<(IO$1(101E2()0$3()0374> - Z<@$W(1)¢$W(2)><QDIW(3)§OI7,(4)> < 0 (642)

™
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6.2.1. Multiple walks. Let X',..., X? be independent simple random walks with local times L1, ... L,.

We write LT = S 1L ¢ for the total local time up to times T' = (T1,...,T}), and denote by Eg, .+,
the expectation with initial conditions X0 =z1,..., X} = ).

Exercise 6.14. Iterate (6.37) to show that, for x1,...,29, € V,
E(9(r)¢s, - Pu,)

oo o0
= Z/O .. /0 Ex,r@),.“,xﬂ(p) (Q(LT + 7‘)1X%1 IS 1X1"~p:757r(2p)) dTy ---dT,. (6.43)
s

Lemma 6.15. Let A CV and T4 be the first time that X exits A. Then, forx € A,

(o]
/0 E, (2(L7)1xyeylyy <) dT = ZZJ/ / o LT)lx%_ 1X[10T]CA1X%2:y) dTy dTs.
z€EAZ'ZA
(6.44)

The left-hand side sums over walks from x to y going through z, while the right-hand side involves a
walk from z to z, then a step from z to 2z’ and then a walk from 2’ to y.

Proof. We will estimate the integrand on the left-hand side for fixed T'. Set I,,; = [T27", 727" (i + 1)),
for integers 0 < ¢ < 2" — 1. Then

2"—1
Eo(Z2(L")1xr—y 2exp0.7) Z Eo(2(L")1xr=y1Tser, ,)- (6.45)

Defining the interval-valued functions I, : [0,7) — 200.7) by I,(S) =1, it S € I, ;, the right-hand side is

T
/0 11 (S)| ™ Ea(Z(LT) Lxtp—y 1y ern(s)) dS- (6.46)
It suffices to show that, for every S € [0,7T),

— -
Jim (1) B2 e ) = 3 %Jzz/Ex,z/<z<Lf LIl calg o)
2€A 2
(6.47)
Since we also have the bound (exercise),

I 'E(Z2(LT )1 xpmalrer) < [I|7PP(T2 € 1) = O(1), (6.48)

the claim then follows by integrating (6.47) and taking n — oo (using dominated convergence) and that

fe') T o) fe’e)
/0 ar /0 48 £(S)g(T — S) = /0 /0 F(T)g(Ty) dT: dT:. (6.49)

To verify (6.47), consider any interval I = [a,b). Then

Eo(Z(L")1xp=ylrher) — BEo(Z2(L)1xp—y 1750l x,calx,¢4)]
<Eu(|lrer — Irsalx,ealx,gal) < P(N; > 2) = O(/I]), (6.50)

where Ny is the number of jumps in the time interval I. Thus

Eo(Z(L"xp=ylrser) = Bo(2(L7)1x,=y1x, , calxyga) + O(11%). (6.51)
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Summing over the possibilities for X, and X}, write

Eo(Z(LT)xp—ylx g menlxoga) = D > Bl Z(LT)1xy e alxa=sLxy= Lxg—y)- (6.52)
z€AZ'ZA

Using the Markov property, the right-hand side has contributions from three independent walks: a walk
x — z in time [0, a], a step z — 2’ in time (a,b), and a walk 2’ — y in time [b, T):

Eo(Z(L7)1x, =1 xy=o Lxpmy) = Bo o (Z(L§ + L") 1xyy calXe=z1x0 =) P(Xp = 2| Xa = 2) + O(|I)
oo (Z(LS + Ly ") 1x ycalx,=z1xp y=y) Jexr I + O(I]?), (6.53)

where the O(|I|?) errors accounts for omitting the contribution of the walk from a to b from Z and the
error from the replacement (see Exercise 6.5)

P(Xy = /| X0 = 2) = LI + O(IP). (6.54)

Taking I = I,,(.5), by right-continuity of the sample paths, as n — oo, left-hand side of (6.47) is bounded
by

SN TeBa o (Z(LF + LT %) Ixg—1x,0 g cAlxr s=y): (6.55)
z€EAZ'ZA

as claimed. O
Corollary 6.16 (Lieb—Simon inequality). Let n =1,2 and A C V. Then

0< <<Px90z> - (@m¢z>A < Z Jy y SDE(Py <90y’902>7 (6'56)
yEAY'ZA

where (-)a denotes the expectation with Jg, set to 0 unless x,y € A.

