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2 STEFAN ADAMS AND TONY DORLAS

1. INTRODUCTION

The Bose-Hubbard Model with nearest-neighbour hopping is defined on
a cubic lattice Z¢ of dimension d by the Hamiltonian

1

H=; S (@ —a))(as —ay) + A na(ng — 1), (1.1)
z,Yy€Z%: |z—y|=1 T

where the operators a}, and a, are creation and annihilation operators sat-

isfying the usual bosonic commutation relations

[a;,;,a;] = g y-
The operators n, = aja, are the local number operators.
In [1] a long-range-hopping version of this model was analysed. It is given
by the Hamiltonian

1 |4

Hy = —
VT oy

(af = ap)(az — ag) + A Y na(ng — 1) (1.2)

z,y=1

on a complete graph of V sites. In particular, the following variational
expression for the pressure was derived:

P(Bou; A) =
ig}g{ —r’ 4+ %mTrexp [ﬁ((u +A—Dn -’ +r(a+ a*))] }

(1.3)
The derivation made use of the so-called approximating Hamiltonian method
introduced by Bogoliubov Jr. [3] and made rigorous by Zagrebnov et al. [4],
see also [5]. Here we present a new derivation of this formula using the C*-
algebraic method of Petz, Raggio and Verbeure [2], which is inspired in part
by Varadhan’s theorem in probabilistic large deviation theory, and in part by
work of Fannes, Spohn and Verbeure [6]. Our C*-algebraic approach corre-
sponds to variational expressions for thermodynamic functionals of classical
Gibbs measures [7], and in particular we are using the variational expres-
sion for the relative entropy (see [8] for classical probability theory). As a
result we obtain a variational expression for the pressure where we optimize
over states of the infinite system. Due to the symmetry (lack of geometry)
on the complete graph this expression can be simplified to (1.3) using the
well-known Stgrmer theorem. Hence, our results here are a quantum anal-
ogy of recent results for classical statistical mechanical models on complete
graphs using exchangeability [9]. The analysis in [2] concerns quantum spin
models and the extension to the Bose-Hubbard model requires a number of
technical considerations. Many of these can be found in the book by Ohya
and Petz [10], but we present some of the proofs here nonetheless in order
to make this paper more self-contained.
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Section 2 contains the proof of our variational formula (1.3). In Section 3
we briefly present some of the features of the model again, mainly in order to
correct some minor but irritating errors in the analysis of [1]. In Section 4,
we show that some of the C*-algebraic formalism extends to the nearest-
neighbour hopping model, resulting in a variational formula for the pressure
analogous to the well-known formula for spin models. This formula does
not appear to have been written down before. As the variation is over the
set of all translation-invariant states on the lattice, it is difficult to analyse,
however, just as in the case of spin models.

2. C*-ALGEBRAIC DERIVATION

We follow the technique of Petz, Raggio and Verbeure [2]. The Hamilton-
ian is invariant under the permutation group. We write it as

\%4

Zviazi) ( iay) + 3 ha, (2.1)

r=1 y=1 r=1

<l~

Hy = -V (

<l

where
hy = ng + Ang(n, —1).
For finite V' we thus assume that a CCR algebra Ay is given generated by
creation and annihilation operators a’ and a, (z € {1,...,V}) and with
standard representation on the Fock space Fy .
Next we define a reference state wy on the Fock space Fy as the product
state wy = ®¥:1 wg, where w,; has the density matrix

o = exp[B(png — hy)]
“r T Trexp|B(ung — he)]

Let

[e.e]
A= ] Av (2.2)
V=1
be the (quasi-local) CCR algebra for the complete lattice N, where the clo-
sure is taken with respect to the norm topology.

