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Abstract: We extend Griffith’s theorem on symmetry breaking in quantum spin
systems to the situation where the order operator and the Hamiltonian do not commute
with each other. The theorem establishes that the existence of a long range order in
a symmetric (non-pure) infinite-volume state implies the existence of a symmetry
breaking in the state obtained by applying an infinitesimal symmetry-breaking field.
The theorem is most meaningful when applied to a class of quantum antiferromagnets
where the existence of a long range order has been proved by the Dyson-Lieb-Simon
method. We also present a related theorem for the ground states. It is an improvement
of the theorem by Kaplan, Horsch and von der Linden. Our lower bounds on the
spontaneous staggered magnetization in terms of the long range order parameter take
into account the symmetry of the system properly, and are likely to be saturated in
general models.

1. Introduction

Among the most important issues in rigorous statistical mechanics is to establish the
existence of phase transitions in various idealized models of physical systems. When
a transition is accompanied by a breakdown of a discrete symmetry, the Peierls’
argument and its variants [1] can be applied to produce strong rigorous results. When
a transition is accompanied by a breakdown of a continuous symmetry, on the other
hand, the Peierl’s method does not work in general. Frohlich, Simon and Spencer [2]
developed a method based on reflection positivity [3], which enabled them to prove
the existence of phase transitions in various classical spin systems with continuous
symmetry. The method was extended to quantum spin systems by Dyson, Lieb and
Simon [4]. Their result is outstanding in that it rigorously establishes the existence of
phase transitions in physically realistic models, such as the three-dimensional quantum
Heisenberg antiferromagnets.

In order to motivate the theorem of the present paper, we shall describe the main
result of Dyson, Lieb and Simon in the context of Heisenberg antiferromagnets. Take
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a d-dimensional L x --- x L hypercubic lattice A with periodic boundary conditions,

where L is an even integer. With each site * = (z4,...,2,;) € A, we associate
three component quantum mechanical spin operators S, = (S, S® S®) with

(S,)? = S(S + 1), where S = 1/2,1,3/2,.... The Hamiltonian for the isotropic
Heisenberg antiferromagnet is

Hy:= Y 8.8, (1.1)

z,y€A:|lz—y|=1

Throughout the present paper, the symbol := signifies a definition.
Dyson, Lieb and Simon [4] proved that the long range order parameter o satisfies

. 1
o= lim — (©OP»), >0, (1.2)
at sufficiently low temperature if S > 1 in d > 3. Here the order operators are

OF =Y (—pmtteagh, (1.3)

zeA

for ¢ = 1,2,3, and
Tr[- - - e PHA
e g im 1.4
( ) A TI'[ e— BH /1] ) ( )
with the inverse temperature (3. The relation (1.2) establishes that the system
develops a Néel-type long range order at sufficiently low temperatures. By using
the improvement due to Kennedy, Lieb and Shastry [5], this result was extended [6]
to the model in d = 3 with S = 1/2. (There are also various extensions to ground
states [7], to anisotropic models [6,8], and to models with certain frustrations [9].)
To investigate physical consequences of the result of Dyson, Lieb and Simon,
consider the infinite volume equilibrium state wy(- - -) constructed as

wol-++) thlo< ) (1.5)
Since wy(- - -) inherits the SU(2) invariance of the Hamiltonian H ,, we see that it
does not break the SU(2) symmetry. In particular, we observe that

wy(S,)=0. (1.6)
The relation (1.2), on the other hand, implies that
wo(S, -S,) A0 as |z —y|— 0. 1.7)

The relations (1.6) and (1.7) indicate that the truncated correlation function
wo(S, + Sy) — wy(S,) - wy(S,) does not decay to zero at large distances, and hence
wy(: ++) is not a pure state. It is believed that a physically realizable equilibrium state
in a sufficiently large system is well approximated by a pure state. From a physical
point of view, a non-pure state may be regarded as an “unnatural” state. One must be
careful about what is the physical implication of the relation (1.2). (But see Remarks
1 and 2 at the end of the present section.)
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In physics literature, a standard way to get an infinite volume state with explicit
symmetry breaking is to apply an infinitesimally small symmetry breaking field to the
system. In the case of the Heisenberg antiferromagnet, this can be implemented as

DY — - (1)
O -+) = lim lim Tr - expl U, B(Ol)/1 L
Bl0Lto  Tr[exp[—B(H, — BOY)]]

(1.8)

It is likely that the state &(- - -) is pure, but there is no proof. It is natural to expect that
the existence of a long range order in the SU(2) invariant state w(- - -) [as in (1.2)]
implies a symmetry breaking in the state @(---). The latter is usually characterized
by observing that the spontaneous staggered magnetization

Tr [0 exp[—B(H , — BOY
m, 1= lim lim —I—d r[ 4 XL P (1)/1 )]]
BloLieo L?  Tr[exp[—B(H, — BOY)]]

= (== rragSh) (1.9)

takes a nonvanishing value. (The equality in (1.9) follows from the translation
invariance.) Mathematically speaking, however, the implication of nonvanishing o
on nonvanishing m, is not as trivial as it appears.

The method of Dyson, Lieb and Simon can deal only with the SU(2) invariant state
wy(: - ), and not with the state @(- - ) obtained by applying an infinitesimal symmetry
breaking field. In models where the order operators and the Hamiltonian commute
with each other (such as the Heisenberg ferromagnets), Griffiths [10] developed a
general theory which relates a symmetry breaking in states like @(:--) with a long
range order in the symmetric states like wy(- - -). This result was reformulated and
refined by Dyson, Lieb and Simon [4]. Unfortunately, the reflection-positivity method
to prove a long range order works only in the antiferromagnetic models, where the
order operators and the Hamiltonian do not commute with each other. Therefore the
existence of a symmetry breaking in the state &(- - -) in the Heisenberg antiferromagnet
has been left as an open problem.

