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Random loop representations for quantum spin systems
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We describe random loop models and their relations to a family of quantum spin
systems on finite graphs. The family includes spin % Heisenberg models with pos-
sibly anisotropic spin interactions and certain spin 1 models with SU(2)-invariance.
Quantum spin correlations are given by loop correlations. Decay of correlations is
proved in 2D-like graphs, and occurrence of macroscopic loops is proved in the cubic
lattice in dimensions 3 and higher. As a consequence, a magnetic long-range order is
rigorously established for the spin 1 model, thus confirming the presence of a nematic
phase. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817865]

Dedicated to Elliott Lieb on the occasion of his eightieth birthday

Contents

L INTRODUCTION . . ..o e e 1

II. PROBABILISTIC MODELS . . . ..o 2
A. Model of random 100pS . . . ..o vttt 3

B. Space-time spin configurations . ............uuttttteetinniiiiiiii e 4

6

6

II. QUANTUM SPIN SYSTEMS . . ..o e
A. Families of quantum Spin SYStEMS . . . ... uutte ettt e

B. Random loop repreSentations . . . .. ..ovuueent ettt 8

IV. DECAY OF CORRELATIONS IN 2D-LIKE GRAPHS . ......... ...t 12
V. OCCURRENCE OF MACROSCOPIC LOOPS IN DIMENSIONd>3.............. 14
A. Setting and reSUILS . . .. ...t 15

B. Reflection positivity of the model of random loops . ................. ... ..., 16

C. Infrared bound for the correlation function................ ... .. .. .. L. 20

VI. REFLECTION POSITIVITY INSPACEAND TIME . ... 26
VII. SPECIFIC MODELS OF INTEREST .. ... 32
A. Spin % MOAELS . . oo 32

B. Spin 1 SUR)-invariant model .. ........ ..o 33
VIII. CONCLUSION AND OUTLOOK . . ..ot 36
A. Joint distribution of the lengths of macroscopic loops........................... 36

B. Nature of pure Gibbs states . .......... ... i 38

I. INTRODUCTION

We study models of random loops that are closely related to quantum lattice systems. There are
many reasons to consider them. First, the probabilistic setting is mathematically elegant, it is fairly
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simple to depict, and the presence of spatial correlations makes it very interesting. Second, quantum
spin systems play a major role in our understanding of the electronic properties of condensed
matter. And third, the relations between these models are fascinating. They hold in spite of their
mathematical differences, and several properties happen to be visible in one representation but not
in the other.

The models of random loops described in this article find their origin in the work of Téth
on the quantum Heisenberg ferromagnet,’® and in the work of Aizenman and Nachtergaele on the
Heisenberg antiferromagnet.> The present extension allows to describe the spin % quantum XY
model and certain SU(2)-invariant spin 1 models. A major advantage of these representations is that
correlations between quantum spins are given in terms of properties of the loops.

Quantum Hamiltonians are also related to the generators of evolution of classical interacting
particles. This is an active research area and some methods have been borrowed from quantum
systems, such as the Bethe ansatz. We refer to Refs. 36, 57, 31, and 42 for recent discussions.
A Lorentz gas model has been recently introduced in Ref. 47 that seems closely related to the
representation of the Heisenberg ferromagnet. Further connections should be possible and the
probabilistic representations of quantum lattice systems at equilibrium could help to bridge the gap.

Many important results have been obtained for quantum spin systems that are relevant for models
of random loops. One such result is the Mermin-Wagner theorem about the absence of continuous
symmetry breaking in dimensions 1 and 2.4%-2348.55.28,29.46.41.53 We provide a simple proof; it uses
operator theory and it is restricted to those parameters for which there exists a correspondence with
quantum models. An interesting challenge is to find a probabilistic proof that holds more generally.

Another important result in statistical mechanics is the proof of existence of a phase transition
with continuous symmetry breaking and long-range order in dimensions 3 and higher. The first
positive result is due to Frohlich, Simon, and Spencer, for the classical Heisenberg model.?* The
extension to quantum models was achieved by Dyson, Lieb, and Simon.?! They used the method
of reflection positivity and infrared bounds that has been subsequently discussed and extended in
Refs. 54, 26, 27, 44, 45, 2, and 4. It is worth emphasizing that continuous symmetry breaking
has, so far, been proved only when reflection positivity is available, which excludes the Heisenberg
ferromagnet.

The main goal of this article is to show that this method can also be applied to the models of
random loops. As a result, we prove the occurrence of macroscopic loops when the spin parameter
S is small and the dimension of the lattice is large enough. In the case § = %, we recover the results
of Refs. 21 and 44 for the XY and Heisenberg models. The present approach becomes useful, from
the perspective of quantum spin systems, in the case S = 1 since it allows to prove the existence of
quadrupolar long-range order at low temperature. In addition, the representation of random loops
suggests that correlations of the form (Sg S;’) decay exponentially fast with respect to ||[x — y||. The
results of this article are compatible with the presence of a spin nematic phase, that was studied in
Refs. 9, 61, 60, and 24.

The model of random loops is introduced in Sec. II. We discuss the family of quantum systems
in Sec. III where we state and prove the connections to random loops. Correlations for SU(2)-
invariant systems are particularly interesting, see Theorem 3.5. The Mermin-Wagner theorem is
discussed in Sec. IV. We prove it using a simple inequality that, in essence, estimates the difference
of expectations with respect to two Gibbs states in term of their relative entropy. The occurrence of
macroscopic loops is described in Secs. V and VI. We discuss explicit models with spin % and 1 in
Sec. VII. Theorems 7.2 and 7.3 contain the new results for quantum systems obtained in this article.
We conclude with a heuristic discussion about the joint distribution of the lengths of macroscopic
loops, and of the nature of pure Gibbs states of the quantum models.

Il. PROBABILISTIC MODELS

We start by introducing the model of random loops in Sec. IT A, then the model of space-time
spin configurations in Sec. II B. The former is more elegant and it contains all the relevant events
for the description of quantum correlations. The latter contains more information and it will be used
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FIG. 1. Graphs and realizations of Poisson point processes, and their loops. In both cases, the number of loops is | L(w)| = 2.

in Sec. V that discusses the occurrence of macroscopic loops in rectangular boxes. The model of
random loops is a marginal of the second model.

A. Model of random loops

Let (A, &) denote a finite graph, with A the set of vertices, and £ the set of edges. An edge
is always between distinct vertices, and two vertices are connected by at most one edge. The
most relevant example is the box A = {1, ..., L}d in Z4, with £ the set of nearest-neighbors,
E ={{x,y} C A:|lx —y|ly = 1}, but we consider more general graphs. Let 8 > 0 be a parameter.
We consider a Poisson point process on £ x [0, 8] with two distinct events, the “crosses” and the
“double bars.” Let W, denote the collection of subsets of £ x [0, 8] with cardinality k. The set Q2
of the realizations of our Poisson point process is then

Q=W x | W 2.1)

ki =0 k>0

Let u € [0, 1] be another parameter. We let p, denote the probability measure on €2 that corresponds
to Poisson point processes of intensity u for the crosses and 1 — u for the double bars.

To a given realization @ € €2 of the Poisson point process corresponds a set of loops, denoted
L(w). The notion of loops is best understood by looking at pictures, see Fig. 1. It is a necessary pain
to go through mathematically precise definitions, though. So a loop of length ¢ is a closed trajectory
v [0, Bllper = A x [0, Blper such that

e y(s) # y(s)if s, s’ are distinct points of continuity of y.
e y(s) is piecewise differentiable, and y’(s) = =+ 1 at points of differentiability.
e If 5 is a point of non-differentiability, then {y(s—), y(s+)} € € x [0, B].

We identify loops that have the same support but different parametrizations, i.e., the loops
described by y(s + ¢) and y(—s) are considered to be identical to y (s).

Let w € 2, and (x, 1) € A x [0, 8], but not in the support of w. The loop y that contains (x,
t) can be defined by starting with y(s) = (x, t 4+ s) in a neighborhood of s = 0, and by moving
“up” until a cross or a double bar is met. If it is a cross, go across and continue in the same vertical
direction. If it is a bar, go across and continue in the opposite vertical direction. The trajectory will
eventually return to (x, 7) and the loop is complete. Let L(w) be the set of all loops, starting from any
point of A x [0, B]per (not in the support of w), modulo reparametrization. The number of loops is
necessarily finite (it is always less than [A| + |w]).

Let 6 > 0 be a parameter. We define the partition function as

%W&m=/@w%mw> 2.2)
Q
The relevant probability measure for the model of random loops is then given by

— 0" dp,(w). (2.3)
Yy (B, A)
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FIG. 2. TIllustration for (a) the event E(J)r,,r.o§ (b) the event E()ix,O'

Correlations will be given by three events, i.e., subsets of :

° Ej 5, is the set of all w € € such that (x, 0) and (y, 7) belong to the same loop, and with identical

vertical direction at these points:

(2.4)

d
—_— S = —YI(Ss .
ds 7 Y ($)=(x,0) dsy( ) y($)=(.1)

(This definition does not depend on the actual parametrization of y.)
e E_ isthesetofall w e €2 such that (x, 0) and (y, ¢) belong to the same loop, and with opposite

Xyt
vertical directions at these points:

(2.5)

—y(s) =——y(s) .
dsy ¥ ($)=(x,0) dsy y(©)=0.1)

o £, = E;fyj UEL, , is the set of all realizations @ € €2 such that (x, 0) and (y, ) belong to

the same loop.

These events are illustrated in Fig. 2. We also define the length L, , of the loop that contains (x,
1) € A x [0, B] as the sum of all its vertical lines.

The case u = 1 and 6 = 1 is the “random interchange model,” or “random stirring,””” and loops
are closely related to permutation cycles. The joint distribution of cycle lengths was obtained by
Schramm for the complete graph>® following a conjecture of Aldous; see also Ref. 10. Infinite loops
have been proved to occur on trees.%37-3% Exact formulz for the probability of cyclic permutations
have been obtained in Refs. 5 and 11. There is no correspondence between random loops with 6
= 1 and quantum systems, and, rather curiously, none of the results obtained in the present article
(decay of correlations in d = 2 and occurrence of macroscopic loops in d > 3) apply to the seemingly
simpler situation 8 = 1.

It is not hard to prove that, when g is small, P(E, , ;) decays exponentially fast with respect to
the distance between x and y. See, e.g., Theorem 6.1 of Ref. 33.

9939

B. Space-time spin configurations

Representations with space-time spin configurations have proved useful in many instances, see,
e.g., Refs. 32, 43, 17, 20, 34, 40, and 19 and references therein. Given S € %N, a space-time spin
configuration is a function

o:AXx[0,Blper — {=S,=S+1,...,5}. (2.6)

such that o, ; is piecewise constant in ¢, for any x. See Fig. 3 for an illustration. Let £ denote the
set of such functions with finitely many discontinuities. We further require that these functions be
cadlag so they can be equipped with the Skorokhod topology. Non-experts should pay no attention
to these technical details, they just help define a space of well-behaved functions on X.
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FIG. 3. Illustration for a realization of the process p, and a compatible space-time spin configuration.