Lemma 2.1. Suppose that ¢ is a reqular permutation-invariant state on A
such that ¢(ng) < oo for allz € {1,...,V}. Then

1 & 1 &
Jim o (7 20 a2) (37 X)) = daiea).

r=1 y=1

Proof. Notice that we can define ¢(n,) as the supremum

$(ny) = sup $(Pn,),
N>1
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where PJ(\}B ) is the projection on the subspace of F, with n, < N. Ob-
viously, this is independent of x by permutation invariance. The formula
qb((% ZV, a*) (% ZV, ay)) should be interpreted in a similar way:

=1 "z =1
$ 1 < : 1< 1 Y
(7)o w)) = 5w o(5zP 3 aaPy),
where
Py =& Py
zeV

We now write

A3 ) (F2w) -
= s o Cotrn) + Tl

T#Y

The first term is clearly bounded by %cgb(nw) and hence tends to zero. By
permutation invariance, the second term equals

V-1
Tqb (P]‘\;a’fagP]‘\?) .

We conclude by proving that the limit (first N — oo and subsequently
V' — o0) of this expression exists and equals

é(aiaz) = lim $(Py WP PP a, PP, (2.3)
To this end we write
¢(Py, ataa Py, ) — (Pr,atas Py,)
= ¢ ((Px, — Px,)atasPy,) + ¢ (Px,ataz(Py, — Py,))

and treat each term separately. Both terms are similar; we consider only
the first. We have

6 ((Py, — PX,)atasPy,) |
< [o((PY, - PY,)aian(PY, — PY))]" [0 (PY, a3a:PY, )]

The second factor is obviously bounded by ¢(ny)'/2. In the first factor we
can write

1/2

1 1 2 \%4

+--+PPe--oPy Ve @] - P
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With the observation that PJ‘\;I - PJ‘\g commutes with aja; we get
o((Px, — Px,)atar(Py, — Py,))

1 1)y % 1

<GPy, = PR)aian (P,

2 1

1
PR+ (V = Do(Pg) - P),
and therefore the limit of P]‘\f a;ayP}\; exists. Similarly, one proves that
O(PN,aiasPy,) — (Py ai Py P as Py | — 0

for fixed V. Taking the limit N — oo and subsequently V — oo the result
follows. O

Remark 2.2. Since ¢ is regular, its restriction ¢y to each Ay is regular, and
the number operators n, are well-defined. Moreover, the corresponding GNS
representation is equivalent with the Fock representation by Von Neumann’s
theorem [11]. In particular, ¢y is normal for all V', i.e. ¢ is locally normal.
Thus ¢y has a density matrix pg,, .

Lemma 2.1 gives the mean energy for our model. Next we are concerned
with the relative entropy with respect to our reference state wy . It is well-
known that the relative entropy

S(¢v [|wy) =Tr [p¢v (In Py, —In Puy )]
is convex and superadditive [10]. A precise definition of S(¢ ||w) for states
on a Von Neumann algebra was given by Araki [12, 13]. Given the stan-
dard representation m of B(Fy ) (the GNS representation with respect to the
tracial state) one has

S(¢v [wv) = —(@v] InAq, o [Pv), (2.4)
where
AQv,q’V = ﬂ(pwv)ﬂ/(p(bv)_l
is the relative modular operator. Here &y = p;)f and Qy = pije respectively,
and hence ¢V(A) = <(I)V‘W(A)‘Pv> and wV(A) = <Qv,7T(A)Qv>. If EQ’(I) is
the corresponding resolution of the identity, then we can write

1
Sy lwy) = — / I\ (@] Boy oy (d)) |[91)

- /100 In A (®y| Eqy ¢, (dN) [@y). (2.5)

Here we have separated the two integration domains to indicate that the
second integral is always convergent, whereas the first should be interpreted
as
1
~int / I\ (@] Boy g, (dN) @)

>0 /s
and determines whether S(¢y ||wy) is finite or infinite.  Note that
S(¢v |wy) = +oo if @y £ supp (wy).
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An equivalent definition was introduced by Uhlmann [14]:

1 t/2 2
Stovllov) = —lim 7 (1842 g, @vIE 1), (26)
This is easily seen to be equivalent using Lebesgue’s monotone convergence
theorem. We now prove the following variational formula for the relative

entropy (compare [8, Lemma 3.2.13] for classical probability theory):