The main purpose of the present paper is to prove a theorem which fills this gap.
More precisely, we extend Griffith’s theorem mentioned above to models where the
order operator and the Hamiltonian do not commute with each other. When applied
to the Heisenberg antiferromagnet, Corollary 2.2 in Sect. 2 reads as the following.

Corollary 1.1. In the isotropic Heisenberg antiferromagnet (1.1), the long range
order parameter (1.2) and the spontaneous staggered magnetization (1.9) satisfy

m, > V30, (1.10)

for any inverse temperature (3.

When the Dyson-Lieb-Simon method works, one knows that o is nonvanishing.
When combined with such information, our theorem concludes that the state &(- - )
exhibits the spontaneous symmetry breaking in the sense that m; > 0. We note that
the first rigorous result concerning the existence of such a symmetry breaking in the
Heisenberg antiferromagnet was due to Kaplan, Horsch and von der Linden, who
proved the bound m, > o for the ground state [11]. We believe that the above bound
(1.10) is saturated in the Heisenberg antiferromagnet. See Remarks 3 and 4 below
for discussions on the factor v/3. When the system has a different symmetry group
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than SU(2), the factor is replaced with a proper one. See the Remark at the end of
Sect. 6.

Since the bound (1.10) is valid for any temperature, it applies to the ground state
obtained by letting 3 — oo after the infinite volume limit. (This is the physically
natural ground state.) We also directly treat the ground states in a finite volume, and
prove a bound corresponding to (1.10). It is an improvement of a bound by Kaplan,
Horsch and von der Linden [11].

Underlying most of our proofs in the present paper is the fact that, in a large
quantum system, intensive quantities should behave almost as “classical” quantities.
We shall make this claim rigorous in various different ways to prove our results.
One of the most interesting techniques in the present work is the “coarse graining”
procedure used in Sect. 3 to get a pair of commuting operators from non-commuting
ones. This allows us to apply the original idea of Griffiths [10] in order to get the
desired relation between long range order and symmetry breaking.

The organization of the present paper is as follows. In Sect. 2, we describe our
theorems for finite temperatures in the most general setting. In Sect. 3, we construct
a pair of commuting operators by using a kind of coarse graining procedure in the
energy space. In Sect. 4, we generalize Griffith’s argument, and discuss the probability
distribution of the approximate magnetization. We complete the proof of the main
theorem for an equilibrium state in Sect. 5. In Sect. 6, we prove general results which
characterize a state with continuous symmetry. Section 7 is an independent section
which is devoted to the study of ground states.

Remarks. 1. Abstract theories of quantum mechanical states [12] tell us that a non-
pure state is always decomposed into a sum of pure states. In the Heisenberg
antiferromagnet, it is likely (but not proved) that the state wy(---) of (1.5) is
decomposed as

1

wo(---)zﬂ/dﬂwﬂ(...), (1.1

where  is the solid angle, and the integration is over the whole sphere. Each state
wq (--+) is pure and exhibits explicit symmetry breaking as

wg (S,) = (=1)*1+ +edm Q) (1.12)

with the spontaneous staggered magnetization m,.

2. Given the fact that there is a non-pure state wy(---) with a long range order,
general arguments guarantee that there is a pure state with explicit symmetry breaking.
Therefore one should not understand our contribution as the “first demonstration that
there is symmetry breaking.” The most important point of our work is that we have
established the property of the specific state @(: - -), which is considered as a physically
“natural” state to look at.

3. One should not be surprised by the factor /3 in the bound (1.10). Once we assume
the pure state decomposition (1.11), we immediately see that (1.10) should be satisfied
as an equality. By using the translation invariance, one finds that

1
0% = lim (—=1)"1+ ¥y, (SV80) = ~
|z(1o0 3

Jim (—D=H Ty S-Sy, (1.13)
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where S, denotes the spin at the origin, and we have used the SU(2) invariance. By
using the decomposition (1.11) and (1.12), we find that

(=Pt trdgy (S, - S,) = %/dﬂ(—l)“"'“ﬁdwQ So-S,)

1
e ZT' /dQWQ (So) ° (_1)z1+”.+mdwﬂ (Sﬂ?)
— (ms)27 (1.14)

as |z| — oo, where we have used that wq is pure. This explains (but does not
prove!) that we should have mg = /30 in a “natural” system. Although some authors
discussed [11] the possibility of m, = ro with r # /3, the above discussion shows
that a state must violate the pure state decomposition (1.11) in order to get such
a situation, which is rather unlikely. To assume (pure) states with “large quantum
fluctuation” is certainly not enough to get r # /3.

4. Is is easy to construct examples which violate the r = +/3 rule. Take two
independent identical Heisenberg antiferromagnets, and define O(/%) as the sum of
corresponding order operators of each model. Then one immediately finds that
the corresponding spontaneous staggered magnetization and the long range order

parameter satisfy m, > V60. This observation implies that one cannot prove the
equality corresponding to (1.10) without making detailed assumptions on the system.

2. Notation and Main Results

In the present section, we shall describe our theorems for finite temperature equilib-
rium states. The results for ground states are discussed separately in Sect. 7. Although
theorems would be most interesting when applied to a class of Heisenberg antifer-
romagnets where the existence of long range order is known, we shall describe the
theorems in their most general forms. We stress that the theorems can deal with a
large class of models and various types of long range order. An interesting example is
the electron pair condensation problem (superconductivity) in lattice electron systems,
but there are no rigorous results on long range orders in fermion systems so far.