Proof. The lower bound is the second Griffith inequality. The left-hand side of the second inequality is
<90:v§0z> - <90z80z>14 - / Ez (Z(L )1XT leA<T) ar

=S S [ B (2000, 41y, el =) dT T

yeAy' ¢A

Z Z Tyy (Papy) aly 02), (6.57)

yeEA Y gA

where in the last step we used that

L[ B (207 - 20028 1, 1

0,7y

]CA1X%2:Z) dT} dT;
_/0 E, <Z(L Mxp=yLxgmea (pyes)or = (pye:)o) ) dT <0 (6.58)
by monotonicity of (-), i.e., (6.34). O

58



6.3 Triviality above dimension four

Both random current and random walk representations can be used to show the behaviour near the critical
point must be the same as that of mean field theory if d > 5, provided that n = 1,2 (see [20, 2]). Let

X = lim " (pops)a (6.59)

m—00
z€Td,

be the susceptibility, and define the critical point 8. by
Be = sup{B : x(B8) < oo} (6.60)

From Sections 2-3, x is finite for high temperatures and infinite for low temperatures, and thus 3. € (0, 00).
By the second Griffith inequality, x is monotone in 3, assuming that n = 1, 2, which we do in this section.
Moreover, we assume homogenous nearest-neighbour spin-spin coupling, i.e.,

Joy = Blay, (6.61)
so that in particular the infrared bound (3.13) holds.

Comment: Should move a discussion of the infinite volume limit here.

Theorem 6.17 (Aizenman, Frohlich). Let d > 5. For the Ising and XY model, and also the 1- and
2-component |p|* model, as e = B. — 3 1 0, the susceptibility obeys

S<xy< 2. (6.62)

(In fact, the lower bound holds in any dimension d > 3

Remark 6.18. (6.62) shows that for d > 5 the critical exponent for the susceptibility is 1 (in the sense
of upper and lower bounds), as in mean field theory (Proposition 1.10 (b)). Similar bounds can also be
established for other observables (in d > 5). For d = 4, the susceptibility (as well as other observables)
are expected to have logarithmic corrections to mean field theory. Using similar techniques as here, it
is known that corrections can be at most logarithmic. Full asymptotics are known under under stronger
assumptions (the |¢|* model with small coupling constant g > 0), using the renormalization group. Then,
for example, as € | 0,

1
X ~ C=(—loge)+2)/(n+8) (6.63)
€
For d = 2, the divergence of the susceptibility is known for the Ising model, for which it diverges as
1

The most interesting case d = 3 remains a great challenge for statistical physics.

The proof of Theorem 6.17 relies on the analysis of the truncated four-point function, defined by

U4($1, L2, T3, $4) = <902?1 ¢$290I3¢$4> - Z<@xﬂ(1)@ﬂ?ﬂ(2)><¢xﬂ(3) @$W(4)>' (665)
The Lebowitz inequality (6.42) provides the upper bound Uyg(z1, z2, 3, 24) < 0. Theorem 6.17 is proved
by proving a lower bound on Uy(x1, 2, x3,x4). Such lower bounds can be obtained both from the random
current representation [2], and from the BFS random walk representation [20].
To illustrate it, we use the random walk representation and show the Aizenman—Frohlich inequality
for the |p|* model with n = 1. In preparation of Frohlich’s proof of the Aizenman-Fréhlich inequality, we
note the following inequality for the weight Z in the random walk representation.
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0= > — 1 + permutations

Figure 4: Diagrammatic representation of the Lebowitz and Aizenman—Frohlich inequalities.

right-hand side, the dotted line symbolizes J, and the solid line a two-point function (pqpp).

Lemma 6.19. For the |¢|* model, the weight Z obeys
Z(t+5) = Z(t)Z(s)e 2903,

Proof. The logarithm of Z(t + s) equals
log Z(t + s) = log Z(t) / —log Z(t + us) du,
and, using the remark below (6.33),

;u log Z(t+us) = — Y 52(29(e + to + use) + V)rsus

xT

st 29(7y + usy) + )y —22951 =

T

0
= 5 log Z(us) — 2¢g(s, t).

The inequality (6.66) follows by reversing the previous steps.