If w is a realization of the Poisson process p, described above, we say that o is compatible
with w if o, is constant on each loop of L(w). Let ¥ (w) denote the set of all such space-time spin
configurations. Notice that

|Z(w)] = (28 + DFL, 2.7)
For & = 2S + 1 we have the relations
e = [dn@ Y1 @)
ogeX(w)
and
1
1SS+ DP(Ey ) = —/d,ou(w) 0x,00y,¢- (2.9)
: SR TT N UEXE(:Q,) ’

The latter relation follows from the following identity, which holds for all S € %N ,

1
25 +1

S
> a* =18 +1). (2.10)
a=-—S

We introduce now a more general setting for measures of space-time spin configurations. This will
help us to make the connection between quantum spin systems and random loops. More importantly,
we shall need the flexibility of this setting in Sec. V in order to prove the existence of macroscopic
loops.

It is enough for our purpose to consider only discontinuities that involve nearest-neighbor
vertices. We introduce a Poisson point process on £ x [0, 8] whose objects are “specifications,” that
specify restrictions on the local configurations. Namely, let {x, y} € £ and ¢ € [0, 8]. An objectis a
set A of allowed configurations at x and y, immediately before and after #. The configuration at this
“transition” is conveniently described as follows:

Oxi+  Oyu+

Oxit—  Oyr—

For this notation to make sense we need an order on A; in the configuration above, we assume that
x <y.AsetAisasubsetof {—S,...,S}* and it appears with intensity ¢(A). We are now ready for
precise definitions.

Let:: P({—S seees S }4) — R denote the corresponding intensities (P denotes the power set)
and p, the Poisson point process. Given a realization £ of p,, we let £(§) C X denote the set of
compatible space-time spin configurations, that is, o € X(§) if
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Ox.1+ Oy.i+

€ A whenever & contains the set A at (x, y, ?).

Oy t— Oy.t—

e 0, is constant in ¢ otherwise.

The measure is then given by p, and the counting measure on compatible configurations. It
is important to remark that different intensities ¢ and ¢’ can give the same measure. They can be

characterized by their “atomic composition” o, : {—S, ..., S}* — R,:
a b
. = A). 2.11
(2)- L an)
As < Z
c

Lemma 2.1. We have

[w© ¥ Fo)= [ane) ¥ Fo

oeX(§) oeX(§)

forall F € C(X), ifand only if ¢, = a.

It is not hard to prove this lemma, e.g., by discretizing the interval [0, 8] and by comparing the
sums on both sides. An immediate consequence is that Poisson point processes can be composed as
follows.

Lemma 2.2. Let 1, U be intensities P({—S, ey S}4) — R,. Then

/ dp,(€) / dpo(€) Y Flo)= / dpie(§) Y Flo)

geX(§UE) geX(§)
forany F € C(X).

Indeed, this follows from o, + oy = ;. Next, we relate the present setting with the random
loops of Subsection IT A.

Lemma 2.3. Assume that 0 = 2S5 + 1, and let the intensity t be defined as follows:

(=] ) (=] )
L =u, l =1-—u.
b a JYa,be{-S S} a a Jabe{-S S}

,,,,,,,,,,

We set 1(A) = 0 otherwise. Then

Y8, A) = / dp® Y1

oeX(§)

and

1SS+ DP(Ey ) = dp(&) D 000y

oex(é)

1
Y8, A) /

This follows from Eq. (2.9), once we observe that the sets above describe precisely the specifi-
cations given by the crosses and the double bars.

lll. QUANTUM SPIN SYSTEMS

A. Families of quantum spin systems

Let S e %N. The Hilbert space that describes the states of the system is the tensor product

Ha = Q) Ha. 3.1

xeA
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where each H, is a copy of C25*!. Let S', §2, §* denote the usual spin operators on C>$*!, That is,
they are hermitian matrices that satisfy

[S', $21 =18, [S% 8% =is", [S3 S!1=is?, (3.2)

(8" 4+ (82 + ($)* = S(S + D1d. (3.3)

Recall that each S’ has spectrum {— S, —S + 1,...,S}. We use the notation S = (8!, $2, 53) and,
fora € R?,

S9=a-S=a\S' +arS* + a3S>. (3.4)
These operators are related to the rotations in R by

e §P i = ghi (3.5)

where R;,I; denotes the vector b rotated around @ by the angle ||a||.

Let S = S' ® Ida\ (). We use Dirac’s notation since it it very convenient. In C25*!, |a) denotes
the eigenvector of S with eigenvalue a € {— S, ..., S}. In H, ® H,, |a, b) denotes the eigenvector
of both §? and § ; with respective eigenvalues a and b.

We consider the three operators T, Py, O, on Hy, ) (and their extensions on H by identifying
Txy with Tv(y & Ida\(x,y}» etc...):

e T, is the transposition operator:

Tiyla, b) = |b, a). (3.6)
e P, is the operator

S
Py = Z (=1)*"|a, —a)(b, —b|. (3.7)
a,b=-S

Equivalently, the matrix coefficients of P, are given by
(@, bl Pyyle, d) = (=1)"" 04, —pd¢,—a- (3-8)

Notice that ﬁp«\’y is the projector onto the spin singlet.

e O, is identical to Py, except for the signs:

(a’ le,\‘}"cv d) = Sa,hsc,d- (39)

The first two operators are invariant under all rotations in R?, the last operator is invariant under
rotations around the second direction of spins, as stated in the following lemma.

Lemma 3.1. For all a € R3, we have
(a) e—isf—isfi Ty, eisf+isf. =T,,.
(b) o iSi i8] Py elSTHST Pyy.
And for @ = aé,, a € R; or a = a1é, + asé; such that a} + a3 = n?,
(c) e—is;"—is;7 Q. eisf'+isf, = 0.,
Proof. 1t is not hard to check that, for any operator A on C>5*!, we have

[A®Id+Id® A, T,]=0. (3.10)

Then T, has SU(2S + 1) symmetry and (a) is a special case.
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It is not straightforward to check (b) directly. But ﬁny is the projector onto the eigenspace

of (S’x +3S ,)* for the eigenvalue 0. The eigenspace is known to have dimension 1, see, e.g., Ref. 50,
and the result follows. Finally, (c) follows from the relations

) S Q2 S Q2 )
w=e in Sy ny elrrSy — el?TSy nye in Sy , (3.11)

and
e IT(SIHS)) o—inS] Sm(SIHS) _ GinS) (3.12)
o

We consider two distinct families of Hamiltonians, indexed by the parameter u € [0, 1]:

HY = 3 (MT”. + (1= u)Qyy — 1), (3.13)
{x,y}e€

AV =— 3 (uTxy (1= u)Py, — 1). (3.14)
{x,y}e€

The first family is convenient for the probabilistic representations, and it contains many relevant
special cases for § = %: The usual Heisenberg ferromagnet and antiferromagnet models, and the
XY model. This is explained in Sec. VII A. The second family is physically more relevant and the
case S = 1 is treated in details in Sec. VII B.

Let Z®(B, A) and Z™(B, A) denote the corresponding partition functions:

ZW(B, A) = Tryy, e PN (3.15)

ZW(B, A) = Try, e POV (3.16)

The expectation of the operator A in the Gibbs state with Hamiltonian H[(\") is

1 —ﬁH(")
(A) = ——TrAe P | (3.17)
ZW(B, N)
We also consider the Schwinger functions; given ¢ € [0, 8] and two operators A and B on H 4, let
1 u u
(A; B)(1) = mTrAe*ﬂ*’)Hi’ Be (3.18)

Notice that (AB) = (A; B)(0).

B. Random loop representations

The representation of the Gibbs operator e ~#7 in terms of probabilistic objects, with H a
Schrodinger operator, goes back to Feynman’s approach to the interacting Bose gas. Such represen-
tations of lattice systems has allowed many authors to prove the occurrence of phase transitions in
anisotropic lattice systems.*?+#3-17-20 Conlon and Solovej used a random walk representation in order
to obtain estimates on the free energy of the § = % Heisenberg ferromagnet.'® Their result was im-
proved by Téth using a loop representation.”® A similar representation was introduced by Aizenman
and Nachtergaele for the S = % Heisenberg antiferromagnet, and more generally for interactions of
the form ny.3 It allows them to relate the quantum spin chain (d = 1) to two-dimensional Potts
and random cluster models. Nachtergaele has proposed extensions for higher spins in Refs. 51 and
52. With Bachmann, they recently used the representation for the classification of gapped ground
states.®

In this section we show that the representations of T6th and Aizenman-Nachtergaele can be
combined and extended to the families H[(\“) and ﬁf\“) defined in Egs. (3.13) and (3.14). As it turns
out, the representation holds for all § € %N in the case of the family H/(\") but only for S € N in the

case of the family A" .
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The first identity between quantum system and loop model concerns the partition functions.

Theorem 3.2. For all u € [0, 1], we have
ZW(B,A) forall S e iN,
f @S + D@ldp, () = | _
Q ZW(B, A) forall S eN.

Proof. Using Trotter’s product formula,

() . B _ _ N
Tre Py = lim Tr( l_[ en (T +(1=00sy ”)

N—oo
{x,yle€
: B B N
_ ngnooTr( I1 [1 L B (uTy + (1 — u)Qxy)]) .19
{x.y}e€
N
= lim 37 [T [T [0 =&+ §@ly + 10 =004)]le"*h).
oM, oW i=1 {x,y}e€
The sumisovero® € {5, ..., S}* and we set oV D = o). The transposition operator T, yields

the specification

—_—
SRS
2l
——
N
>
m
T
%0
[95)
<]

.....

and the operator Q,, yields

{ a a
In the limit N — oo we obtain the expression of Lemma 2.3. This proves the claim for Z(8, A).
The proof for Z* (B, A) is similar, except for two differences:

>
>
—_—
8
>
M
T
il
”n
p<

e In order for the product of matrix elements to differ from 0, the spin in the loop must change
sign when the loop changes its vertical direction (that is, at double bars).
o The matrix elements of double bars are

(_ 1)0”.1,»—*0'”.1#

and they can be factorized with respect to the loops: (—1)°*i*i~ for the loop coming from below,
and (—1)™* for the loop coming from above. If the spin of the loop is even, the factors are
all equal to 1. If the spin is odd, the factors are all equal to — 1 and their product is 1 because
there is an even number of them. O

The situation with half-integer spins is very different. Some loops receive negative weights,
such as a loop with two neighboring sites and two transitions, one cross and one double bar (see
Fig. 4). The representation therefore involves signed measures (still real) and we lose the probabilistic
nature. It is not clear whether such representations can be useful.

We turn now to correlation functions. It is remarkable that the spin-spin correlations of the

quantum models can be expressed in terms of properties of loops. Recall the events E, , ;, E;E.y,t

introduced above (with the help of Egs. (2.4) and (2.5)). We state first the results for the family H .
the results for ﬁf\”) are postponed until Theorem 3.5.