We consider a quantum system on a finite lattice A C Z® with N sites. With each
site € A, we associate a finite-dimensional Hilbert space H,,. The full Hilbert space

of the model is
H, = QH,. @.1)
TEA

For a fixed A, we take the Hamiltonian

Hy:=Y h, 2.2)
z€A
with self-adjoint operators k. Assume that there is a unitary operator U, such that
UyH Ui =Hy. (2.3)
We introduce an “order operator”

0, := Z 0, (2.4)

zeA
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with self-adjoint operators o, to measure a possible spontaneous breakdown of the
symmetry generated by the above U ,. Thus we require

We define the Hamiltonian for the system under a “magnetic field” B € R (or a
“staggered magnetic field” in the case of antiferromagnet) as

and the corresponding partition function and free energy as
1
fa(B) = —Bj—v—logZA(B) 2.7
and
Z ,(B) := Tre PHAB) (2.8)

respectively. Here Tr denotes the trace on H, and 3 > 0 is the inverse temperature.
As usual we define the thermal expectation as

() (B) = Tr[- - - e_ﬂH/“B)] . (2.9)

1
Z (B)

We consider a sequence of finite lattices 4 C Z? which tends to the infinite d-
dimensional hypercubic lattice Z¢ in the sense of Van Hove [13]. For each A, we
consider a quantum system on /A with the Hamiltonian H, and the order operator
O ,. We assume that the sequence of models satisfies the following. (Note that we do
not assume that i, and o, are common for different A. This allows one to include
various boundary conditions for finite systems.)

i) There exists a thermodynamic limit of the free energy

f(B):= lim fu(B), 2.10)
A1z

for fixed values of 3 >0, B € R.

ii) There are finite constants A and o which are independent of A. For each A, we
have ||h,|| < h and ||o,|| < o for any z € A.

iii) [hz,oy] = 0 holds unless y € S(z). The number of sites in the support set
S(x) C A is bounded from above by a constant r > 2 which is independent of A.

We define the spontaneous (staggered) magnetization as
1
mg := lim lim —(O B). 2.11
S o AT N< 1) a(B) (2.11)
The existence of the limit is guaranteed by the concavity [14] of the free energy f(B)

in (2.10). We also define the long range order parameter as

. 1
o= /}1&1‘1 N ((O)?) 4(0). (2.12)

The limit may not exist in general, but one can always take a subsequence so that it
exists.
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Then our main result is the following.

Theorem 2.1. For an arbitrary sequence of models satisfying the assumptions 1), ii)
and i), we have the inequality

1 L
my 2 lim, = {{O)") , 0} * >0, (2.13)

for any inverse temperature (3 and for any positive integer k.

Note that the above theorem is a strict extension of Griffith’s theorem [10] or
Theorem 1.2 of Dyson, Lieb and Simon [4], which are proved assuming that the
order operator O 4 and the Hamiltonian H , commute with each other.

The first bound in (2.13) will be proved in Sects. 3, 4 and 5. The second bound is
an immediate consequence of the Holder inequality.

When the system has higher symmetry (as in the Heisenberg antiferromagnets), we
can prove bounds stronger than mg > o. Although we can treat an almost arbitrary
continuous symmetry group, we focus on the most typical case of an SU(2) symmetry.

We now suppose that the order operators form a three component vector
©OP, 09, 09) with

oY => "o, (2.14)
z€eA

where each o§§> is self-adjoint, and the above ii) and iii) are valid for each ¢ = 1,2 or
3. We also assume that
iv) [0, 0’1 =0 for any z # y € A and any i,/ = 1,2,3.

Finally we require the system to have global SU(2) invariance in the following
sense. There are su(2) generators XS),X;Z),X @ which satisfy the commutation
relations

D Ry ik 5
X9, xP1=i Z ek, X9 (2.15)
=123
where /2y = e = £, = &2 = ¢, = —eB, = 1 and &7F, = 0 for other

g, k, L.
v) Under the SU(2) transformation, the order operators behave as the tree compo-
nents of a vector. In other words, the commutation relations

(X7, 0P1=i Y &*,0f (2.16)
=123
hold for any 7,k = 1,2,3.
vi) The Hamiltonian is invariant under the SU(2) transformation. In terms of the
commutation relations,

(H,, X{1=0 2.17)

holds for any 5 = 1,2, 3.
Then the improved result is the following.

Corollary 2.2. For an arbitrary sequence of models satisfying the assumptions 1) —
vi), we have the inequality

m, > V30, (2.18)

for any inverse temperature (3.
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Note that this is an extension of Theorem 1.3 of Dyson, Lieb and Simon [4]. The
above Corollary follows from Theorem 2.1 and Theorem 6.1.

3. Construction of Commuting Operators

This is the first of the succeeding three sections devoted to the proof of Theorem 2.1.
In the present section, we will construct a pair of commuting operators H 4 and 9] A
which approximate the Hamiltonian /{, and the order operator O ,, respectively. As
will be seen in Sect. 4, use of these commuting operators is essential in generalizing
the technique developed by Griffiths [10]. The construction of commuting operators
can be regarded as a kind of “coarse graining” procedure in the energy space. An
important feature of the present construction is that the precision of the coarse graining
becomes finer and finer as the system size increases (see Proposition 3.2 below).

Throughout the proof in Sects. 3, 4 and 5, the inverse temperature 3 is fixed. In
the present section, we also fix a finite lattice A with N sites, and consider a system
with vanishing magnetic field B. (To make the following proof simpler, we assume
that N = (4K)*, where K is a positive integer. But this technical assumption is by
no means essential.) Thus the expectation (- - -} , always stand for (- - -) ,(B = 0). We
denote by {&,, },, the orthonormal basis formed by eigenstates of H ,. The eigenvalue
corresponding to the state @, is denoted as .