Theorem 2.3. For any state ¢y on B(Fy),
Svilev)=  sup  {Bov(4) - InTr N T bt )}
AEB(Fy): A=A
+ V In Tr ePrn1—h1),

Proof. We first prove that S(¢v ||wy) is greater than the right-hand side.
Let A € B(Fy) be self-adjoint. Then we can define the perturbed state ¥y
by

BN =33 hatA)

Piv = Tr BEN =71 hatA)

We write
Zay =Tr oBUN =371 hatA)

and Zy = TrefWV ~Xi=ihe in the following. We employ a change of state
(measure) method [8] with respect to the reference state wy and the per-
turbed reference state 1. The non-commutativity of our random variables
is an additional difficulty. But the Du Hamel formula gives

(Pv]AY, o, [PV)

t
_ _BrHA - _
= 231, 2 (vl (1= 5 | dra(e o A a7 (67 )
0
(2.7)
where
1%
Hip = —pN 4> hy — A,

r=1

and where H‘O, = —uN + Z}B/:l hy is the non-interacting part of the Hamil-
tonian in (2.1). Differentiating we get

d
&‘t:o*‘ <‘bv‘ Afpvﬁbv |(I>V> = —1In ZA7V + In ZV - ﬂ<‘bv‘ W(A)q)v> (2 8)
d .
+ & ‘t:0+ <¢V‘ AE\/,‘I}V ‘(DV>
and hence
TI' eﬁ(ﬂN*Z¥:1 hT+A)
TI' eﬁ(ﬂNfzgzl hﬂ?)

S(ov lvv) = S(¢v [|wy) — Bov(A) +1n (2.9)
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The desired inequality now follows from the positivity of the relative en-
tropy. (Notice that this follows immediately from In A <1 — X and

/ By | Eyy oy (AN) [B1) = (By| Ay, gy [B1)

-1
= (@v|7(pyy )7 (poy ) [PV) = Tr(py, ) =1
by a simple approximation.)
To prove the converse inequality, first assume that cijwy < oy < cowy

for constants 0 < ¢ < ¢y < +00. Then there exists a bounded relative
Hamiltonian A such that

BUN =Y, hot A)
PV o BN -V, hatA)

that is,
e_ﬂH\é d e_IB(H\é'i_A)
Pov = Tre PHY e Pov = Ty e~ BEHP+A)”

Indeed, it follows easily that Dom(In pg, ) = Dom(In p.,, ) and A = In pg,, —
In p,,,, is bounded. The identity (2.9) with ¢y = ¢y then yields

S(v |l wy) = By (A) —In Tr PN —Tamt hat ) Ly 1y Ty =) (2.10)

The general case then follows from the lower semi continuity of the relative
entropy [10]:

S(@v llwv) < liminf (v, o).

Indeed, first assuming ¢y < Awy we can put ¢y = (1 — €)py + ewy to

conclude that the theorem holds in this case. In the general case, we use
o P5p¢VP5 0
- Tr[P€p¢VP€] ’

It is proved in [10], Corollary 5.21, that
S(¢]|wr @ ws) = S(o1 [|w1) + Sz || wa). (2.11)
The relative entropy is therefore superadditive:
S(oviyve wv, @ wyy) = S(ov; [|wry) + S0 [ wiz).- (212)
It follows that the mean entropy
= S(ov lwv)

s(8]lw) = lim -

exists. We now have the following ‘level-III’ variational expression for the
pressure. Here level-III refers to the fact that in the variational formula
we optimise over states of the infinite system [7]. The set of all regular
translation-invariant states on A is denoted by S(A), and the set of all reg-
ular translation-invariant and permutation-invariant states on A by Sii(.A).

the approximation pg,,
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Theorem 2.4.
1
p(ﬂ7 22 /\) = Vlgnoo ﬂ_V InTr eﬁ(/‘N*HV)

1 1
- fay) — — = InTy efmi=),
s {olaie) = Go(o]lw)} + gInTre
P(ng)<+oo

Here the supremum is taken over all regular translation- and permutation-
invariant states ¢ on A such that ¢p(ny) < oo for all x € N.