Theorem 3.3. Consider the Hamiltonian HI(\W with S € %N and u € [0, 1]. Correlations in the
spin directions 1 and 3 are given by

(S5 80(0) = (S5 S)() = §S(S + DP(E, 1)

x>y sy

Correlations in the spin direction 2 are given by

(S3:82)(1) = 1S(S + D[PES, ) —PEL, )]

¥ y
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FIG. 4. A “bad loop” on two vertices for the representation of the family 1-71(\") with half-integer spin. The factor due to the
double baris (—1)2 =3 = _1.

Proof. Equality of correlations in directions 1 and 3 is clear by symmetry. We have

(S8 = dpu(@) Y 000y

oceX(w)

1
Z(B, A) /

S (3.20)

1 1
_ L@l (1 2
- Z(u)(,B’ A) \/;‘.m./ dpu(a))(zs " 1) (2S + 1 a;Sa )

The result follows from the identity (2.10).

For the correlations in the direction 2, we write a similar expansion as in Eq. (3.19) but with
additional factors (ax,o,|Sf|UX,0+) and (ay,,,|S3|0y,,+). These factors force (x, 0) and (y, ) to be in
the same loop. Now recall that §? = 5(S* — $7) while S' = 3(ST +$7). If 0 € E
one factor with S* and one factor with S ~, resulting in — i? times the same contribution as for S'.
IfwekE, y.e>On the other hand, both factors involve ST or both involve S ~, and the contribution is
i? times that of S'. O

there is

Macroscopic loops are related to two physical properties of the system, namely spontaneous
magnetization and magnetic susceptibility. This is stated in the following theorem.

Theorem 3.4.

(a) Macroscopic loops and magnetic susceptibility:

2
E(Y Lan) = S N S DV
ven BS(S +1) an?

h=0

(b) Macroscopic loops and the expectation of the square of the magnetization: There exists a
constant K (it depends on S but not on B, u, A, £) such that

3p
54 20, SH0 K= ] [B(3 Lo

xeA

(ZL“ ‘”) = S(Sf— 1) 2_ S5

xeA X, yEA

The claim (a) implies that, for regular domains such as cubes, the infinite volume free energy is
non-analytic when the average length of the loops diverges. In the claim (b), the difference between
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the upper and lower bounds is smaller than the other terms when the loops have infinite average
length.

Proof. Let us introduce the Duhamel two-point function:

/3 u u
(A, B)puh = ds Tr A* e 1Y B o= (3.21)

1
Z®W(B, A) /0

Using Duhamel formula, we have

Tr e PSS! = 2008, )14+ 1807 ) (53 Show + 00D 3.22)

x,yeA

Notice that the odd powers of & do not contribute because of symmetry (rotation around S? of angle
). We have

E(ZLU%O)): Z/ P(E,.,)dt

xXeA X, yEA

— 3 3
= S(S+1) Z / (S3: $))(1)dr

3
=565 +D Z (S7. S3)pun
X, yEA

(3.23)

3 92 —BHY4BRY._, S
=———logTre "' wed Ox .
BS(S + 1) oh? h=0

This proves (a).
Let us recall the following inequalities that relate expectations with respect to Gibbs states and
the Duhamel two-point function:

5(A, Apun < 3(A*A + AAY)

(3.24)
< 3V(A, Apuny/ (1A%, [H}", AT) + $(A, A)pun.
The first inequality follows from the convexity of the function F(s) = Tr A* e_‘vH’l\“) Ae B9 Hy' .

The second inequality is more involved and is a consequence of the Falk-Bruch inequality, that was
proposed independently in Refs. 22 and 21. Notice that the expectation of the double commutator
is always non- negatlve because it is equal to ([H), W A1 [HY, AD)pun. Using the inequality above
with A =) S3, we immediately get the upper bound in (b). We need to deal with the double
commutator for the lower bound. It can be calculated, and we will actually need it in Sec. V. Here,
it is enough to notice that

3 3 3 3
[S3 + 83, [Ty, S7 + $51]=0, (3.25)
so that

H SISk Y, Sf,]]” < const(1 — u)|€]. (3.26)
X,yEA

Inserting in the second inequality in (3.24), we have

3 s <const/ ZLM)) A —wE] +S(S+l) (ZL(\ 0)) (3.27)
x,yeA XEA xXeA

The lower bound of (b) follows. O
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Let us turn to the family of rotation invariant Hamiltonians H ),

Theorem 3.5. For the family ﬁl(\") with S € N and u € [0, 1], we have the following relations
between spin and loop correlations:

(@) (S8 =38+ D[PES, ) —PEL, )]
(b)  ((SD)?; (S’y)2>(r) — ((SDM((SI?) = :5(S 4+ D(Q2S — D2S + 3)P(E,y.0).

The claim (a) suggests that correlations such as (S’ S;) decay fast for u € (0, 1). This will be
a striking feature of the model with spin S = 1 which is discussed in Sec. VII B. Notice that if u
=1F X‘ v, has probability zero. And if u = 0 and the graph is bipartite, it is not too hard to check
that Ef y.oresp. EL . has probability zero if x and y belong to different sublattices, resp. identical
sublattices.

X, y,t°

Proof. The model is rotation invariant, so it is enough to prove it for i = 3. The correlation
function of (a) is non-zero only if a loop connects (x, 0) and (y, #). Spin values are identical if the
vertical direction in the loop is identical, they are opposite if the direction in the loop is opposite.
Hence the difference of probabilities of E" * cand EC

For (b), let us first observe that

Xyt

(D7) = H{SH? + (822 + (522) = 15(5 + D). o
Next,
((S’) (S' () = ZW(B, A)/‘dpu(a))gezz(:w)(7 yt

N

1 1 2
— dpu(@)(2S + DEN| ——— 2
ZW(B, ) /E Pu(@)25 +1) 2S+1a:Z_Sa

s (3.29)
- “”(ﬂ A) / ‘, dou(@)2S + D5y 28 +1 Z
2 1 > 2
= (35S +D) + [m GZS a* — (35 + 1) ]P(Ex,y,,).

We used the identity (2.10). The claim follows from the identity

: ZS: a* — (L8(S 4+ 1))* = LSS + 1)(2S — D2S +3) (3.30)
28+ 1 =~ 3 = ’

which is valid for all integer and half-integer S. O

IV. DECAY OF CORRELATIONS IN 2D-LIKE GRAPHS

It is well-known that continuous symmetries cannot be broken in two spatial dimensions. This
was first proved by Mermin and Wagner for the quantum Heisenberg model.** The original statement
is about the absence of spontaneous magnetization in the lattice Z>. Many improvements have been
made over the years, in particular the proof by Frohlich and Pfister that all KMS states are rotation
invariant.’>-28-2 Here we are especially interested in the decay of the two-point correlation function.
The first result for the Heisenberg model in Z? is due to Fisher and Jasnow.>* Algebraic decay has
been proved by McBryan and Spencer for the classical Heisenberg model, in a short and lucid article
that introduces the idea of “complex rotations.”*® There exists a beautiful extension to quantum
systems by Koma and Tasaki.*®
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The following result is weaker than the one in Ref. 46, which we did not know back then. The
proof may still have its own interest as it is a bit simpler. It is somewhat inspired by Refs. 55, 28, 41,
and 53. A consequence is the absence of macroscopic loops in 2D-like graphs for 6 = 2, 3,4, ....
As the proof relies on the continuous symmetries that are present in the quantum setting, it does not
seem possible to extend it to other values of 6.

Let d(x, y) denote the graph distance, i.e., the length of the minimal path that connects x and y.

Theorem 4.1. Assume that the graph (A, £) is 2D-like, i.e., there exists a constant C such that
for all x € A and all integers k,

#ye A:dx,y)=k} <Ck.
Then for all u € [0, 1], B € [0, 00), S € %N, there exists a constant K that depends on the graph
only through C, independent of x, y, such that
(383 = 1S(S + DP(E, ,0) < K
N T Jlogdx y+ D)

We prove Theorem 4.1 with the help of the following inequality, that allows to compare
expectations with respect to two Gibbs states, and something that is almost the relative entropy.

Lemma4.2. Let A, H, H' be hermitian matrices such that Tr e =Tre ' =1. Then for any
s > 0, we have

’ 1
TrAe ™™ —TrAe™ < -Tr(H' — Hye "4 fs||A2 el
s
Proof. We start with the Taylor series with remainder; there exists 7(s) € [0, s] such that
Tre "4 =Tre ™ +5TrAe™ + 1s*F(n(s)), .1

where F(n) is the Duhamel two-point function
1
F(n) = / Tr Ae H=1D g e=(U=DH=4) 4y 4.2)
0
Let F’ be the same function but with H’ instead of H. We get

TrAe ™ —TrAe ™ = %Tr (efitsd — gmHisAy %(F(n(s)) — F'(1/(s))). 4.3)

The remainder can be estimated using the convexity of the integrand in (4.2) (as function of 7) and
the minimax principle:

0<F(n) =TrA?e” ™ < JAPPTr ™14 < a2l 4.4
Applying Klein inequality to the middle term of (4.3), we get the lemma. O

Proof of Theorem 4.1. We work in the quantum setting. Let ¢, be angles such that ¢, = 7 and
¢, = 0. We consider the unitary operator

U=[]e**. (4.5)

zeA
Since U*S}U = —S] and U*S;U = S, we have
(S383) g = = (383 e oy - (4.6)
Then

0= (8353 = [ (S38D o0 = (S35 | .7
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We have
e SIS (UT, 4 (1 — u) Q) =549 55

— e*i(¢:*¢:/)53 (”Tzz’ + - M)sz/) ei(¢r¢:/)53 4.8)

=uTeo + (1 — )0 + (¢ — $)[SZ, uTee + (1 — )0 ] + O((¢: — ¢-)°).

The first equality follows from rotation invariance, see Lemma 3.1. Combining (4.7) with
Lemma 4.2 and the equation above, we get, for all s € (0, 1],

1 W ¢3¢

33 2 —BH 455383

I8 =y O = T[S T4 (1= Qe P
’ {z,2/}€€

C 4.9)
+ = Y (¢ — ) +5Ca.

S {z,2/}e&
Here, Cy, C; are constants that depend on 8 and S, but they do not depend on the graph, nor on s €
(0, 1]and x, y € A. The term with C; comes from a double commutator, and from higher order terms
with multiple commutators. The first term of the right side vanishes because of symmetry (rotation
around S* by angle 7). Had this symmetry not been available, a way out is to add another term with
opposite angles, as in Refs. 41 and 53.