Note that any eigenvalue of H , is contained in the interval

I =[-hN,hN), 3.1

from the definition of the Hamiltonian (2.2) and the assumption ii) in Sect. 2. For an
arbitrary subset J C I, we denote by P(J) the projection operator defined by

PWUy= > P, (3.2)

n:En€J

where P, denotes the orthogonal projection onto the eigenstate ®,,.
Before defining the commuting operators, we have to state one lemma. Let the
decomposition number be

M =4NY? 4 1. (3.3)

For £ =2,3,---, M we set

= |-hN + - 2" (3.4)

,—hN+{-1)

N1/2 th/Z)

Lemma 3.1. Ore can find a set {Ez} with £ = 2,3, ..., M such that EI_, € J,

AJ, = [E, — hN'* E, + hN'/* c J, (3.5)
and
M
> (PAT)), <ANTHE (3.6)

=2
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Proof. We divide each interval J, into identical small intervals of length 2AN 1/4 as

J, = AJP U .UAJTY® with K = N'/* /4. Now assume the converse of the desired
bond Q3. 6) Then we must have

Z min (PATF) > 4NTE (3.7)
On the other hand, the left-hand side of (3.7) is bounded as

Z min_ (PATM) , < Z Z(P(AJ”“)» A= =4 V4 (3.8)
£=2

which is a contradiction. [

Take and fix EZ,...,EM as those guaranteed by Lemma 3.1. We also set
E,=—hN and E,; | = hN. We decompose the interval I as

I=1ULU...Ul,, (3.9)

where [, = [EZ,EHI) for £ = 1,..., M. Note that the length of each interval I,

does not exceed hIN'/2.
We define new operators as

M
H,:=Y E,PU,) (3.10)
=1
and
N M
O, =) PU)O,PU). (3.11)

£=1
The main result of the present section is the following.

Proposition 3.2. The operators H 4 and O 4 Satisfy the following:

[H,,041=0, (3.12)
H,<H,, (3.13)
|| H s — Hyll -1
24 Al - y-1/2) )
S (3.14)
For any eigenstate ¥ of H As
W,0,%) = (¥,0,¥). (3.15)

For any positive integer k

{©©™) , = {0 ) ]

< 2rk4k N4, )
O < 2rk4* N (3.16)

Before proving the proposition, we state the following lemma.
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Lemma 3.3. For a fixed eigenstate index n, take an arbitrary J C I such that any
E e J satisfies |E — E,| > D > 0. Then we have

2k—1
(%oA 11 (ppA)] %)

j=m+1
for arbitrary integers m < 2k and arbitrary projection operators P,,..., P _, P, .,
..., Py, which commute with the Hamiltonian H 4.

m—1

[[®0on

Jj=1

4rkh(oN)*
< 7

P(J)O, < D , (3.17)

This lemma implies that the above matrix elements can be made small by choosing
sufficiently large D. We shall use the lemma with D = O(N'/*) in the proof of
Proposition 3.2.

Proof. Let us write

m—1
A =0, [P0 (3.18)
j=1
and
2k—1
B:=0, [[ on. (3.19)
j=m+1

By using the Schwarz inequality we get

(D, A* P(J)B®,)|* = |(®,,, (P())A)* P(J)B®)|*
< (®,,A*P())AD, )&, B*P(J)BP,).  (3.20)

We decompose the set J ast LUJ_,where E > FE, forany E€J, and E < E_
for any £ € J_. Then we find that

(@, A*P(N)AD,) = (,,, A*P(J,)AD,) + (9, A*P(J_)AD,)

-k

< ’ (qsn, A*P(J+)H/1—D—"P(J+)A¢n>

+ i(qsn,A*P(J_)%P(J,)A@n) (3.21)
On the other hand, we have
(D, AXP(J)H, — E,)P(J)A®D, )| = |(®,, A* P(J)IH ,, AlP,)|
< |A||[H 4, All|
< 2rmh(oN)*™, (3.22)

where, to get the final bound, we used the identity

[Hp, Al =Y O,P,...04P, |[H;y,0,1P,0,P,,,...0,, (3.23)
=]
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and the bound
| (H 4,0, < 2rhoN (3.24)

which follows from the assumptions ii) and iii) of Sect. 2. By combining the bounds
(3.21) and (3.22), we immediately see that

4rmh(oN)*™

*
<
(@,,A"P())A®,) < D

(3.25)

Similarly, one can prove the same inequality (with m replaced with 2k — m) for
(@n,B*P(J)BQBn). Then the desired inequality (3.17) follows from the inequality
(3.200. O

Proof of Proposition 3.2. The properties (3.12)—(3.15) are trivial consequences of
the construction. We shall prove (3.16). Let us write

I:=[E,E,—hN'CI =[E,E),
I,:=[E,+ hNY* E,,, —hNY*)C I, =[E,E.)) ((=2,3,...,M —1),
Ly =[Ey +hNY* By ) C Ly =1Ey, Ey)- (3.26)

Since the projection operators P(/,) and P(I,) commute with the Boltzmann factor
e PHA we have

M

(%), = (ON*) y = D (PN O = (0 *}PU)),,
/=1
M . B ~
= Z <P(Iz){(OA)2k - (OA)2k}P(]Z)>A
=1
M ~ ~ ~
+ > (PUNPLO )™ = O IPUNDY) , - (3.27)

=1
The second term in the right-hand side of (3.27) can be bounded as

M

S (PANIN{©O )™ — O )*IPUNY)

(=1

M
< O = O3 (PUN),
=1

M
= ([0 = (O] Z<P(4Je)>/1
=2

< 2(oN)** x aN~/* (3.28)

where we have used the assumption ii) and the bound (3.6).
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Now we rewrite the first term in the right hand side of (3.27) as

M
D (PANO)* = O )*}PUY) ,
=1

M

= Z{ P(I)0 ,(P(L,) + P )0 4(PI,) + P(I) ... 0 ,P(I)) ,
- (P(IZ)O APUNO,PU,) ... 04(PU)) ,}

= Z Z (PO, PUOPAPy ... PAF)0,PU)) ,

(O=1,...2k—1) (3.29)

where T := I\I,, and the second sum > in the right-hand side is taken over all
the assignments IALS]) =1, or Te for j = 1,2,...,2k — 1, except for one assignment

féj V=1 , for all j. Thus the sum ranges over 22¢~! — 1 different assignments.
Note that, in each term in the right-hand side of (3.29), there is at least one

j(=1,...,2k — 1) such that féj) is I—é. Thus we can make use of Lemma 3.3 by
letting the index n be such that E,, € I,, J = I,, and D = hN'/*, to get