Proposition 6.20 (Aizenman-Fréhlich inequality). For the 1-component |o|* model,

Us(x1, 22,23, 4)

z 2/ 2

Proof of Proposition 6.20. By (6.43), the truncated four-point function equals
R T T T T
Z/O /0 Eo, 1y on (<Z(L11 + L) _Z(Lll)Z(L22)) 1x;1:zw(3>1X%2:zw<4>> AT} dTs.
K
By (6.66), this is bounded below by

o0 o
T T —2g(L*,L2
Z/o /0 Ear)@ne) (Z(Lll)Z(Lf)lX}l:xﬁ(g)1X%2::vﬁ(4) (e « = 1)) dTy dT%.

=z — Z<90:Bﬂ(1)90z><80xﬂ(2) Soz> [(Szz,r@) + Z Jzz/<¢z’¢xﬂ(3)>] [(Szmw(4) + Z JZZ“<<’OZ"30$M4)>] -

On the

(6.66)

(6.67)

(6.68)

(6.69)

(6.70)

(6.71)

The right-hand side vanishes unless X; and X5 intersect, say at z € V. Thus it is bounded below by

o0 [e.9]
T 1o
- ;;A /[) ]Eww(l)zw‘rr(Q) (Z(Ll )Z(L2 )1X71~1:£Eﬂ.(3) 1X%2:$ﬁ(4) 1Z€X[10,T1]’Z€X[2O,T2]> dTl dT2
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The double integral on the right-hand side factorizes into two integrals of the type
/0 By (2L xrmyleexion ) 4T < (0y)0m + D Joar(Papu)0:00), (6.73)

where the inequality follows from the Simon inequality (6.56) with A =V \ {z}. Taking the sum over z,
this then shows the lower bound on the four-point function

- Z(Qamﬁu)@z) <90xﬁ(2)902> [523«“”(3) + Z JZZ’ <QDZ’<)0$7T(3)>] [523%(4) + Z JZZ” (‘Pz”@xﬁ(4)> ) (674)
z Z/ Z”
as claimed. 0

To bound the right-hand side of (6.69), a real-space version of the infrared bound is useful. It proof
uses the following delicate monotonicity of the two-point function.

Lemma 6.21 (Schrader—-Messager—Miracle-Solé inequality). Letn = 1,2. For general single spin measure
and homogeneous nearest-neighbour coupling on Z%, it holds that

(popz) < (popy) whenever |yl1 < |T|co- (6.75)
Proof. O

Lemma 6.22 (Infrared bound, real-space version). Letn = 1,2 and d > 3, and assume lim,| oo (pops) =

0. Then
C

(Popz) < W (6.76)

Comment from RB: Be more precise about infinite volume limit.

Proof [{4, Appendiz A]. Let x(x) = 13 <z and S(z,y) = S(x —y) = (pzpy). By the infrared bound,

1 1
(X, %) < (v Gx) = ZO(L*?), (6.77)
B B
where in the last bound we used that
1+logy L
> 2Ty < Z O™ D) 3™ S g oypewn = OLH?). (6.78)
|z|<L \y|<L |lz|<L ¥
O(2%)
Thus 1
. —2d B L -2
min Sx) <L+ Y > S-y) < 6O(L ). (6.79)
Woo L ‘y|oo<L
The claim then follows from (6.75) and choosing L ~ c|z|. O
Lemma 6.23. Let d > 4. Then
1 1 1
=0\ +——7— 6.80
Z 1V |[ul@=21V |u — v|d-2 (1 % ]v\d_4> (6-80)

ueZd

61



Proof. Let v #£ 0. Then

S a2 =0\ T 6.81
2 e S e ¢ 2 (7o) (6:51)
S =0 () (6.82)
|u|§u‘ 7 fu = ol ||§2: e |d 2 (Jul/2)4 o]
1 1 1 1 1
< T d—2 — .
| |/2<Z|:|<2| | |u|d=21V Ju —v]4=2 = (|v]/2)42 ‘ g;' | 1V |[u— |42 =0 (Md 4> (6.83)

where in the last inequality we used that, given v € Z%, there are O(2%) points v € Z? with 27 < |u—v| <
2/+1 from which it follows that

1+log, [v]
Z Vu v|d 5 S 1+ Z 2d]2 i 1) = O(|U|2)' (6.84)
|u\<2|v
This completes the proof. ]

An immediate consequence of (6.69) is the inequality

- Z JuvU4(0aU’U7w Z Juvz SOOSOZ <90u§02> 020 +Z<]zz 902 @v)]

5211} + Z oz <90z"90w>

U,v,Ww U,V,W z! 2!