The following choice of ¢. is rather optimal:

b { (1 - e ifd(x,2) <d(x, y), @10)
0 otherwise.
It follows that |¢, — ¢./| < log(d(fﬁ m, so that
5 d(x,y) 1 C,
{;}Eg("bz 0 =C ) Oy R Sz e G
We eventually obtain, for any s € (0, 1],
0<($}$)) < %W +5C. (4.12)
We get the claim by choosing s = 1//Tog(d(x, y) + 1). O

V. OCCURRENCE OF MACROSCOPIC LOOPS IN DIMENSION d > 3

The occurrence of a phase transition at low temperature accompanied by spontaneous mag-
netization and symmetry breaking was first established by Frohlich, Simon, and Spencer for the
classical Heisenberg model in dimension d > 3.30 They introduced the method of infrared bounds
and reflection positivity. The difficult extension to quantum systems was done by Dyson, Lieb, and
Simon for the Heisenberg model with antiferromagnetic interactions and large enough dimension (or
spin).?! The result was improved by Kennedy, Lieb, and Shastry to all S € %N and all d > 3.* Notice
that these results cannot hold in d < 2 as they would contradict Theorem 4.1 (Mermin-Wagner).
(Symmetry breaking can take place in the ground state, i.e., in the limit of zero temperature.**)
All these results are proved using the method of reflection positivity and infrared bounds that was
developed in Refs. 30, 21, 26, and 27. See Refs. 2 and 4 for recent advances. We recommend the
Prague notes of T6th and Biskup for excellent introductions to the subject,’”:'* see also Ref. 62. The
Vienna lectures of Frohlich offer an impressive glimpse of the background and of the context.?

In this section we apply the method of infrared bounds and reflection positivity to the model of
random loops. We introduce a model with external fields and cast its partition function in a reflection
positive form. We do not use the methods of Refs. 21 and 44 directly, but these articles are lighting
the way.
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A. Setting and results

Let A; denote the cubic box in Z¢ with side length L and periodic boundary conditions, and let
(A, &) the graph where edges are nearest-neighbors. If a formal definition is needed, consider the
quotient set A; = (Z/LZ)?. The Euclidean distance in Z“ has a natural extension in this set, and
we define £ as the set of unordered pairs {x, y} C A, such that the distance between x and y is 1.
In the sequel, we identify A; with the set

Ap={xez’: -t <x<ti=1,..,4d} (5.1)

Let e(k) denote the “dispersion relation” of the discrete Laplacian,

d
ek) =2 Z(l — cosk;). (5.2)

i=1

In order to state the main theorem, we need to introduce the following two integrals:

I, = 8(k+”) osk k.
(277:) [—m,m]d E(k)
1 etk +m)
Jy=—— 22Tk
T e el

Here, e(k +7) =2 Z?:] (1 + cosk;), and (- )+ denotes the positive part. One can check that, as d
— 00, these integrals satisfy I, — 0, and J; — 1.%!

(5.3)

Theorem 5.1. Let d > 3 and u € [0, %]. We have the two lower bounds

1= 2E VT —uJq JP(Eoe0);
]P’(Eo,e],o) = BE VT —u g JP(Eg,e, 0).

In the right sides, P(Ey_ ., 0) denotes the probability that two neighbors belong to the same loop
after taking the limits L, 8 — oo. Notice that all these limits exist but we do not prove it here. What
we prove is the above statement with “lim inf” instead. The proof of Theorem 5.1 can be found at
the end of Sec. VC.

Combining with Theorem 3.4 (b), we obtain an estimate for ]E( /;22’) so that a positive lower
bound implies the occurrence of macroscopic loops at low enough temperatures. The claim also
holds for d = 2 but with the order of the limits over 8 and L interchanged. The lower bounds involve
P(Eo.e,.0), which, curiously enough, needs to be small in the first bound and large in the second
bound. We therefore get a positive lower bound whenever

VBEoe0) > BEVT=uly  or  JP(Eoeo) < ﬁ (5.4)

. .. 25+1 — V2 . . .
?t least one of these two inequalities holds when 7 VI—ul; < TTRIW e which is equivalent
0

lim lim —Z (Eo.x.0) >

B—ooL—oo L
XEA

ol—

28+ 1 < (3 —wiydy)” (5.5)

Values of /; and J,; can be found numerically. They are listed on Table I for 2 < d < 6. Occurrence
of macroscopic loops (at temperatures low enough) follows for any d > 3 provided that S is small
enough. Macroscopic loops are also present in the ground state in d = 2 when § = % and u is close
to % The right side of (5.5) diverges as d — oo so that the result holds for arbitrary S provided the
dimension is large enough. In the quantum Heisenberg model, the results get better when S becomes
large.?! It is natural that the model of random loops behaves differently. As 6 = 2§ + 1 increases,
the number of loops also increases, and their size decreases. It would be interesting to know whether
or not macroscopic loops occur for any 6 > 0 at low enough temperatures, when d > 3 is fixed.
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TABLE I. Numerical values of the integrals /; and J; defined in (5.3) and of the constant in the right side of Eq. (5.5) ford =
2,...,6. Valuesof Satu = 0, % for which the existence of macroscopic loops is proved in Theorem 5.1 at low temperatures
(for d = 2, this holds in the ground state only).

d I Ja Llgday 2 u=0 (Llgdg) 2 u=1
2 0.646803 1.39320 1.48978 None 2.10687 S = %
3 0.349882 1.15672 2.22301 = % 3.14381 S<1
4 0.253950 1.09441 2.68256 S = % 3.79372 S<1
5 0.206878 1.06754 3.00931 S<1 4.25581 S < %
6 0.177716 1.05274 3.26958 S<1 4.62389 S < %

The consequences of Theorem 5.1 in the cases § = % and S = 1 are discussed in more details
in Sec. VIL

B. Reflection positivity of the model of random loops

Let us introduce a notation for the loop correlation between (0, 0) and (x, #):
k(x, 1) = P(Eqx,)- (5.6)

The Fourier transform plays an vital role and we use the following conventions:

k.= e ™k, 1),

xXeAL
P 5.7
Rk.1)= > / dr e T e (x 1),
xXeAL 0
where k belongs to the set
AN ={keZZ7': - <k <mi=1,...d} (5.8)
and T € %’Zd . It is useful to write down the inverse transforms
1 .
k(e 0) = o5 > MRk, 1)
keA*
5.9

_ # Z Z T Rk 1),

keAr re2nz

Let us note that the Fourier transform of « is related to the expectation of the lengths of macroscopic
loops

L.0) 1 g 1
E( BLd ) = m Z fo k(x, t)dt = WK(O, 0). (5.10)

xeAp

The setting needs to be modified somewhat in order to reach a reflection positive form. Recall
that ¢ = (o) denotes a space-time spin configuration where the possible values are the eigenvalues
of spin operators: o, € {— S, =S + 1,...,S}. We will need a more symmetric index set for S # %,
and we therefore consider the regular simplex 755, that contains 2§ + 1 elements. We embed
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Trs+1 in RS in such a way that the points are given by vectors @, a € {—S, ..., S}, that satisfy

G — bl = 1ifa # b;

Lz 1 .

a-b=————ifa#b;
205+ 1)

la|? = : >-11)
28+ 17

s

Z a-b=0forany fixeda € {-S, ..., S).

b=—5

These properties are straightforward if we consider the projection of the unit vectors of R*5*! onto
the hyperplane perpendicular to (1, 1, ..., 1). More precisely, we define

= 7560 — 551 1. D), (5.12)

QL

where &, is the unit vector in R?5*! that corresponds to a. Since all vectors @ belong to a common
2S-dimensional subspace, we can view them as elements of RS,

We denote a® the ith component of the vector a. Let v be areal “field,” i.e., a function A}, — R.
The key object is the following partition function Z(v):

Z(v) = f dp(€) Y exp{ > / d (*” Gy vy — vy>+i<vx—vy>2]}. (5.13)
oeXx (&) {x,y}e€

Notice that Z(0) = Z#(B, A).
Leti=1,...,dand £ = 2, 2, oo L — 5. We let R; ¢ denote the reflection A — A across the
edges {x, y} € 5 Wlthx,- ={— 2, yi=4+ 2. Thatls,

Rio(xi,...oxiy oo, xg) =g, oo, — (6 =€), .0, Xg), (5.14)

where — (x; — £) is taken modulo L. Let A" be the set of sites “to the left” of the reflexive plane,
and A® the set of sites “to its right.” Namely,
AV=(xeA:xy=t-1L,....0—1}
(5.15)
AP ={xeA:xj=0+1 ... 0+1iL}

We write v = (v, v®) where v = v|Am is the restriction of v on A®, and Rv'" is the field on
A® such that

(R ™), = v, (5.16)
for any x € A@. Same for v®. We can now formulate the property of reflection positivity.
Proposition 5.2. Assume u € [0, %] and0 =2,3,4,... For any reflection R, we have
ZW, v®y? < 2D, RvY) Z(Rv®, v@).

Proof. Let v, = v.é;, where ¢, is the first unit vector in R>S. We rearrange the partition function
(5.13) as follows:

Z<v>:/dpt<s> > exp{ > / A (G + 30, =6y — 33,)°

oeX(§) {x,y}e€

+ ) f dt(&x,—&y,)z}. (5.17)

(x,yjee V0
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In order to reach a reflection positive form we split the Poisson process. Let the intensity ¢’ be defined
by

h\
~~
r——
>
2
2
>
>
>
Q
S

——

—

|

<

—

=

Q
RI
S

Q
S
S
EN)
Q
Q
S
Sl

(5.18)

~
~
N
e,
IS} S
S

d ]):l—Zu ifa b,

and ('(A) = 0 for all other subsets A of {— S, ..., S}*. Let (" be defined by

LN({ : : }ae{fs S}) =1 (5.19)

.....

and ("(A) = 0 on all other subsets A. Using Lemma 2.2 one verifies that

2= [ 4pu@) [apeer 3 exp{ 3 / At (G + 35 — Gy — 1)

geX(§'VE") {x,y}e€

+ Z f dt(Gy — Gyy) } (5.20)

{x,y}e€

Next, observe that given a realization &’ of p,, we have

f dps(€") Y Fo)= ) Flo) / dpr &) [T Sowon- (5.21)

oeX(§'VE") oeX(&) (x,y,1)e&”

This holds because space-time spin configurations are constant at the transitions of §”. Consequently,
given £ and o € X(&'),

/ dpe ") [T oy, = lim ] l_[(l— N )

(x,y,1)€g” {\' y}e€ t=1
= 1 _ ]
N1—r>noo 1_[ H(l (1 U\rva'yr)) (5 22)
{x,y}e€ t=1
= exp{ Z / dr (1 =65, a‘,)}
{x,y}e€

We now use 1 — 8,0, = (0 — y)* and we obtain

Z(v) = / ape) exp{

oeX (&)

3 / (G + 10, — Gy — %)2}. (5.23)

{x,y}e€

The measure p, is nonnegative if u € [0, %], and it is reflection-symmetric. See Fig. 5 for an
illustration.
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FIG. 5. Reflection in the space direction. We chose S = 2 in this illustration. The white circles mean that the spin must flip
from one prescribed value to the other, independently on both sides. It follows that the Poisson point process p, is reflection
symmetric since the constraints are identical in both halves.

Let us partition £ = EP U EP U E, where £V and £? are the sets of edges of AV and A,
respectively, and £ is the set of edges with endpoints in both A" and A®. We can write

Z(v) =/_ dov(€)
Ex10.6]

/ dpu(E(l)) Z exp — Z / dl O'X[ + 5 U); Uyt - %By)z}jl
LJED%[0,8] TeT, ED.E) fr.yjee®
1<—>2:|exp / dt(Gu + 50— G _%5Y)2}'

(5.24)

Here, X 0 (& @ &) is the set of space-time configurations on AD x [0, B] that are compatible with
the specifications of £ and &.