(PANO L PUIMO PUAY) ... PUT*0,PU))
~BEn

A ~ NGY e
- Z (@,,0,P(I0 ,PAP) ... PATF )0 ,,) x
n:En€l, A
4rkh(oN)Y*k  e=BEn
> Z,

n:En€l,
= 4rk(oN)* x N™/* x (P} , - (3.30)

Substituting (3.30) into (3.29), we get

)k — (0 )*}PI)) ,

M
< @R 1) x drk(oNYF x N7V (PAY),

< (2% — 1) x 4rk(oN)* x N~1/4 (3.31)

By substituting the bounds (3.28) and (3.31) into the decomposition (3.27), and using
rk > 2, we get the desired inequality (3.16). [

It is crucial that we have defined the decomposition of the interval I = I,U...UJ,,
not by simply dividing / into subintervals of equal length, but by carefully choosing
the boundaries {F,} according to Lemma 3.1. Without this extra care, one might
encounter a situation where the energy eigenvalues have bulk degeneracy exactly at



Symmetry Breaking in Heisenberg Antiferromagnets 203

a boundary value F,. Then the contribution of the boundary term treated in (3.28) is
no longer small.

The present definitions of the commuting operators H 4, and O, depend explicitly
on the value of (3, or more precisely, on the probability distribution of energy. The
discussion in the previous paragraph suggests, however, that one might be able to
find a decomposition of I which depends only on the spectrum of /,, and not on
the inverse temperature 3. Unfortunately, we still do not know how to define such a
decomposition.

4. Probability Distribution of the Approximate Magnetization in Zero-Field

In the present section, we derive a bound on the probability distribution of the
approximate (staggered) magnetization, i.e., the eigenvalue of the approximate order
operator O, constructed in the previous section. The bound plays a crucial role in
the proof of the main Theorem 2.1. The argument here is a modification of Griffith’s
[10]. Recall that the inverse temperatur 3 and the lattice A are still fixed.

Since the operators H, and O, commute with each other [see (3.12) in Propo-
sition 3.2], one can take an orthonormal basis {¥,, ;},,; in which both of them are
diagonal. We write their eigenvalues as

Op¥,,=M, ¥, 4.1)

n
and _ B
H,¥,,=E,W,,. (4.2)
Let us define
L (g/n,h GWﬂHAWn,l)
Qn,l T Tr[e—ﬂHA] ’

4.3)

which is the probability density for the approximate (staggered) magnetization M

n,l»
with respect to the Boltzmann weight determined by the “true” Hamiltonion H ,. We

also define .
Prob(|M,, ;| > Nm) = Z Ont (4.4)
(0| M, 1] > Nm

which is the probability to find Mn,l with IJ\’/.7n1| > Nm.

We now define
b i LB = SO)

m = lim 4.5)

which exists since the free energy f(B) is concave [14]. The concavity of f(B) also

implies
Ja(B) — [4(0) 0 1
L LA DA = — . .
e < —35 1B = 5(04) 4(B) (4.6)
By ietting first A T Z¢ and then B | 0, the bound (4.6) reduces to
ms < mg. 4.7

Then the main result of the present section is the following.
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Proposition 4.1. For any m > mJ, there exists a § > 0 (depending on m) such that

Prob(| M, ,| > Nm) < 2 x e N0 x SN (4.8)

for sufficiently large N (i.e., the number of sites in A).

We shall prove Proposition 4.1 in the following. We first note that, for any
projection operator P,
Tr{ P, e AN HAB)]

1> , (4.9)
Tr[e—ANHAB)]

where
H,B):=H,—-BO,. (4.10)
We take
Q)= > Q,, @.11)
(n,)eV

as P, in (4.9), where Q,, , is the projection operator into the eigenstate ¥, ;, and V'
is a set of indices (n, ). Then the inequality (4.9) becomes

1> PNIAB) s N, e PPNy ) (4.12)
(n,hev
where
fa(B) = — N log Tre PHAB) (4.13)

By applying the Jensen inequality

@, "ﬁH/l(B)J/ 1) = exp[—B(Y, HA(B)Wn,l)L (4.14)

n,l»

to the right-hand side of (4.12), we get

1> PNA® N exp[—B(@,, \, Hy (B, )]
(n,hHev

= ANTAB) S BB ¢ BV (4.15)
(n,)eVvV

where we used (3.15) in Proposition 3.2, (4.1) and (4.2).
Note that we have

e B > (W, e PHABY ) (4.16)
from (3.13) in Proposition 3.2 and (4.2). We also need the following lemma to evaluate

the right-hand side of (4.15),

Lemma 4.2.

fu(B)> fu(B)—hN 2. (4.17)
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Proof. Note that

[fa(B) = f4(B)| = -ﬂ—lﬁ |10gTre*ﬁﬁA(B) — log Tre PHAB)|
1 / d
" BN i / dA 5 log Trexpl—H \(B) = AG(H , — H )]

0
1 ~ ~
_ 1 I /d)\ Tr(H, — H ) exp(—BH 4(B) — A\B(H , — H )]
N ) Trexp[—BH ,(B) — A\B(H , — H )]

1~
SNHHA_HAH- (4.18)

Therefore, the lemma follows from (3.14) in Proposition 3.2. [
By (4.15), (4.16) and the above lemma, we obtain the inequality
1> exp [BN{f4(B) = f4O}] x e VN 5 37 BVt 0 (4.19)
(n,)eK

where g, ; is defined in (4.3). Then from the definition (4.4) and the inequality (4.19),
we have