Proof. We denote

1 1
w= (gl a) (5 X w)
r=1 y=1
and
Py = 10Ty BN -V hetVoy)
B
so that

. 1

We approximate vy using a cut-off, and call this bounded operator also vy .
By Theorem 2.3

S(dy | wy) > BV éy (vy) — In Tr BN —Eams hatVov) 4y |y Ty @Bluma—ha),

This implies, using Lemma 2.1, that
liminf 2P > {olatan) — Zs(0 1)}
iminf — Py > sup ajaz) — =s(o||w
Voo V ¢: ¢(nz)<+oo ' s

+ % In Ty ePmi—h),

To prove the converse we seek an approximate maximiser. This is stan-
dard. We let

Yy =Py @Yy ®...

be the infinite tensor product of states and define

_ 1 _
Yy = VZ@bVOijlu
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where 7; is the translation over j. This is a permutation-invariant state. We
estimate the expectation of the energy density:

- 1 & -
Yy (ajag) = v Yy (agpars1)
k=1
= 1
= V wv(aZakH) + VQX)V(G*V)QJ)V(GI)
1 k:\/l v ) (2.13)
= > Y wvlaay) + 7Y iay)yy(ar)
r=1y=1;y#x
— 1 u * 1 * 1 2
=73 3,21 Yy (azay) — p¥viaiar) + Fldv (el

Lemma 2.1 and the Cauchy-Schwarz inequality |1y (a1)? < by (aja;) then
imply that
|Yy (aTa2) — Yy (vy)] — 0 as V — oo. (2.14)

It is known that the entropy is convex in both arguments [10]. In partic-
ular, we have

$(Ad1 4+ (1 = A2 [|w) < As(d1 [[w) + (1 = A)s(¢z || w).
On the other hand, by a simple approximation, we have
SAdLy + (1 = Ngov [|wv) == XNP1Lv| InAgy 0, [P1,v)
— (1 =A@y InAgy 0y [Pav),

where ¢y = A1,y + (1 — X)gov. Using the fact that 7(pq, ) and 7'(pg, )
respectively ©'(pg, ,), ™' (g, ), commute and the operator monotonicity of
the inverse and the logarithm, we have

W/(pdw) > )‘W/(pdn,v) = AQv7‘1>v < AilAQV,‘I’LV
= InAgqg, e, <InAg, ¢, —InA
Of course, a similar inequality holds w.r.t. ¢oy. Therefore
SAdLy + (1= Ndoy [lwv) = AS(dry [[wy) + (1 = A)S(d2,v ||wy)
+AIn A+ (1 —A)In(1 —A).

In the limit, we find in combination with the convexity above, that the mean
relative entropy is affine in the first variable:

s(A¢1 4+ (1 = A2 [|w) = As(¢n |wy) + (1 = A)s(¢2 || w). (2.15)
Applying this to the state ¥y we get

<

sy |w) = ZS Py 0T 1| w)

k:l
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provided the right-hand side exists. However, by the translation-invariance

of w, the right-hand side can be written as
1. - 1 «

v 2-sWv omflw) = lim —5 > S(Yv)*" o T wny)
k= k=1

f n—oo nV

= i e S(() " | )"

= Sy ).

We therefore have

(dvaian) - 5s(ov 1)) = (vvlev) = 35@r [ov) =0 (216)

as V' — oo. On the other hand, by Theorem 2.3 as above (see Eq. (2.10)),

TI- eﬁ(NNfz‘::/:l h‘r+va)
SWv llwv) = BVipy (vv) — In ——apr = (2.17)

= ﬁwV(vV) - ﬁPVﬁV + ln’I‘reIB(ﬂnl—hq)'

O

The variational expression for the pressure can now be simplified by de-
composing the state ¢ into an integral of extremal permutation-invariant
states:

Theorem 2.5.
1 1
(B N) = sup {lo(an)? = ZS(ollwn) | + I Tre?tm =),
a(ES()Al): /8 /8
o(ny)<+oo

(2.18)
where the supremum is now taken over reqular states o of Ay such that
o(n) < 4oc.