!J\Zwosoz (L+[J1)* = [JIB(L+ |J]x) (6.85)

where B is the bubble diagram
8= > tones)? = [ 1500 k. (6.56)

By the infrared bound, in d > 4, the bubble diagram is uniform bounded for 5 < .. For the Ising and
I-component p* model, the inequality (6.85) can be improved to (Aizenman-Graham [4])

=Y JuwUa(0,u,v,w) < |J|B <B 53 + | J]x > (6.87)

(This is indeed an improvement, as seen by (6.88) below, together with the Lebowitz inequality Uy < 0.)

Comment: Can the proof of (6.62) also be completed using the weaker inequality
(6.69), as claimed in [20]?

Proof of Theorem 6.17 using (6.87). Differentiating the susceptibility gives
0
Bagx = > oz —BH(0))
4

= 2 3 ey ((popsay) — (0p:) (0200)

l:ﬂy?'z

= % D Jay ((oe) (020y) + (Popy) (0rez) + Ua(0,2,y,2)) .

1
= IIx* + 5 ) JeyUa(0, 2,9, 2) (6.88)
xT,Y,z
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The last term on the right-hand side is bounded above by Lebowitz’ inequality (6.42) (for all 8) and from
below by the summed Aizenman-Graham inequality (6.87) (for 8 < f):

—Cx < —=x < Ox2 (6.89)

Let f(t) = 1/x(B.—t). Then f is decreasing by Griffith inequality (for all t), f'(t) = x'(Be—1)/x(Bc —
t)? < C also for all ¢, and f(t) = 0 for t < 0 by (6.60), it follows that f(¢) | 0 as ¢ | 0, and

_ / P dt < Ce (6.90)
0

i.e., x = 1/(Ce). Moreover, the lower bound implies

- /E F)dt > ce, (6.91)
0

and thus also x < 1/(ce). O

6.4 Continuum and scaling limits

Now consider the |p|* model on the scaled lattice (aZ)¢ with a > 0, and mostly n = 1. More precisely, it is
defined as follows. Let ¢ be distributed according to the probability measure proportional to e~%a.&(%)
on Ay g = [-R, R4 N (aZ)?, where

=—= Z P doyoy + Z ( 90 + ww) : (6.92)

where the sum only extends over x,y in A, g. Let a be fixed. Then, for any z1,...,z, € (aZ)?, the limit
Sg($1, T 7xp) = P}gnoo<(pm T (p$p> (6.93)

exists by the second Griffith inequality (assuming n = 1). (Alternatively, one could consider a discrete
torus or a discretized domain (aZ?) N D.) The correlation functions are also called Schwinger functions,
and can be interpreted as Schwartz distributions in S’(RP?). The truncated correlation functions are
denoted by Uy. In particular,

Uz(xlv L2, T3, .%‘4) = <§0x130x23096330964>a - <(PCL‘1<PCL‘2>CL<@I3<PI4>CL - <90I1902?3>a<901‘290£t4>a
— Py Paa) (o Prs) - (6.94)

There are different ways to take continuum limits a | 0 of the (truncated) Schwinger functions. Under
certain technical conditions (which we do not discuss), continuum limits of the correlation functions
correspond to random fields on R? (in the sense that they are the correlation functions of a random
Schwartz distribution on R?). Under further conditions (the Osterwalder—Schrader Axioms [36], involving
in particular reflection positivity), they are further in correspondence with relativistic Quantum Field
Theories in d — 1 space dimensions.
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Scaling limit (infrared problem). For fized coupling constants J, g, v, does there exist a scaling s = s(a)
such that s¢ converges to a nonvanishing random field as a — 07

This is the scaling of interest in statistical mechanics (describing the system’s large scale behaviour).
Above the critical temperature, any nontrivial scaling limit is (expected to be) white noise. (In particular,
for one-component spin systems and more general FKG systems, see [35, 34].) The most interesting case
is the critical point, at which the field is strongly correlated. The limiting random fields should be scale
invariant, and actually conformally invariant, at least in d = 2 (for the Ising model, which is believed to
have the same scaling limit as the critical one-component ¢* model, see [?]). The Wilson renormalization
group [50], for which Wilson received the Nobel Prize in 1982, provides a largely conjectural picture to
explain many of the associated heuristics.

Continuum limit (ultraviolet problem). For which a-dependent choices of bare coupling constants J(a),
g(a),v(a) does ¢ converge to a nonvanishing random field as a — 07

The choice of coupling constants typically corresponds to much weaker interaction than for the scaling
limit (which in principle is a special case). Such scaling is of interest for Quantum Field Theory.