Prob(|M,, )| > Nm) < 2 x e”#BN™

x exp [ — BN{f4(B) — f,(0)} + BRN?],  (4.20)

for B > 0 and m > 0, where we used the symmetry (2.5) in Sect. 2.
To prove the desired bound (4.8), we recall the following two facts.
First, for any m > mY, there exist m’ € [m}, m) and B > 0 such that

f(B) = f(0) > —m/B. “4.21)

This fact was proved by Griffiths [10] from the concavity of the free energy f(B).
Secondly, from the assumption i) in Sect. 2 on the existence of a thermodynamic
limit of the free energy, we find that, for any given 6 > 0, there exists an integer N,
such that

If(B) = fa(B)| < 5, (4.22)

NS N>

1£0) = F40)] < 5, (4.23)

for any A with |A| > N, and for fixed B € R.
For a given m > mJ, we take § = %B(m — m/), where B and m’ are chosen so

that the bound (4.21) holds. By combining the bounds (4.21), (4.22) and (4.23), we
get
faB) — f4(0) > —m'B -4, (4.24)

for sufficiently large N.
The desired inequality (4.8) follows from the inequalities (4.20) and (4.24).
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5. Proof of the Main Theorem 2.1

Now we prove Theorem 2.1 stated in Sect. 2.

Take an arbitrary m > m., where m defined in (4.5). Then, from (4.1) and (4.3),
we have
Tr{(0 1)*e~PH4]

Tre—PHa

> (L, o,
(n,0)
= > e+ > (M, 6.1

(n)l):lﬁn,lI?_Nm (n:l)ZIMn,l|<Nm

(O ), =

for any positive integer k.
By the definition (4.4) and Proposition 4.1, we get

N% ((04)2k> < ok Prob(|MnJ| > Nm) + m**

< 2 x oPhe PN x ePRVN | 2k (5.2)
Combining the bound (5.2) with (3.16) in Proposition 3.2, we obtain

N2k <(0/1)2k>A(O) < m?* 12 % ok —BNG&+BhVN + 4R pok N1/4 (5.3)
By taking the limits N T oo and m | mf , the inequality (5.3) reduces to the desired
inequality (2.13) with the right-hand side replaced with m}. Since we have the bound
(4.7), Theorem 2.1 has been proved.

6. Consequence of the Symmetry

In the present section, we prove a theorem which characterizes a state with an SU(2)
symmetry. The theorem is quite general, and can be applied to both the equilibrium
states and the ground states. In the following (---), stands for the expectation in
either the equilibrium state with vanishing external magnetic field or the symmetric
finite volume ground state @ ,. The similar result was proved by Dyson, Lieb and
Simon (4] for the Heisenberg ferromagnets, where they made explicit use of the
representation of angular momenta. Our extension here is based on a much more
“classical” consideration.

Theorem 6.1. Let (---), be a state (ie., a normalized linear functional) on the
operators of the quantum system on A. We assume that the state is invariant under
SU(2) transformation, in the sense that for any unitary transformation U , generated

by the SU(2) generators X\, Xf) and Xf), we have
(UgAUR) 4 = (A) 4 6.1

for any operator A. We also assume ii), iv) and v) in Sect. 2. Then we have

1
2 (Dy2k = = (y2\ 2
lim lim <(0 ) > > V3 lim <(0A) >A. 6.2)
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We start from lemmas. Let ¢, and n be nonnegative integers, and let k =

£+ m + n. Define
k) 1/ " 2 s
=TSR . 2\ S Y 7o Wl el .

e = GprT@my el 4n | CREYTET ©.3)

where the integration is over the unit sphere {Q = (z,y,2) | 2> + 3> + 2* = 1}.

Lemma 6.2. We have

tmn = @% Gy, (6.4)
where G, < 1 and
lim GO =1. (6.5)
Proof. Let
F(a,b,c) := 4—17; /dﬂ(aac + by + c2)** . (6.6)
Then by expanding (ax + by + cz)**, we observe that

p -1 ot om o
tmn = rminl 8(a2)E a2y A2

F(a,b,c). (6.7)
On the other hand, from the rotation invariance, we get
_ 1 2%
F(a,b,c) = pym dQ{(a,b,c)- O}

= L'/dﬂ{(\/a2 +b24¢2,0,0) - Q}M

4z
= (a* + b* + "G, (6.8)
with .
= - dQz* (6.9)

The relation (6.5) is trivial since the maximum value of |z| in the support of the
integral is 1. By substituting the identity (6.8) into the representation (6.7), we
immediately get the desired identity (6.4). [ ,

Lemma 6.3. Let i, with j = 1,...,2k be such that there are 2{ different indices
J with i; = 1,2m different j with i, = 2, and 2n different j with i, = 3, where
k = £+ m + n. Then we have

I<O(/§1)0(/§2) . Oﬁ%)h _ <(0511))Z(O(j))m(Og))}n(og))m(o(/ll))e>A'
< SEng(ON)ZkN“1
< 2k3 NN, (6.10)

Proof. We can get the second term from the first term in the left-hand side of
(6.10) by exchanging neighboring operators at most 8/mn times. By combining this

observation with the bound ||[O(/'{), O(/{)]H < 20’N, one immediately gets the desired
inequality. [J
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Proof of Theorem 6.1. We first note that

({07 +©OP7 + 07},

k!
S ) GO O ORTOR O,
om0 Lbmtn=k
+ 2k (oN)Y? P N~ o

where we have expanded the left-hand side, and used the bound (6.10) in each term
of the expansion.