Proof. The set of permutation invariant states S;(.A) is a convex compact
set in the weak#-topology, and it is metrizable because A is separable. By
Choquet’s theorem [17], we can therefore decompose an arbitrary state ¢

into an integral
o= [ was)
ext (Sx(A))

over the extremal points of S;(A). Here p is a probability measure on
ext (Sz(A)). But, by Stgrmer’s theorem [15], the extremal permutation
invariant states are the product states

Vo=0R0R...,

where o is a state of Ay. Thus,

= - pu(do).
6 [5<A1)¢“(”)
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Moreover, since ¢(n;) < 0o, we have that o(n;) < oo for u-almost every o.
It follows that

d(afaz) = / o(a})o(ar) pu(do) = / jo(ay)|? u(do).

For the entropy term we use the following lemma [17, Lemma 9.7]:

Lemma 2.6. Suppose that X is a compact convex subset of a locally convex
topological vector space. Let f: X — R be an affine, lower semi continuous
function on X, and suppose that u is a (Radon) probability measure on X,

zo = [xp(dz). Then
[ H@ (o) = fa).

Since the relative entropy (and hence the mean relative entropy) is lower
semi continuous and affine, the lemma applies and we have

S(6lw) = / 5(to | w) p(do).

However, since w is also a product measure, s(¢,||w) = S(o||w1). The
Theorem now follows. U

Remark 2.7. Notice that the subset of regular states is also closed in the
set of all states on A by the Banach-Steinhaus theorem. Indeed, if ¢, is
a net of regular states converging to ¢ in weakx-topology then ¢, (W (tf))
converges uniformly on compact sets t € [a,b], where W (tf) is the Weyl
operator for f € CV.

In the following we write a instead of a; and n for ny. Our variational
expression for the pressure can be further reduced to

Theorem 2.8.

1
(8,1 ) = sup{lef? — I(2)} + 5 InTre 0" (2.19)

where the rate function 1(z) is given by

1 Ty Bun—ht(va*+ia)
I(z) = lsllelg {17,2 +vzZ— 3 In Ty oBGn—h) } (2.20)
To prove this, we first need a lemma:
Lemma 2.9. Denote
) = % In Tr Bun—ht(va”+va)) (2.21)

This function is convex and satisfies

) ~ [v|*? as |v| — oo. (2.22)
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Proof of Lemma 2.9. Differentiating, we have

P'(v) = (@) ),
where
H(v) = —pn+h —va* — va.
Differentiating again, we get, as in [1], with v = = + iy,

0? 0 0 \2

i) = (5 + =) B0) = Blata’ —fa+a?) la+a’ — (a+a')) .
0? 0 0\2

570 = (5, 9;) ) =Bla—a’ ~la—a) [a—a’~(a=a")) )
and

0? e 0 0 0\ .
50" = 55+ 5) (3~ 55 )P0
=if(a+a* —(a+a")|a" —a—(a* —a>)H(V).
It follows by the Cauchy-Schwarz inequality that the corresponding matrix
is positive-definite.

To prove the asymptotic behaviour, we first remark that
va* + va < 2|v|(n 4+ 1)'/?

and hence
p(v) < l111Treﬁ(’m*}”r?\lfl(nJrl)l/Q)

e¢]
= Lin 3 Dot 2Vis D) — o1y)4/%).
n=0
For the reverse inequality we use one half of the Berezin-Lieb bounds [18]:

TreH®) > / dzdZ _(:\nw)|2)

s

Here |z) stands for the coherent state

o n!
Since
(zlalz) =2, (z]a”|z) =2,
(z|n|z) = |2,
and
(2] (a*)?a® |2) = |2|*,
we get

Tl"e_H(V) > /dZdE eg((”_1)|z|2_)\|z|4+z7z+yz) _ O(‘V‘4/3)

™
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Proof of Theorem 2.8. Take A to be an approximation of va* + va in
Theorem 2.3. We get, writing

p(V) _ l In Tr eﬂ(un—h—f—(ua* +ra))