The couplings between both sides can be handled with the help of extra fields, as in Ref. 30.
Namely, we have

B
exp{ — Z dt (o + %T)X — Oy — %T)y)z}

{x,y}ES_ j=1 (525)
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FIG. 6. Starting with a maximizer, reflections yield further maximizers where more and more values are identical.

Let us introduce

O RCANIEY BTN S

EMx[0,8] oe,m(EDE)

N
exp{ Z / dt GU + 5 vX — %Dy)z}exp{—i Z&x,y i - (cr it + v))}
{x,yteEM® j

(5.26)
With this definition, the partition function Z(v) takes the form

=g [ o6 T 06

Ex10.] yjeé j=1

FyW, & {a, DENOP, E, (e y D). (5.27)

Using the Cauchy-Schwarz inequality, and retracing our steps backwards, we obtain the claim of the
proposition. a

Proposition 5.3. Assume that u € [0, %] and 0 =2,3, ... Then Z(v) is maximized by v = 0.

Proof. It is not hard to show that maximizers exist: Z(v) is continuous and positive, we can fix
one of the field values to be 0, and Z(v™) tends to 0 along any sequence satisfying sup, [v| — oo
as n — 0o, with v(()") = 0. The maximum can then be taken on a compact set.

The argument of the proof is then standard, one uses reflections to construct a sequence of
maximizers where more and more fields are constant, until they are all identical. See Fig. 6 for
a quick illustration, and Refs. 30, 21, and 14 or the notes given in Refs. 59 and 62 for more

details. O

C. Infrared bound for the correlation function

The name “infrared bound” refers to estimates of the Fourier transform of P(E . o) around k =
0, that is, for low “frequencies.” We first use Corollary 5.3 in order to derive a bound on the Fourier
transform of the Duhamel function. Then we use Falk-Bruch inequality to extend it to the ordinary
correlation function. These steps follow Ref. 21.

Recall the definition of ¥ in Eq. (5.7).

Proposition 5.4. Assume that u € [0, %] and 0 =2,3, ... For k € A*\{0}, we have
25 +1

e(k)
From now on, we let (v, v") denote the inner product in £2(A), that is,

CRBED P RS (5.28)

xeA

K(k,0) <
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Proof. We have

(0= S [ 9@ Y e

ceX(w)
2S+1. .
_ dp, : 5.29
Z0(p, A)/ g (w)ag(:w) 5 o0 629
25 +1

E (60,0 - 0,0

It follows that

Rk, 0)=>" / dt € EGog - Gur). (5.30)

285 +1 =~

Let A denote the discrete Laplacian, such that

(Av)e = Y (v —vy). (5.31)
yilxyle€
We have
Z(v):fdpt(é) Z eXp{/ dr(3'y, Av)+§(v, Av)}. (5.32)
oex(E) 0

We choose v = cos(kx). Expanding around v = 0 to second order, using —Av = g(k)v, we get

Z(nv) = Z(0) + / dp(&) Y [zn / d / dr'e(ky* @YY, v)(G) v)—inzﬁe(k)(v,w}w(n“)

ceX(§)

= Z(O)|:1 + %nzﬂs(k)Z/ dt E (&%’, v)©GY, v)) - ;n2ﬁs(k)] + 0.
0

(5.33)
We calculate the expectation
]E((&(j]), )G, v)) = Z cos kx cos ky ]E( gy ;P)
X, yEA
(5.34)

= Z cos kx cos k(x — z)]E(*(l) (1)>_

X,zeA

The last line is obtained by replacing y by —y, by using translation invariance, and with the
substitution z = x + y. Observe now that

5050 1
E( ) = —]E(Uoo 0, ) = mK(Z, 1). (5.35)

We now get the Fourier transform of correlations:

Zcosk(x —2)E 0&1)) (,1) ——Re Z e* e * ke (z, 1)
—~ ( ) 228 + 1)
1 .
=—— Re ™Rk, 1) (5.36)
228+ 1)
1
= ————coskx k(k, t).
228+ 1)

The last identity holds because k(k, 1) is real due to lattice symmetries. Then

B
Z(nv) = Z(0)(v, v)|:1 + s 1 Bek)’ /0 dr Rk, t) — %nzﬁe(k)} + 0. (5.37)
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The bracket is negative for small 1, so that

5T ls(k)/ dt Rk, 1) < 1. (5.38)

The proposition follows. O

The next step is to transfer this bound to the Fourier transform k(k, 0), see Eq. (5.7). We need
to compute the double commutator of the Falk-Bruch inequality. Let us introduce the operators Q%i

and Tf; in H, , by
(a. b0V e, d) = (@ — ¢)*8upbea

3 IV (5.39)
(a,b|TV|c, d) = (a — ¢)"8aqbpe-

The peculiar notation is motivated by the fact that these operators are given by double commutators
with S3.

Lemma 5.5.
0 =[5} [Qxy. SI11 = IS, [Qsy. S311
T = =[S} [Tay. S =[S, [Tay. S} = (S} — $)° Ty

¥y

The proof of the lemma is immediate by looking at the action of these operators on basis
elements. Next we consider

S = > ettt (5.40)

xeA

and we introduce
( ) 33
! <T() e >

(5.41)
o = (03),

where the expectations are taken in the Gibbs state with Hamiltonian Hl(\“). These numbers turn out
to be related to the probabilities of E(:fe],O’ see Lemma 5.8 below.

Lemma 5.6.
(83, [HY, S31) = Al (uett)™ + (A — wek + m)z”).

Proof. We perform the computations for Hj(\o) and fol) separately, and we use linearity to get
the result for H/(\”),

[HY, S = e ™ [Hy, S]]

xeA

_ —ikx 3
= — Z c [Txys SX] (542)

x,y:{x,y}e€

== > e T(S] - 5.

x,y:{x,yte€
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[ HY, ST == ) e [e* s 4 eh 83, Ty (8] — §))]
x,yx,yle€

== D IS+ S To(S) = S

x,y:{x,y}e€

=_ Z (1— e ")) — ST,y
x,y:{x,y}e€

=2 Z (1 — cosk(x — ))(S; — Si)szy.
{x,y}e€

(5.43)

Next, we perform the calculations for H}\O) . For the commutator, we get

[HY ST = e ™ HY, ST=— Y e ™[04, S]], (5.44)

xeA x,y:x,y}e€

And for the double commutator, we get

[ HY S == Y [T+ " 57,10, 5701, (5.45)

x,y:{x,yte€

The result follows from Lemma 5.5. O

Proposition 5.7.

—— | [sGa0asiy | w L wéek+m) S+ DES+1)
<SOSX>(/<>52\/7T\/M1 S e S A v 7 S

Proof. We use the inequality (3.24) with

(A*A+ AA*) = (8,87 + §783,) = 2| A[(S3S3) (k). (5.46)
‘We have
(53 8Dpun = 15(S + DIAR(K, 0). (5.47)

Using Lemma 5.6 we get

2|AI(S3S3) (k) < \/§S(S + DIAR(k, 0)\/|A|(us(k)r1(") + (1= welk +m)zd")
2SS+ 1)
+ gIAIK(k, 0). (5.48)
38
The claim now follows from Proposition 5.4. O

The next lemma shows that té”) and rl(") are related to P(E(j)t,el,o)-
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Lemma 5.8. For any u € [0, 1], we have

(@) 7" =25(S+ D@S + DP(Eg,, o)-
(b) T =28(S + D2S + DP(ES, ).

Proof. We start with (a). Given a realization w of the Poisson point process p,, we denote @ the
realization where we add a double bar on the edge (0, e;) at time ¢t = 0. We have

" = (03 = dpu(@) Y (0004 — 000-)

oceX(®)

1
ZW(B, N) /

1
= 7@, A) |:/ dpy(w) Z (00.0+ — 0,0-)° (5.49)

Efer0 cex (@)
2
+[ 4@ ¥ no - a0n) }
E(Jml,o GE):((D)

The first integral is over realizations w such that (0, 0) and (e;, 0) belong to different loops.
The additional double bar merges these two loops, so that @ € Eq,, 0 and 099+ = opo_ for all
compatible configurations. The first integral is then zero.

The second integral is over w € Ey , 0. In this case, @ € Eq,, 0if w € E oando € EOe oif
w € E;, o We get 0 in the first case, and

S
3 (@001 — 00002 = @S + DEDT 3 (@ — by
ceS@) a,b=—$ (5.50)

= (25 + DE@IZ5(S + 1)(2S + 1)

in the second case. We used the identity

1
25 +1

Z (@—b)*=3S(S+12S+1) (5.51)
a,b=—S§

which holds for all § € IN.
The proof of (b) is very similar. We have
() _ 2
! m / dpu(@)1 gy, o (@)1 g5, (@) ;_)(Oo,w — 00,0-)". (5.52)
oe w

It differs from (5.49) in that @ contains an extra cross instead of a double bar. The product of the
two indicators is equal to 1+ () and we get the claim of the lemma. a
.1,

Let us introduce the function «(u) with values in [0, 1]:
P(Eg,, o) = @) P(Eqe, 0)- (5.53)

Using Lemma 5.8, the infrared bound of Proposition 5.7 can be written as

3J2 e(k)
SS+DHERS+1)
3Be(k)

—— S(S 4+ D2S + 1 k
(S383)(k) < M P(Eo., 0) \/ua(u) + (1 —u)(1 — o(u ))8( )
(5.54)

We now prove the claim about the occurrence of macroscopic loops.
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Proof of Theorem 5.1. We have

1
<(S8)2> = m/dﬂu(a)) Z 0'020 = %S(S +1).

ogeX(w)

Then

1 ———

1 —_—
ISSHD=(SFSH| = —(SESHO+ — Y (S3SHk).

x=0  |A] [A| kenrvio)
Using the infrared bound of Eq. (5.54), we obtain
1
— ) (38 = is(S+ 1)
|A| XEA ‘
S(S+DQ2S+1) 1 etk +m)
— SSLIESED w/]P’(Eo,e,,o)m uo(u) + (1 — u)(1 — a(u))_e(k)

keA*\{0}

1
S(S+DHE2S+1) § :
- f_ .

BIA|

Taking L — oo then 8 — 00, we obtain

1
lim lim —— % “(S7S3) = 18(S + 1) — SCEIBED /P (E, o) 15",
B—o0 L—-0o0 |A| oy 3v2

where

ua 1 _ _ E(k + 7T)
J;O = _(271)" /[Tm]d \/uoz—i—(l u)(1 a)—s(k) dk.