Let (x,y, 2) be a point on the unit sphere. From the SU(2) invariance, one can
find a (nonunique) unitary operator U 4(z, y, z) such that

Up(z,y, 2)OVUR (@, y, 2) = 20 +yOF + 209 (6.12)
By using the SU(2) invariance of the expectation, we get

1
(O, = 3= [ 40(@O +40F +:007%),

> Z P@,myn{<(O‘(,{))[(O(/%))m(Og))Zn(OE%))m(O‘(,{))£>A _ 2k3(0N)2kN—]}

4,m,n
! N )
= Gi 22 g LOD OO O™ ODY) , — 202N PN}
2,mmn
> GL{(OD? + O + (OPF}) | — 4k oNPEN!
> GO + (O + (O], — 4k NN~ 6.13)

where the sums are taken over integers ¢, m,n with £ +m + n = k. We have used
(6.10), (6.7) and (6.11). The final bound follows from the Holder inequality.
Thus we find that

1 o1 L
OV 2 5 (3G (ORP)]) — 4k NN} (6.14)
Note that we can assume
1 3
]\1[1%1010 N((()(A”)Z}; >0, (6.15)

since the desired inequality (6.2) is trivial when the limit is vanishing. Then, by letting
N T oo and then k T oo, the inequality (6.14) reduces to the desired (6.2). O

Remark. Theorem 6.1 can easily extended to systems with symmetry other than
SU(2). When a system has an SO(n) invariance, one gets a bound similar to (6.2)
with the factor v/3 replaced with /1. (In the above, we have actually made use of
the SO(3) invariance, rather than the full SU(2) invariance.) The most important of
these extensions are the models with an SO(2) = U(1) invariance, where we get a
factor v/2. Such models can be found in quantum antiferromagnets with an XY-like °
anisotropy, or the electron pair condensation problems in lattice electron systems.



Symmetry Breaking in Heisenberg Antiferromagnets 209
7. Symmetry Breaking in Ground States

In the present section, which is somewhat independent from the rest of the paper, we
shall focus on the problem of symmetry breaking in ground states. Since our previous
theorems are valid for any finite temperatures, they also have implications on the
ground states obtaining by letting 8 — oo after taking the infinite volume limit. We
stress that these are the states which have direct relevance to properties of very large
physical systems at low temperatures.

There has been, however, considerable effort to study ground states of finite
systems (i.e., the 8 — oo limit taken before the infinite volume limit) and the
properties of their infinite volume limits. (See [5-9,11,15] and the references therein.)
We shall prove results similar to the previous ones for such ground states. One of the
most interesting points in the theory of the present section is the explicit construction
of the state (7.23) which exhibits explicit symmetry breaking with rather large order
parameter.

The main result of the present section is an improvement of the theorem of Kaplan,
Horsch and von der Linden [11]. The proof of our main theorem is also based on
their variational argument.

Let ¢, and &,(B) be ground stated of the Hamiltonians (2.2) and (2.6),
respectively. We define the long range order parameter in the ground state &, as

. 1

where we take a subsequence if necessary. We assume
iy U@, =®,, for U, used in Sect. 2. (See (2.3) and (2.5).)
Kaplan, Horsch and von der Linden [11] proved the following.

Theorem 7.1 (Kaplan, Horsch and von der Linden) [11]. Consider an arbitrary
sequence of models satisfying the abover ') and the assumptions ii), iii) in Sect. 2.
Then we have

: 1
I S
lll‘élllélfh/lll%égf N (PA(B),0,P(B)) > 0. (7.2)

An extra assumption needed in the improvement is
i") The ground state ¢, is SU(2) invariant, i.e., we have XEP@A =0fori=1,2,3.
Then we have the following.

Corollary 7.2. Assume that the conditions for Theorem 7.1 are valid, and we further
have the SU(2) invariance as in the above i) and the assumptions iv) and v) in
Sect. 2. Then we have

]
liminflim inf - (2 A(B), 008 ,(B)) > V30 (1.3)

Note that the discussions in Remark 3 of Sect. 1 applies to the infinite volume
ground states as well. We thus believe that the bound (7.3) is saturated in “natural”
systems with an SU(2) invariance.

Let us first reproduce the proof of Theorem 7.1.
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Proof of Theorem 7.1 [11]. Let ¥, be an arbitrary normalized state on the lattice A.
Since ¢ ,(B) is the normalized ground state of the Hamiltonian H 4(B), we have

(PA(B), Hy(B)YP 4(B)) < (W, Hy(B),¥,). (7.4)

By substituting the definition (2.6) of H ,(B), the inequality (7.4) reduces to the lower
bound for the (staggered) magnetization as

1 1
N(iﬁA(B),OA@A(B)) > N(WA,OA&DA)
1
+ ﬁ{(@A(B)’ H,®,(B) — Wy, H\W )}

1 1

where £, denotes the ground state energy of the Hamiltonian H , under vanishing
external field.
We choose the variational state ¥, as

1 O D
:_¢+———AA>, 7.6
Ya v5< A 110,81 70

We note that the symmetry requirement (2.5) and the assumption i’) imply that
(®,4,0 A)% 1) = 0 for any positive odd integer ¢. We find that

(D4,(0)°P,)
0., "

1
oy = N./@A,(OA)ZQSA). (7.8)

The variational energy of the state ¥, can be evaluated as follows.
(@4, 04H,049,) E
2D, (0P ) 0
_2®,,0,H,0,®,)~ (D,,(0,)*H,®,) — (D,,H,(0,)*®P,)
B 4D 4, (0,2 ,)
_ (@4, [04[H 4, 0P )
4D, (0 ,)
r’ho®
“ (o A)2
We have used the assumptions ii) and iii) in Sect. 2 to evaluate the double commutator.
As far as we know, the above energy estimate was first noted explicitly by Horsch
and von der Linden [15].
By substituting (7.9) and (7.7) into the variational estimate (7.5), we get
r20%h
(0, )*BN?%’
By first letting N T oo and then B | O in the above inequality, we get the desired
inequality (7.2). O

Wy, 049 ,) =

where we wrote

1
(WA,HAEPA) - EO = ‘é(@A,HAQjA)"'

(7.9)

1
—N(@A(B),OA@A(B)) >0, — (7.10)
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Our Corollary 7.2 is based on the following Theorem 7.3. The theorem can be
proved only assuming a U(1) invariance. Since this allows one to apply the theorem
to a larger class of models (including, for example, the electron pair condensation
problems in lattice electron systems), we shall make the condition explicit.