9

the inequality

|p(a)* — %S(ebv lov) < lé(a)l* = ¢(va* +va) + p(v) — p(0)

and since v is arbitrary,
1
|p(a)f® — 5o@llw) < |6(@)® — I(¢(a))-

Conversely, suppose that z is a maximiser for sup{|z|*> — I(2)}. For any
v € C, define the state ¢, by
Blun—h+(va*+va))
P = Tr eB(un—h+(va*+va))

and choose v such that ¢,(a) = z. It follows from the above lemma that
such v exists. Then

1
sup {[6(0)f* = 556 11)} 2 9n(a) = S(6v 1)

= |2|* = ¢u(va” + va) + p(v) — p(0)
= |z]* = I(2).
U

We finally rewrite the expression in the form (1.3). With a gauge trans-
formation it is easy to see that I(z) only depends on |z| and we have

p(B,1:A) = sup {2* — I(2)} +p(0) (2.23)
and .
I(x) = ili%){Qm‘ —p(r)} + p(0). (2.24)

Now let 7 > 0 be given, and suppose that xyax is a maximiser of the expres-
sion (2.23). Then
p(By s A) = x?nax — I(#max) + p(0) < x?nax — 2rZmax + p(r)

and choosing r = Tyax,

P(B 1, A) € —2h e + P(@max) < Sg}g{—r2 +p(r)}.

On the other hand, if 7y is a maximiser of the right-hand side, then
1d
ro=53P()],_,,

and hence
I(ro) = 2rg — p(ro) + p(0).
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Inserting, we get
sup{—r* +p(r)} = —75 + p(ro) = v — 1(ro) +p(0) < p(5, 1, V).
r_

Hence, we have shown the formula (1.3) for the infinite range Bose-Hubbard
model (2.1).

3. ANALYSIS OF THE PHASE DIAGRAM

The phase diagram of the model was analysed in [1]. The same model,
but with disorder, was analysed in [16] where it was found that the disorder
gives rise to new phenomena. Unfortunately, [1] contains a few errors, which
we wish to correct here. First of all, the critical values of lambda are not
given by (2.14) of [1], but instead

Ae = 2k + 1. (3.1)

This was already remarked in [16], see Remark 4.1. Indeed, although a gap

exists for A > Ay given by (2.14) in [1], the limiting value of u(3,\) lies in
this gap only if A > A, ;.

There was also a mistake in the program to compute the p — V diagrams

of Fig. 5 and 6 in [1], as well as the condensation fractions of Fig. 7 and 8.
We include corrected graphs below:
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The P-V diagram for A = 5.
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The P-V diagram for A =5 at higher pressures.

0 0.5 1

1.5 2 2.5 3 3.5 4

The condensation fraction as a function of the density for A = 5.
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4. THE NEAREST-NEIGHBOUR HOPPING MODEL

As in the case of quantum spin models, there is also a variational formula
for the pressure of the translation-invariant Bose-Hubbard model, analogous
to Theorem 2.4:

Theorem 4.1. The pressure of the nearest-neighbour hopping Bose-Hubbard
model is given by

d

PN = sup (Y o, + i)~ gs(o]w)}
1

61 p(na)<+oo * 1= (4.1)

+ % In Treﬁ(’mfh()),

where the supremum is over all reqular translation-invariant states ¢ on
the CCR algebra such that ¢(n,) < +oo, and w is the product state w =

& pczd wa with

1 ho_
Puwz, = 706’6(“”3” ha)

and
hy = dng — Ag(ng — 1).

The derivation of this formula is completely analogous to that of Theo-
rem 2.4. The main difference is that the infinite-volume limit now has to
taken in the sense of Van Hove. For the case of spin models, see for example
[19] or [20]. This variational formula does not seem to have been written
down before, though it has to be said that it is not clear how useful this
formula is. The analogous formula for spin models has so far not been very
useful for analysing the phase diagram. One possible application is perhaps
the cluster variation approximation, see [21], [22], [23], [24].
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