(5.55)

(5.56)

(5.58)

(5.59)

By differentiating twice, we can verify that J;* is concave with respect to «, and that its derivative

at o = 0 is equal to

0 el _ Qu-—Dd 1 f dk
da ! a0 T—u Q) J_gne Ve®ek + 1)

which is negative for u € [0, %]. Then

TP < 0 = T —uldy

and the first lower bound of Theorem 5.1 follows immediately.
The second lower bound is obtained using the sum rule suggested in Ref. 44,

1 — 1 —— : ‘
Al (S383)(k) cos ky AT (S383) (k) (et + e

keA*

keA*
= 318582 +1838%,)

—ey

= %S(S =+ 1)P(E0,el,0)'

(5.60)

(5.61)

(5.62)
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Isolating the term k = 0 and using Eq. (5.54), we get

d
1 — 1
3 > | 3
E (S383) = 18(S + DP(Eq.e,0) — Al E <SOS,§>(/<)3 E cos k;

xeA keA*\{0} i=1

> 18(S + DP(Eo.,0)

_ Ss+Das) \/m Z uer(u) + (1 — u)(1 — a(u))w( y Zcoski)+

keA*\{O e(k) i=1

_ SS+DHE2S+D 1 1

Seshesi___ 3
BIAL, o 60

(5.63)

Taking L — oo then 8 — oo, we obtain

1 u,o(u
Jim lim o (S350 2 58S + DP(Boe0) = S5 VPEoe o) [ (564
XeA

where

1 etk +7) /1 &
1= Gy /[M]d \/uoe + (1 —u)1— a)W(E iz:;cos k,->+dk. (5.65)

u,oa

The derivative of 1, with respect to « is negative when u € [0, %] and therefore

[5,0t(u) < 1;’0 =1 —-uly. (5.66)

The second lower bound of Theorem 5.1 follows. O

VI. REFLECTION POSITIVITY IN SPACE AND TIME

This section describes an extension of the method of reflection positivity and infrared bounds
to the space-time. As it turns out, the results are not as good as in the former section. It seems
nonetheless useful to include this section since the idea is natural and it may possibly be improved
in the future. Reflection positivity in space and time has been independently (and indeed, earlier)
proposed by Bjornberg for the quantum Ising model in order to prove interesting results about critical
exponents in d > 3.'¢ The method described here shares many similarities.

In order to state the main result, we need the following integrals, that are similar to those of

Eq. (5.3):
2d
I k
4= (271)‘1 f[ e\ 860 ZCOS b,
1 2d
J=—— —dk
T S | )

Theorem 6.1. Let d > 3 and u < [0, %]. We have the two lower bounds
(L((),())) . 1 - (ZS + 1)«/1 —Uu Jg;\/P(EO,eI,O);
BLY) = | P(Ege,.0) — @S + DVT = Iy/P(Eqer 0).

One finds numerically that [, = 0.489, I; = 0.278, J, = 1.286, J; = 1.115, etc..., and these
numbers are larger than I,;/+/2 and J;/+/2. Theorem 6.1 is no improvement of Theorem 5.1,
disappointingly.

6.1)

lim lim E
B—00 L—>00
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The rest of the section is devoted to proving this theorem. The method of proof does not rely on
analytic inequalities such as Falk-Bruch, and it will be more attractive to some readers. Its difficulty
is about the same, though.

We generalize the notion of partition function with external fields, by considering fields v :
A x [0, Blper — R. That is, v also depends on the “time” parameter. We prove that the partition
function has a local maximum at v = 0, and we obtain a generalized infrared bound for the Fourier
transform in space and time of the correlation function.

Let V,, be the set of fields v : A x [0, Blper — R where v, is twice differentiable with respect

to ¢, and | Boer | < ¢y for every x, t. We introduce the partition function by

Z(v) = / dpu(@) Y exp{ > / At @ = 3w = vy + S0 — 7]

oeX(w) {x,y}e€
B % vy \2
= (1) xt xt
+> /0 dz‘[aax, — —b( = ) } (6.2)

The constants a and b will be chosen later.

Proposition 6.2. Assume that u € [0, %]. For every v € V., there exists v* = (v}') € V,, that
depends on t but not on x, such that Z(v) < Z(v*).

The proof can be done by extending Proposition 5.2 to the partition function above, and by
repeating the proof of Proposition 5.3. It turns out that the time-dependence of the fields and the
extra terms do not play any role.

Proposition 6.3. Assume that u € [0, %] and that b > 2da*(1 — wx(ey, 0). Then there exists co
> 0 such that Z(v) < Z(0) for every v € V,,.

Proof. Because of Proposition 6.2 it is enough to prove it for space-invariant fields only. We
must show that maximizers are time-invariant as well. We have

Z(v) = lim Zy(v), 6.3
N—oo
where
ZN(U)Z/dpu((U) > exp{——z )
oeT(w) YEA re b1, N}

+£

G0, =30, =)+ by g - vff}- ©4

Indeed, we have discretized < 8”’ and 3{, 57 and used the discrete integration by parts. We take the limit

along N € 2N.
We apply “horizontal reflections” across the planes determined by t = n % n=1,...,N.Then
Z N (U

is actually simpler than in the proof of Proposition 5.2 as we do not need to introduce extra fields to
decouple the two parts. See Fig. 7 for an illustration. Proceeding as before, we obtain the existence
of a maximizer v* for Zy with jigsaw shape, namely,

V= (=17 — (6.5)

for some constant |c| < ¢oB/2.
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B/N v

0

FIG. 7. Reflection in the time direction, across the dotted lines. There are two dotted lines because of periodicity.

‘We need to show that ¢ = 0. We have

ZN(U*)Z/d,Ou(a)) Z ex { 4bc? |A| ZGCZ Z (— 1) (1[)+ﬁ _88))} (6.6)

ceX(w) YEA e b1, N}

We need to show that the term linear in c is actually quadratic. This can be done using the following
trick. When integrating over realizations w With the measure p,, we replace each transition (x, y, f)
cEw by 5 transition at ¢, and 5 transition at ¢ + . Because of the alternating sign in the maximizer
v*, we obtain

b 2ac g ~( (1) =
Zy@H =e 7 ‘/dp (‘U)Z H %( {_(Ui,z)Jrﬁ +0;,z)+% 5 =)

OEW (x,y,1)ew
2ac .ay -y () _ 5 !
+exp —?(ox,”% +6,) s = Ou )+ 0( ) (6.7)

The correction O(%) is due to the realizations w where transitions occur at almost the same location
and time.

If the transition is a cross we have & Opigt = O'V ;and o Oyipt = oy, and the corresponding factor
is 1. If the transition is a double bar, we get the factor

4 R 8 2.2 . .
cosh 2611, —311)] = e (611, 31" + 0], (68)

Let 7 (w) denote the set of double bars that are present in the realization . We then obtain

ZN(U*):G_%‘M /d'o (w)zexp{sm Z (fl[)_pﬁ ~<1)) +0(c4)}+0< )

oceEw x,y,0)eT (w)
(6.9)

Notice that O(c*) is bounded uniformly in N, and O(ﬁ) is bounded uniformly in c. They depend
on |A| and B, on the other hand, but it does not matter. Let A C €2 be the event where a double
bar occurs on the edge {0, ¢;} in the time interval [0, %]. Expanding the exponential, and using
translation invariance in space and time, we get

Zy*) = ZyO)[1 — LE|A[] + 84 |8|N/dpu<w> PN CAY —*(”) +0(cH+ o).
oeX(w)

(6.10)
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‘We now estimate the contribution of the realizations with an enforced double bar on (0, ¢;) at a time
close to 0. As before, we denote @ the realization w with an extra double bar at {0, ¢;} x 0.

~() =)
lim. zN<0) 3 / doue) Y (6L a8’

oceX(w)
— = = (1) = (1)
(1 - Lt) Nll_I)I(l)Q ZN(O) dp”(w)lE(c).oA(H(w) Z G ['3 - 00 0) (611)
Eoer0 0ex(@)

=(1- ”)P(Eo_,el,o)
<1 —=uw)P(Ege,0)-

The sum over space-time spin configurations that are compatible with w € Ey ., o, was computed as
follows:

N

Z & <1; _55}3)22(25+1)|£<w>|—1 Z (50)_,;(1))2

oceX(®) W a,b=—S§
= (28 + 1)/L@l-1 @ — p)?
25 ZI;_S (6.12)
1S
— (28 & 1)/L@l=1__ a—blI?
@S+1) 2Sab;gna I
= (28 + DIE@!,
We used Eq. (5.11). We have obtained
Zy ") = Zy(O)[1 = 22|+ 22113~ wx(er, 0)] + 0 + OGh). (6.13)
We see that ¢ = 0 is local maximizer whenever ‘g’ 8‘Z”I(l — u)k(eq, 0), which yields the relation
between a and b that is stated in the proposition. a

We now use Proposition 6.3 in order to get a generalized infrared bound for ¥ (k, 7). This is
similar to Proposition 5.4.

Proposition 6.4. Assume that there exists ¢y > 0 such that the partition function in Eq. (6.2)
satisfies Z(v) < Z(0) for every v € V,,. Then for all (k, t) # (0, 0), we have

e(k) + 4bt?

Proof. We choose v, = cos(kx + tt). We have

B
Z(r/v):/dpu(a)) 3 exp{/ dz[ G0, Av.,) + 5n2(v.,,,Au.,,)]
0

oeX(w)

. 9%,
+Zf dr ana;,]) +bn2 8té[]}'

xeA

(6.14)
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We now use —Av = g(k)v and — 2 o= 72v, and we get

Z(nv):/dpu(a)) Z exp{—/ dt[n(e(k)—i—aﬁ)(ﬂl

)
Ot U-,I)
oeS(w) 0

1

+ L2 (e + 4b7%) (v, u,,)”

B B
:/dpu(a)) > (1 +§n2(e(k)+arz)2/ dt/ dr' (39, v )(

GO0 GO, vr)
oceT(w) 0 0

0

p
1 (e(k) +4brz)/ dt(u.s,v.0) + 0(774)>.

(6.15)
We have

(8.(}), v<,,)( (1,), v,.,/) = Z cos(kx + tt)cos(ky + t¢ )*(1) ‘(}) (6.16)
xX,yEA

and, using the symmetries of the cubic box and Eq. (5.11)

(1) @ _
5 [ e 3 3060 =

dp,(@)(2S + DIF@I= ‘
P 70 pu(@)(2S + 1) Z lla|l?

EO,y—,\,f—f’ a—_S

= — —x,t' —1).
05T <Y T

(6.17)
Finally, we obtain the Fourier transform of correlation functions
/ dt/ dr’ Z cos(kx + tt) cos(ky + Tt ) k(y — x,t' — 1)
X, yEA
/ dt/ dt” Z cos(kx + tt)costk(x +z2) +t(t + ")k (z,t")
) el (6.18)
= / Z cos(kx + tt)Re ek Hit / dt” e* T (2, 1"
0 xXeA 0

:/ dthos(kx+tt)2K( k, —1).
0

xeA

We actually have K(—k, —7) = K(k, T) because of symmetries. We have obtained

- o[+ s arnio [
Z(nv)_Z(O)[l—i— 4(zs+1)’7 (etk) 4+ at®) K (k, ) ) dt(v.;,v.,)

B
_,72(g(k)+4b12)2/ dt(v.,f,v.,t)+0(n4):|. (6.19)
0

The conclusion follows.