There are different natural topologies for convergence of the Schwinger functions. In particular, one of
them is weak convergence at non-coinciding arguments, in which S3(z1,...,xp) is tested against function
in the Schwartz space S(IRP?) that vanish whenever z; = x; for some i # j. (It turns out that coinciding
arguments are irrelevant for QFT [36]; see also [19] for further discussion of topologies.)

Theorem 6.24 (Glimm-Jaffe). Let d = 2,3 and n = 1. Then nontrivial (ultraviolet) continuuum limits
exist for which the Osterwalder—Schrader Azioms hold.

A simple proof of this result (except for rotation invariance), based on the random walk representation,
was given by Brydges—Frohlich—Sokal [14].

On the other hand, non-Gaussian continuum limits of the |p|* model (for n = 1,2) are known not to
exist for d > 4. In fact, the Aizenman—Frohlich inequality (6.69) implies the following theorem.

Theorem 6.25 (Aizenman, Frohlich). Let d > 5 and n = 1,2. Assume that S$(0,2) — 0 as  — 0 (no
long range order) for every a > 0, and that S$ — Sy weakly in S'(R??) as a — 0. Then

0> Uxy,...,x4) > —Ca™* (6.95)

if |zi—xj| > 6 > 0 (with 0-dependent constant). This implies Uj — 0 weakly at non-coinciding arguments.
As a consequence of Uy — 0, it is known that in fact all truncated correlation functions converge to 0
(weakly at non-coinciding arguments), i.e., the continuum limit must be Gaussian.

For d = 4, it is conjectured that no non-Gaussian continuums limits exist either. (Results that prove
existence of Gaussian scaling limits exist for small coupling constants, but the ultraviolet problem remains
unsolved.)

Proof of Theorem 6.25. Write Jyy, = Bly~y, B = a® 2 with ( = ((a) possibly depending on a. The
real-space infrared bound (6.76) implies that (assuming there is no long-range order)

S800,2) < ; ¢ (6.96)

(a+ |z))4=2
Therefore we can assume that lim, ,o ( < oo, since otherwise lim,_,¢lim 5§ = 0 is trivial. Furthermore,
the inequality (6.75) implies that

sup sup S5(0,z) < oo. (6.97)
a |z|>6/2
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Indeed, otherwise (6.75) implies that there is a subsequence such that (along this subsequence)

inf S9(0,2) — oo, (6.98)

|z|<cd

which is a contradiction to the assumption that S§ — Sa.
The main contribution to (6.69) is essentially given by

T2 ) S(a1,2)S (w2, 2)S (23, 2)S (24, 2), (6.99)

z€(aZ)?

with |J|2 oc ¢2a%@=%. (Indeed, the difference between z and its neighbours 2’ and 2” is unimportant and
the contributions involving § are not difficult to see to be of lower order as a — 0.) Using (6.96) for the
term involving z1, and (6.97) for the terms involving z9, 3, x4,

1
d d
Ca Z S(x1,2)S(xe,2)S(x3,2)S(x4,2) < Ca Z T2
2€(aZ)%:|z2—x1]<6/2 z€(aZ):]z|<82
1
< Ca? / 5 dz < C, (6.100)
|z|<6/2 2|

and of course the same bound holds with z; replaced by any of zs, 3, 4. On the other hand, again using
(6.96) and (6.97),

¢2a? Z S(z1,2)S(xe,2)S(x3, 2)S (x4, 2)

2€(aZ)%min; |z—x;|>6/2

< Ca? > ! ! < C. (6.101)

: 2 — 21|72 |2 — o] T2
2€(aZ)%min; |z—x;|>6/2

Therefore
|2 Z S(x1,2)S(x2, 2)S (23, 2)S (24, 2) = O(a®™?). (6.102)
2€(aZ)d
Since the other contributions to (6.69) are smaller (as remarked above), this shows (6.95). O

6.5 Supersymmetry and the self-avoiding walk

k-forms. Consider a two-component field (uz,v;)zcy and denote by du, and dv, the associated 1-forms,
with the usual exterior algebra generator by the wedge product A. Thus

dug N duy = —duy A dug, dvg Advy = —dvy A dvg,  dvg A duy = —doy A dug. (6.103)

Then k-forms are sums of forms f(u,v)duz, A--- A dug, A dvg, , A---Advg,, with f(u,v) an ordinary
function of (u, v), say smooth. They define a real vector space (in fact an algebra) denoted 2. Differential
forms are formal linear combinations of k-forms:

2N
0= (6.104)
k=0

Notice that k-forms only exist for k < 2N, where N = V| and 2N is the dimension of RV @R"". Moreover,
any 2N-form w can be uniquely written as

w= fdug, Ndvg, N- - Ndugy Adug,, (6.105)
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where f is a function and z1, ...,z is an arbitrary enumeration of V. As usual in differential geometry,
the integral of w € Q9 is then defined as

/(JJ = /fduxldvml "'dudeUxNa (6106)

with the integral on the right-hand side being the Lebesgue integral. For w € , k < 2NN, it is useful for
our purposes to set

/ w=0. (6.107)

The integral is then extended to 2 by linearity.
Complez field. We identify (u,v) with the complex field ¢ defined by

Oy = Uy + iV, ¢ = Uy —ivs. (6.108)

Moreover, for an arbitrary fixed choice of square root, we define the 1-forms

1 - 1 -
4 V27 ¢ v V27 ¢ ( )
Then, for example,
- 1 - 1
VYo AN hy = 5—ddz N ddpy = —dug A dvy. (6.110)
2mi i

From now on, we will almost always omit A from our notation, and write, e.g., ¥y, = 1y A Vy.

Definition 6.26. For A = (Ayy)zyecv with positive definite real part, define the differential form

S=84= Z ((ﬁmAxyé:c + wa:Axy'&m) . (6.111)

x7y

The super-Gaussian measure is the differential form (so not really a measure)

e—S:e—(¢,A¢)Z k:' (Z% my%) , (6.112)
k=0

Given any differential form w, we denote by w|i its degree k part.

Proposition 6.27.

2mi T

N 7 N
b d ccd T — b d xd T
eS|, = (det A)e (¢’A¢)HL Pz _ (det A)e (6,40) TT 25 (6.113)
i=1 i=1

The right-hand side is the (normalized!) complex Gaussian measure, with covariance C' = A~
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Proof. The right-hand side is

N 1, db . )
(det A)e_(¢7A¢) H ;Zﬂ_i % = Z(_l)UAxla(acl) T AmNa(xN)¢zl @Z)xl T @Z)xNU)xN
=1 o
= Z Axlo'(xl) T A:):NU(xN)zzjwlwa(xl) T &wNwo(xN)
= Z Agyy, A$NyN1Z}$1’l/]y1 T &xwl/’yzv
yl?"'7yN
1 _ _
= N Z Z Aziyr - Azyyn Vo Yy - Yoy Py
D X1, TN YL, YN
1 N
= =i (_ ZAxy¢m1¢y1> . (6.114)
@y
This is the same as the left-hand side. O
Exercise 6.28.
/¢x1 d;y1 T ¢$kq§$k = per(cﬂciyi)?zl (6.115)
/wzl zZyl T wmk/‘/_}zk = det(cl'iyi)’];:l (6'116)
where the determinant and permanent of a & x k matrix M are
det(M) = Z (=17 M5y, per(M) = Z Mo (s)- (6.117)
o€Sy €Sy,

Exercise 6.29. Understand in which sense ¢ has the interpretation of a field of free bosons, while ¥
has the interpretation of the field of free fermions. To this end, let H be the finite-dimensional complex
Hilbert space with inner product C, i.e.,

(f?g)H = Z Cmyfa:gy‘ (6.118)

z7y

Let F = @, H®* be the Fock space generated by H, where H®° = C is spanned by a vector © called
the vacuum. Let F; and F, be the symmetric and antisymmetric subspaces of F. Define the creation
and annihilation operators a}, and a, on Fy respectively F, by

aztp = ..., ay=_(...). (6.119)
Define the field operators by
Gy = az +1iay, ... (6.120)
Show that
(Q, ¢x1¢;1 T qukd);kg) = () (6'121)

the relation of (6.115)—(6.116).

Next, we require some more notation.
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Exterior derivative and interior product. For w = fduy, A --- € Qy, the exterior derivative is

of of
dw = g auwalugc A(dug, A...)+ g avxdvm A (dug, A...). (6.122)
It extends to €2 by linearity and has the properties
=0, dwAn)=(dw)An+ (=D wA (dn) ifnec Q. (6.123)

Given a vector field X : R?V — R?N and w € Q, the interior product txw € Qi_; is defined by (...). In
particular, for the vector field (...), we have

LXdQZ)x = _27Ti¢x, qugr = 2771(590 (6124)
Definition 6.30. The supersymmetry generator is
Q=d+., (6.125)

and a form w € € is supersymmetric if Qw = 0.