Here we only need one generator Xf) and two component order operator
(O(/}),O(/%)). We assume that the conditions iv), v) and vi) in Sect. 2 are satisfied
for 04,09 and X%, and we have Xﬁf)QSA =0.

Theorem 7.3. Assume that the conditions for Theorem 7.1 are valid, and we further
have the U(1) invariance as discussed above. Also assume that o defined in (7.1) is
nonvanishing. Then we have

1
lim inf lim igf — (@ 4(B),0® ,(B))
> - (D\2k 2k ) )
]llTIllOI\ljlm @A,(O ) D L) (7.11)

Proof of Corollary 7.2, given Theorem 7.3. Since the desired inequality (7.3) is trivial
when o = 0, we assume ¢ # 0. Then, by combining Theorem 7.3 with Theorem 6.1,
one immediately gets Corollary 7.2. [

Before proving Theorem 7.3, we state some technical estimates needed in the

proof. Again we write
1
o= N\/@A,(O(j))zé/l). (7.12)

We also introduce

0% =0% +i0} . (7.13)
These operators satisfy the commutation relations
(0%, xP1 = +0%. (7.14)

Lemma 7.4. Under the assumptions of Theorem 7.3, we have
(4N < (@4,(0)"@,) < (0N)", (7.15)
for any positive integer n.
Proof. We use the Schwarz inequality to get
(@4 (OY" 20 ,)" = (@4, (OO 2,7
< (P4, (O D )P 4, (O 4D ). (7.16)
By rearranging the inequality, we see that
@4, ORP"Py) (2, (047" 20
@0 OV 20, ~ @ OV 0,

> (o,N)*. (7.17)

The lower bound in (7.15) follows by multiplying together the inequality (7.17).
The upper bound in (7.15) is a trivial consequence of the assumption ii) of Sect. 2. [J

Lemma 7.5. Under the assumptions of Theorem 7.3, we have

[(@ 4, (0O )OD"D ) — b (P4, (OP)"D )| < 8n*(oN)"N ', (7.18)
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for any positive integer n. The coefficient b,, is

2
w0 Gl (7.19)

b= ol T Gno D =

The same inequality as (7.18) with O and O} interchanged is also valid.
Proof. To prove (7.18), we note that (7.13) and (7.14) imply

O(+) + o 2n
(84, (0))" ) = (@m (%) %)

1
= (@,,050%...058,), (7.20)

where the sum is taken over all the alignments of n copies of O, and n copies of OF.

There are (2n)!/(n!)* distinct alignments. Then the desxred estimate (7.18) follows
from the bound

max |(®,,050% ... 0FD ) — (@ ,,(0)™(O)"D )| < 8n2(oN)"N~', (7.21)

where the maximum is taken over all the allowed alignments of operators. To show
(7.21) one only has to note that one can rearrange alignments of the 2n operators by
exchanging neighboring operators at most 2n times. Since we have

105,041 = |[210,091]] < 40*N (7.22)
from the assumptions ii) and iv), we get (7.21). 0O

Proof of Theorem 7.3. We choose our variational state as

k —
1 OD"®, O)"®, )}
UV, =—-—1@ . 7.23
A WH{ ”Zn:l(mopmn+n<oz>n¢An 72

By combining the lower bound in (7.15) with the bound (7.18), one can easely verify
that the state (7.23) is well defined for sufficiently large IV, with k fixed. Since the
states in the sum of (7.23) are orthogonal to each other, the state ¥, is normalized.
As before the variational energy of status ¥, can be evaluated as

("p/l)HAwA) - EO
_ 1 2’“: {@A,(OD"HA(OX)"M @0, ON"HyO)"By) }
2k +1 1O AlI? 100" 4117 ’

n=l1

N
..|_

1 i{@,p(OZ)"[HA,(OZ)”]@A) @A,(OZ)"[HA,(OX)"]@A)}
k

1 IO 2 4l1? IO 4117

=1

k 2n
< 1 Z 2nh(oN)
2k+14= b (0 AN — 8n2(oN)*»N—!

2k
<2hk( ) +O(N™Y, (7.24)
0A

where we have made use of the estimates (7.18), (7.15) and assumption ii).
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Finally we calculate the (staggered) magnetization of the state ¥ ,,

(g//p O(/i)g//l) = (![//17 OXWA)
1
2k +1

n=1

1 i{ @4, O ON"Py) | (@4,0) Oy }
2k + 1=\ @4, 000D 12, "\ (@401 O 1D

I
M»

{ (24, (OO ) (@4, (OD™(O0,)"P ) }
HOD" DA D4IL - [0 4l IO 1D 4]

I

S 2 z’“: b, (@ 4, (O d ) — 8n2(oN)mN-!
T2k + 1=\ b, (B 4,002 ) + 8(n — 1)2(0N) 2N
k (D2
2 nd
2%+ 1=\ b, (@,,(00) 20 )
k (Dy2n 5%
2
2k +1 et On 1 (@4, (0420 )
2k 1
= b (@4, (O 5”“%)}%(1 + Oy, (7.25)

where we bounded the arithmetic mean from below by the geometric mean. We also
used the inequalities (7.15), (7.18), and the fact that ]\lll%n o, = o > 0. By using the

lower bound in (7.19), we finally get

2k

(¢)]
(WA’ Ox¥n) 2 2k +1

1 il
X N@A,(o;“)zk%)m +OWNNY. (7.26)

By substituting (7.24) and (7.26) into the basic variational estimate (7.5), and by
letting N 7 oo and k T oo, one gets the desired (7.11). O

Remark. The estimate (7.24) of the energy expectation value of the variational state
¥, only shows that the energy difference is smaller than a constant. This estimate is
far from being optimal. In [16], we prove a much more refined version of the estimate
(7.24), and discuss its relevance to the problem of low lying excited states in quantum
systems in a finite volume.
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