O
Corollary 6.5. Assume u € [0, %]. Then for all (k, T) # (0, 0), we have

~ 28 l
Kk, 1) < + .
(k) + gga= u)/c(el 0
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Proof. 1t follows from Proposition 6.3 that the bound of Proposition 6.4 holds with b = 2da*(1
— u)k(ey, 0), for any a > 0. We get the result by optimizing over a. O
Corollary 6.6. Assume u € [0, %]. Then for all k # 0, we have

Z Rk T) < 28 4+ 1)a/2d(1 — u)x(ey, 0)
' Je(k)

Rk, 0) = —

(ﬂ/zd(l “ k(e 0)8(/{))

2
157Z

This corollary follows from the identity )
Theorem 6.1.

nel. # = 7 coth(z§). We can now prove

Proof of Theorem 6.1. For the first bound, we use

1 = «(0,0) = IAIﬂ >3 Rkt

keA* ¢ 27 VA
(6.20)

1
=|A|ﬂ< 0+ >R HW Z Zx(kr)

re%’Z\{O} keA*\{ =z

The first term is equal to IE(L‘l0 °>) The middle term vanishes in the limit |A| — oo. The last term

Al
can be bounded by Corollary 6.6, recalling that ¥ is real because of lattice symmetries. We get

tﬁ

L
fim E(ﬁ) > 1 — (25 + 1)y2d(1 — u)e(er, 0)
|A|—o00

BIA|
1 coth(B/2d(1 — w)k(er, 0)e(h))
_— dk. 6.21
@ Sy NG (2D

The cotangent disappears in the limit 8 — oo by dominated convergence (in d > 3) and we obtain
the first bound of Theorem 6.1 since the integral of 1/./e(k) is equal to J;/+/2d.

For the second bound we use the sum rule of Ref. 44. Using invariance under lattice rotations,
we have

k(er,0) = d|A|ﬂ Z Z K(k, ‘L')ZCOS/(

keA* ¢ 21 7

1 1
:lAlﬂK(OO)—i—m Y. ko, r)+m Z ZK(k t)zcosk

e 5 Z\(0) keA\0}re 7
(6.22)

As before, the first term is equal to IE(
Using Corollary 6.6, we get

) and the middle term vanishes in the limit |[A| — oo.

Jlim E(L(O’O)) > k(e1, 0) — (28 + 1)y/2d(1 — w)(ey, 0)

AIA]
1 coth(B+/2d(T — wyk(e1, 0)E(R)) [
R - 7 (Beostr) ok 623

The cotangent again disappears in the limit 8 — oo and the integral is equal to I} /+/2d. a



083301-32 Daniel Ueltschi J. Math. Phys. 54, 083301 (2013)

VIl. SPECIFIC MODELS OF INTEREST

It is time to give flesh to the quantum models under study. The Hamiltonians were defined in
terms of operators T\, Q,y, and P,,, that were chosen for their mathemat1cal convenience rather than
their physical relevance. In this section we discuss the special cases S = 5 and S =1 in details.

A. Spin  models

Let us start with the spin % Heisenberg ferromagnet, the model that was studied by Conlon
and Solovej,'® and by Téth who introduced the representation with “crosses.”® The parameters are
S = % and u = 1. The loop parameter is thus & = 2. Using S, - S, = %Txy — %Id, we find that

H =2 Z S-8, -1 (7.1)

Since only transpositions are present, the loop representation can be seen as a model of “spatial
permutations,” i.e., bijections A — A. Each loop corresponds to a permutation cycle, and the length
of the loop is equal to B times the number of vertices in the cycle.

Next, we discuss the spin % Heisenberg antiferromagnet. Let S = % and u = 0, and consider

the Hamiltonian #” = — > x.y) Pry- We have S, - S’y = 1Id — 1P,,, so that

AP =2 3" (S-S, + ). (1.2)
{x.y}e€

This is indeed the Hamiltonian of the Heisenberg antiferromagnet. We cannot use Theorem 3.5
because the spin is half-integer. But if we assume in addition that the graph is bipartite, i.e., A = A
U Ag such that all edges of £ involve one site in A, and one site in Ag, the Hamiltonian is unitarily
equivalent to HI(XO)

HO — (l—[ oS >H<0><1_[ einSv?‘)_ (7.3)

xeAp xeAp

Then we can use the probabilistic representation. It only involves double bars since u = 0, and it
was introduced by Aizenman and Nachtergaele.? Spin correlations are given by

(SLS1) = H(=1)" P (Eq y,0) (7.4)

fori=1, 2, 3, where (— 1)* 77 is equal to 1 if x, y belong to the same sublattice, — 1 otherwise.
The case of frustrated systems where the graph is not bipartite is currently attracting a lot of
attention by condensed matter physicists. The probabilistic representation does not apply, because
the weights of loops would carry signs.
We can check that

Oy =2(SiS) — SiS; +8.5) + 5. (7.5)
We then obtain a family of Heisenberg models with anisotropic spin interactions, namely,
H"Y =2 Z (SLS) + Qu — 1)SIS2 + 8357 — 1). (7.6)
{x,y}e€

The case u = % gives the spin % XY model. A consequence of Theorem 3.3 is that
0 < [(STSPI < (SiS)) = (S]S3). (1.7)

Neither the second inequality nor the positivity of the latter correlations seems to be immediate.
An additional motivation for the XY model comes from the fact that it is equivalent to the hard-

core Bose gas. This is well-known, see, e.g., Refs. 44 and 2, but we recall it for the convenience of

the readers. Notice that the present XY model differs somewhat from standard conventions, since
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interactions are between spins in the directions 1 and 3 rather than 1 and 2, and this requires a few
modifications of the usual correspondence.

Let a, = S! +1S? and its adjoint a! = S! —iS}. These operators satisfy the commutation
relations

lay.a’1=0 forallx #y,

(7.8)
{a,, aj} =1Id, forallx € A.
In addition, the operator for the number of particles at x is
n, = aiax = Sf + %IdA. (7.9)
The Hamiltonian can be rewritten as
HY =— % (aj,ay +ala, - %). (7.10)
{

x,y}e€

The relevant correlation functions are those representing “off-diagonal long-range order,” that
signal the occurrence of Bose-Einstein condensation:

. 1 &)
(alay) = ?Tr(Si —iS3)(S} +i83) e P
Zy (7.11)

=2(S]S;).

We used the identity (S}S}) = (S}S}), and the fact that (S}S]) = —(S!S}) = 0. The density-density
correlation function, on the other hand, is given by

(neny) = (ni){ny) = (S7S5). (7.12)
The latter correlation function is given by difference of probabilities of E; yo and E-o . see
Theorem 3.3; we conjecture below, in Conjecture 1, that it has exponential decay with respect to
lx — yll. This is indeed expected in the case of the hard-core Bose gas.
Existence of long-range order was proved in Refs. 21 and 44 in rectangular boxes, d >
3, and low temperatures. Theorem 5.1 does not improve these results. But we use the random
loop representation to give a heuristic description of phase transitions and symmetry breaking in
Sec. VIII B.

B. Spin 1 SU(2)-invariant model

It is well-known that any two-body SU(2)-invariant interaction for § = 1 can be be written as

I‘VIA = — Z (J]gx : S:y + JZ(S:x : gy)z)' (713)
{x.y}e€

It may be worth discussing first the ground state phase diagram of the classical model, where
each site is the host of a vector in S2. There is a ferromagnetic phase when J; > 0, J, > 0, an
antiferromagnetic phase when J; < 0, J; > 0, and a nematic phase when J; = 0, J, > 0. Results for
low temperatures have been obtained in Ref. 30 in the case of the classical Heisenberg models (/>
= 0), and in Refs. 7 and 15 in the case of the classical nematic model (J; = 0, J, > 0). The case J,
< 0 would be interesting to scrutinize.

The phase diagram of the quantum model has been investigated by several authors, see
Refs. 9, 61, 60, and 24 and references therein, and it differs significantly from the classical one.
It is displayed in Fig. 8. The line J, = 0 corresponds to the usual Heisenberg models. The line
in the direction (—1, —%) corresponds to the model introduced by Affleck et al., in order to study
Haldane’s conjecture.!

It is possible to check that J; §x .S y is reflection positive, in the quantum sense, when J; < 0 and
that Jz(gx .S },)2 is reflection positive when J, > 0. Thus H A 1s definitely reflection positive in the
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FIG. 8. Phase diagram of the general spin 1 model with Hamiltonian (7.13) in dimension d > 3. On the two lines /1 = 0 and
Jo =Jj the model has SU(3) invariance, not only SU(2). The phase diagram is expected to show four phases (ferromagnetic,
nematic, antiferromagnetic, staggered nematic) that are separated by those lines. Antiferromagnetic long-range order has
been proved in the dark yellow region.?!»** The random loop representation allows to prove Néel order for J; = 0 and J, >
0 (Theorem 7.3), and to prove another form of magnetic order in the dark pink region 0 < J; < %Jz, that is compatible with
a nematic phase (Theorem 7.2).

quadrant J; <0, J, > 2. Long-range order has been proved for the antiferromagnet when d > 3 and
when the temperature is low enough.?"*** One can obtain an infrared bound for the usual correlation
function, which allows to extend the domain of long-range order to the dark yellow domain depicted
in Fig. 8. The domain of reflection positivity presumably extends a bit beyond the quadrant, but this
has not been shown yet.

The Hamiltonian 1-7[(\“) defined in Eq. (3.14) is SU(2) invariant, and is therefore of the form
(7.13) up to a shift by the identity operator. Let us express T, and Py, as linear combinations of
S, - §y and (S, - S’y)z.

Lemma 7.1. In the case S = 1, we have
Vy—S S +(S S) -1,
Py =(S, -8, —1.

Proof. Let S* = S} +£1S2. It is well-known that, in the basis where S? is diagonal, we have

S*la) = /2 —a(a £ Dja £ 1), (7.14)

with the understanding that S7|1) = 0 and S| — 1) = 0. Using the identity
25, -8y = S7S; + 8,87 28383, (7.15)
the claim for T, can be verified by direct calculations of all matrix elements.
Direct calculations can also be used for P,,. However, a more elegant argument uses properties
of additions of spins (see, e.g., Ref. 50). It is well-known that the eigenvalues of (S —|— S )2 are O
2, 6 (they are equal to J(J + 1) with J € {0, 1, 2}) This gives the eigenvalues for S S
—1, 1, and hence for (S, - S y) : 4,1, 1. Recall that 4 3 P,, is the projector onto the 0ne-d1mens10nal
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eigenspace of (§x +3S y)z with eigenvalue 0. The identity of the lemma is now easily checked for any
vector that belongs to the eigensubspaces. O
It follows from Lemma 7.1 that [(\”) can be written as

AY == 3 (u5e-3+ G- 5,7 -2), (7.16)
{x,y}e€

The region of parameters where the model has the probabilistic representation (with positive
weights of the loops) is delimited by the lines J; = 0 and J, = J;. This is precisely the pink region
of the nematic phase. The ordinary spin-spin correlation function is given by Theorem 3.5 (a), and
this leads to the following conjecture, that is indeed compatible with a nematic phase.