Proposition 6.31. The forms ¢,¢, + 1.1, are supersymmetric and
Gudy + Yathy € M Q. (6.126)
Proof. Indeed,
Q(Pdy + Yuthy) = d(dxdy) + t(bathy) = (dpw) by + bz (ddy) — du(dey) — (ddz)dy = 0, (6.127)
showing the supersymmetry, and
Q(pzddy) = (d + 1) (¢r + doy) = dood, + (271) Py (6.128)
implies that ¢,¢, + V.1, € im Q. O

Definition 6.32. For even forms wi,...,w, and F € C®(RP), define F(wi,...,w,) by Taylor expansion
about the 0-degree parts of the forms w;. More precisely, set

ok ok (Wi — w0 (wp — wplo)*
Flwy,...,wp) = Y. ﬁ..-mﬂwlyo,...,wﬂo) o~ K €Q, (6.129)
k... kp O%1 1
where the sum can be restricted to k1 +--- +k, < N.
Exercise 6.33.
SN
QF (w1, ... wp) :Zaw'F(wl,...,wp)Qwi. (6.130)
i=1 ¢

Thus supersymmetric fields can be generated as functions of supersymmetric forms. We apply this in
particular applied to the forms (the “square” of (¢,v))

Ty = bea)x + @Daﬂz}x (6'131)

It is not a coincidence that we use the same letter 7 as in (6.26). The apparently missing factor % is due to
normalization conventions for complex Gaussian measures. For example, in terms of the two-component
field (u,v), we have ¢¢ = £ (u? + v?).
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Proposition 6.34 (Localization Lemma). Let S be supersymmetric. Then for any F € C®(RYN),

/F (0)/e—5. (6.132)

Thus, for functions of the square of the super-Gaussian field, the saddle point approximation is ezact.

Proof. 1t suffices to show that the following derivative vanishes:

)
o F(A\r)e ¥ = zx: / Fy(AT)Tpe™
=Y [ QO ®),  where 7, = Qus, (6.133)

and the last equality follows from Q(e™°) = 0 and Q(F,(A7)) = 0. For any form w (with sufficient decay),
we have by the definition of [ and Stokes’ Theorem

/Qw = /dw =0, (6.134)

and the claim follows. O

Example 6.35. Let S be supersymmetric with fe_s = 1. Then

= / (pady + Yutby)e”®  implies / Pythge™® = / bydue®. (6.135)

The following is a supersymmetric version of the BFS representation (6.27).

Proposition 6.36. For g € C>®(RY) with at most exponential growth (say),

/ 9(T)pedye = /0 b E, (g(LT)e_(A_Q’LT)IXT:y) dr. (6.136)

The crucial difference to (6.27) is that the right-hand side only involves LY not L7 +7. The proposition
has the interpretation that the distribution of the local time L of the killed walk is the same as that of
the square of the supersymmetric Gaussian field associated to the walk.

Proof. The proof is analogous to that of (6.27). It again suffices to check the claim for g(t) = e~ (1),
Then the left- and right-hand sides of (6.136) both become

(A+b);} (6.137)

Ty

now without further normalization (in contrast to the proof of (6.27)). For the left-hand side, this follows
from (6.115), and for the right-hand directly from the integrated Feynman-Kac formula. O

The supersymmetric version of the |¢|* model is the weakly self-avoiding walk (or random polymer).
Indeed, application of (6.136) with g(t) = e~ 2«(9%2+%2) yields the following relation. Let

T T
= / / lxg =xg, dS1dSy =Y (LT)? (6.138)
o Jo -

be the self-intersection local time of the random walk X (up to time 7).
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Corollary 6.37 (Parisi-Sourlas [37], McKane [33], Brydges—Evans—Imbrie [9]).

/(,bxqsyesg,u — /0 Ex (e*gI(T) 1XT=y) e*I/T dT, (6139)

where

SgyV = %Z(gﬁx(*A&) + '¢CL‘ Z ( ¢z¢x + 7/}96'(/}:0) + %V(beﬁgx + %7!_11)) . (6-140)

xT

Analogous to the correspondence between |¢|* and O(n) model, the right-hand side is up to constants
the |o|* version of the generating function for self-avoiding walks

Z |{self-avoiding walks from x to y of length n}|z". (6.141)
n=0

Indeed, the generating function for self-avoiding walks is a limit of that of weakly self-avoiding walks with
g — o0; see [13]. (This is also called the “point-to-point” partition function.)

There are other, perhaps more transparent, ways to understand that supersymmetry is intimately
connected to self-avoiding walks. To explain this, note that the Gaussian integration by parts formula
extends to the supersymmetric case.

Exercise 6.38. Let S =S4 be asin (6.111). Then
F
/ $aFe ¥ = Chy OF s (6.142)
y 90y
Example 6.39 (SUSY and self-avoiding walk). Write E(-) for the [e~®(-). Then

E (626,9(66)) = CofE (9(66)) + Y CaniE (60,049 (60) ) (6.143)

where ny = 1 if 2 = 21 and n, = 0 otherwise and ¢(™ has n, derivatives in the ¢, variable. Iterating this
identity, one obtains

(¢x¢y9 ¢¢ Z C:c:(:1 o Ca:kyE (g(")(€5¢)) ) (6‘144)

wiT—Y

where n, is the number of times the walk w visits site . Thus the right-hand side is sum over walks
with weight in terms of the vertices it visits. (Note that the weight involves C' = A~! rather than A, as
n (6.27); this has to do with the fact that it is now discrete rather than continuous.) The same can be
done with 7, = ¢,¢, replaced by 7, = Gpdz + V21, inside g. Then, by (6.132),

E (9"(r)) = 9" (0). (6.145)

In particular, for g(t) = [][,(1 + t;) the right-hand side becomes the indicator function that the walk w
is self-avoiding:

E (qz_ﬁquﬁyg(q_SQS + d—}w)) = Z Cwlw is self-avoiding (6146)

wr—yY

where C,, is the product Cyy, - - - Cy,y over the steps of the walk.

More details concerning the connection between supersymmetry and self-avoiding walks can be found
n [16] and [9].
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Example 6.40 (SUSY and random matrix theory). Let H be a symmetric matrix and z = E+in € C;..
Then the matrix i(H — 2z) = i(H — E) + 1 has positive definite real part. Let G = (H — 2)~! be the
Green’s function. It has the supersymmetric representation

Gy =i / Gicpye O UH=2)) (W, (H-2)7) (6.147)
Let’s say that H has independent entries. Then the expectation of the Green’s function is

EGij = l/éf_)z¢] HE (e—iHij(2¢i¢3j+¢ill;j+¢j%)> HE (e_in‘i(dji(Z’i‘i‘wi'J)i)) e(iE—n)(@QEi-l-wﬂzfi) (6.148)

1<j

The expectations are particularly easy to calculate if the entries are centered Gaussians, say with Var(H;;) =
1/N and Var(H;;) = 2/N. Then

EG;; =i / qgi(bje*ﬁ((¢,¢3)2*(w,¢)2*2(¢,1§)($,¢))e(iE—n)((¢,<5)+(wa¢)). (6.149)

Formally dropping % (this is called the boson—boson contribution) and setting E = 0 for the moment,
the previous line resembles a correlation function of a spin model. For ¢ = j, it is really the one-point
function of a mean-field spin model, where o = |¢|? is the spin field and the action is (recall (1.21)):

%m2+N77m, m = %(qb,gb) = ;Zai. (6.150)
(2

The single spin measure induced on ¢ is the radial marginal of the two-dimensional Lebesgue measure:

p(do) = §(|¢|? — o) dp de < 1,50 0 do, the imaginary part i has the interpretation of magnetic field, and

i times the average magnetization is the expected Stieltjes transform of the empirical measure. However,

differently from ordinary spin models, since the single spin measure is not symmetric about 0, there is

only one phase.

Still ignoring 1, as a mean-field model, the asymptotic magnetization can be studied through a saddle
point approximation. To obtain a suitable form, one can either do a Hubbard—Stratonovich transform,
as in Section 1.4, or a direct change variables to m. Then there is a Jacobi factor proportional to m¥ .
Including m” in the action, it becomes

1
N <2m2 —izm — log m> . (6.151)
Thus the stationary points obey
(im)? + z(im) +1 =0, (6.152)

which is the self-consistent equation for the semicircle law. This only provides a glimpse of the connection
of random matrices and supersymmetry. Ultimately, the fermionic variables ¢ cannot be ignored, and
provide crucial cancellations. For random matrix theory, the expected Green’s function EG;; only provides
quite limited information. The analysis of E|G;;|? becomes significantly more difficult as the state space
of the model becomes noncompact with hyperbolic symmetry. This is explained very well in [45] (see also
46)).
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