Conjecture 1. Let (J1, J) satisfy 0 < J, < J,. For all B € R and all d > 1, the correlation
function

(818, = 3[P(ET, ) — E(E, )]
has exponential decay with respect to ||x — y||.

Long-range correlations are only possible if long loops are present, and the vertical orientation
is quickly lost. It should be possible to prove this rigorously, although it does not appear to be
straightforward when the dimension d is larger than 1.

The results of Sec. V nonetheless imply a phase transition with long-range order. It follows
from Theorem 3.5 (b) that macroscopic loops are accompanied by long-range correlations of (S!)2.
Here is the main result of this article for the model with § = 1.

Theorem 7.2. Let (A, &) be the d-dimensional cubic box with periodic boundary conditions
and even side length. Assume that 0 < J; < %Jz and that d > 5. Then there exists By < 0o and ¢ >
0 such that

1 . . , A
aE 2 (e — ) = ¢

X, yEA

forall B > Bo,i=1,2,3,x,y € A, uniformly in the size of the system.

This theorem establishes the existence of a phase transition with symmetry breaking, since
uniqueness of infinite-volume Gibbs states implies the decay of all correlations. Such magnetic
order is compatible with the nematic phase. Theorem 7.2 is a direct consequence of Theorem 3.5
(b) and Theorem 5.1. It actually holds for d > 3 when J; < %Jg.

The case u = 0 in a bipartite graph is different. Only double bars occur in the loop representation,
and the vertical orientation displays alternating properties. Namely, P(E | ;) = 0 whenever x, y
belong to the same sublattice, and ]P’(E;ﬁ y,1) = 0 whenever x, y belong to different sublattices. We
therefore obtain the existence of Néel order at low temperatures, which stands in stark contrast to
the classical case.

Theorem 7.3. Let (A, &) be the d-dimensional cubic box with periodic boundary conditions
and even side length. Assume that J| = 0,J, > 0, and that d > 5. Then there exist By < 00 and ¢ >
0 such that

1 xX—y Qi ol
e Yo (=DTSIS) = e

x,yeA

forall B > Bo,i=1,2,3,x,y € A, uniformly in the size of the system.

This theorem also follows directly from Theorem 5.1. Néel order certainly occurs in dimensions
d=73,4 as well.
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VIIl. CONCLUSION AND OUTLOOK

Connections between random loop models and quantum lattice systems provide many deep
insights for each of them. The continuous symmetries of the spin systems have far-reaching
consequences regarding the size of loops in dimensions 1 and 2. Results about long-range order,
obtained in the quantum setting,”-** establish the occurrence of macroscopic loops when § = 1,
i.e., 8 = 2. We have extended the result to higher values of S and 6. We proved this by adapting
the method of reflection positivity and infrared bounds of Ref. 30, rearranging the underlying Pois-
son point process of transitions so that it becomes reflection positive. The case S = 1 turns out to
correspond to the nematic phase of a very interesting SU(2)-invariant quantum system.

Several of the present results should hold more generally. Long loops should be absent in
dimension 2 for all & > 0, not only 6 = 2, 3, ... Occurrence of macroscopic loops is proved for
small S or large d (and large B); our conditions could certainly be loosened. The restriction to u < %
seems to be an inherent feature of the method; it is indeed present in the quantum setting, having
frustrated experts since the method was introduced.

Nachtergaele’s extension of the loop representation for higher spins is different from the

ones discussed here. Comparing the information provided by both could lead to new results.

51,52

A. Joint distribution of the lengths of macroscopic loops

This is an intriguing topic for future research, both in itself and for the information it provides
on the structure of pure Gibbs states and symmetry breaking. It seems appropriate to discuss this in
details. Let LV, L@, . .. denote the lengths of the loops in decreasing order. Clearly, (%, %, ..)
is a random partition of [0, 1]. In the case of the random interchange model on the complete graph,
ie.,0 =1,u=1,and (A, &) is the complete graph, Aldous conjectured that this random partition has
Poisson-Dirichlet(1) distribution. This was subsequently proved by Schramm,>® who showed that the
time evolution of the loop lengths is described by an effective split-merge process (or “coagulation-
fragmentation”). The relevance of these ideas in the presence of spatial structure (that is, A C Z%)
and for & = 2 was explained in Ref. 33. This is backed by results for the model of “spatial random
permutations,” that are rigorous in the annealed case'® and numerical in the quenched lattice case.’

We start by describing the heuristics. Our main goal is to justify Conjecture 2 below. We assume
that the graph is regular, A C Z¢, but the discussion holds more generally.

Macroscopic loops are spread all over A and they interact between one another, and among
themselves, in an essentially mean-field fashion. We introduce a Markov process for which the
measure (2.3) is invariant. It is enough that it satisfies the detailed balance property, which can be
written as follows:

9|£(w)\ (udt)# crosses in w((l _ u)df)# double bars in wR((L), (U,)

)# double bars in o’

= QI (ydryf erossesine’ (] — y)dr R(&, w). (8.1)

We have discretized the interval [0, 8] with mesh d¢, and R(w, @’) denotes the rate at which @’ occurs
when the configuration is w. The following process satisfies the detailed balance property.

e A new cross appears in the interval {x, y} x [z, df] at rate uf'?dt if its appearance causes a
loop to split; at rate uf ~ /2dt if its appearance causes two loops to merge; and at rate udt if its
appearance does not modify the number of loops.

e Same with double bars, but with 1 — u instead of u.

e An existing cross and double bar is removed at rate 6'/2 if its removal causes a loop to split;
at rate 6 ~ 2 if its removal causes two loops to merge; and at rate 1 if the number of loops
remains constant.

Notice that any new cross or double bar between two loops causes them to merge. When u = 1,
any new cross within a loop causes it to split.
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Let y, ' be two long loops of respective lengths L, L. A new cross or double bar that causes y

to split appears at rate %cl 6172 /ﬁ’ anew cross or double bar that causes y and y’ to merge appears

at rate 160~/ zﬂL‘—il. The rate for an existing cross or double bar to disappear is 3c,60"/ zﬁl\l if y is
split, and c,0 "/ ZﬂLI_S\,I if y and y’ are merged. Consequently, y splits at rate
2
Ly + cz)elﬂL— =1y 12 (8.2)
g BIAl 2
and y, y’ are merged at rate
LL
(1 + )0 VP =— =r,LL . (8.3)
7N

It is important that the constants c¢; and ¢, be the same for all loops and for both the split and merge
events. This may seem a daring conjecture to make, but it has been verified numerically in Ref. 35
in a very similar model. It follows that the lengths of macroscopic loops satisfy an effective split-
merge process, and the invariant distribution is Poisson-Dirichlet with parameter r5/r,, = 6, see, e.g.,
Refs. 12 and 33 and references therein.

The case u € (0, 1) is different because loops split with only half the rate above. Indeed, the
appearance of a new transition within the loop may just rearrange it: topologically, this is like 0 <
8. This results in PD(%). Notice that this cannot happen when u = 1, or when u = 0 on a bipartite
graph. These considerations allow to formulate the following conjecture.

Conjecture 2. Assume that d, 6, u, B are such that macroscopic loops are present. Then, as | A|
— 00 then k — o0,

. 3 . .
e the random variable Zk L2 converges (in probability) to a constant, denoted v

i=1 BIA]
o the sequence of decreasing numbers (ué(\lz)w ey %
Dirichlet distribution. More precisely, it converges to PD(0) if u = 1 and to PD(%) if u € (0,
1).

) converges (in probability) to a Poisson-

The case u = 0 is a bit subtle as it depends on the graph. PD(6) is the right choice for bipartite
lattices, while PD(%) should be expected otherwise.

It turns out that Conjecture 2 is relevant for the discussion about symmetry breaking, even though
the heuristics is rather indirect. If x and y are two vertices that are very far apart, the probability that
they belong to the same loop is equal to the probability v? that they both belong to macroscopic
loops, times the probability that they belong to the same element of the corresponding random
partition. This can easily be calculated using Beta(¢) i.i.d. random variables X, X», . . ., so that

(X1, 0= XX, (= X1 = Xa)Xa, . )
has GEM(%¥) distribution, which is closely related to PD(#}). Then, when x and y are far apart,

P(Ery0) ~ v Y E((1 =X 1) ...(1 = X1 X7)

k>1

— 2 ¥ \k-l )
- k;(ﬂ“) @+ D@ +2) (8.4)

V2

RS

The approximation should become exact in the limits |A| — oo then ||x — y|| — oo.
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B. Nature of pure Gibbs states

Let us focus on the case u = 1. The Hamiltonian HX) is (minus) the sum of transposition
operators. Ferromagnetic product states of the form ®,|a), witha € {— S, ..., S}, are ground states:
They are eigenstates of each T\, with eigenvalue 1; and this is the largest eigenvalue since szy = Id.
It is tempting to conclude that a ferromagnetic phase transition takes place (for d > 3) and that the
pure Gibbs states are of the form (-)g with Qe S

Ca = lim lm Oupay, a3, (®.5)

The pure state (-)z, is represented by space-time spin configurations where long loops have spin S,
while finite loops have any spin values. It follows that

(e =vS. {80z = (SDa =0. (8.6)
Decomposing the rotation-invariant Gibbs state into pure states, and using asymptotic clustering of
pure states, we have

-

($383) = 1S, - §,) =

=
W=

| o o -
ye /SZ(SX - 8y)adR2
3 8.7)
= 3(Sc - Sy)e, 5D (SD)e,(Sh)e, = 0787
i=1
On the other hand, using Theorem 3.3 and Eq. (8.4) with ¢ =2S + 1, we have
(S783) = 3S(S + DP(Ey y0) ~ £v°S. (8.8)

Equations (8.7) and (8.8) agree in the case S = % This should be expected, as Hj(\]) is then the
Hamiltonian of the Heisenberg ferromagnet (see Sec. VII A). But the equations disagree for all other
values of S, in particular S = 1. Equation (8.8) seems trustworthy as it relies on Conjecture 2. This
suggests that the nature of symmetry breaking and the structure of pure Gibbs states are more subtle
due to the bigger SU(3) symmetry. Hopefully more light will be shed on these questions in the
future.

The case u = 0 is similar, with the staggered magnetization replacing the magnetization. The
calculations above confirm the existence of antiferromagnetic pure states when S = %, while the
situation for S > 1 is less clear. In the case u € (0, 1) and § = %, we can check that Conjecture 2
is compatible with the breaking of the U(1) symmetry: Indeed, let S! denote the unit circle in the
plane 1-3; then

33y __ 1 1¢l 3¢3
(8353) = L(sis! + 5383

(SIS} + S383)5d%2 = 1(SLS) + 5383z, (8.9)
] )

L
2

NI—
7]

~

(Shz SNz, + SN (8D, = b,

This is compatible with Theorem 3.3, (SES;) = %IP’(EX,'V,O), and Eq. (8.4) with 9 = 1.
In the case S = 1 and u € (0, 1), a similar heuristics should be possible, that would confirm and
help characterize the nematic phase that is expected in the quantum model.

N—
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