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Abstract. We give a rigorous derivation of the free energy of (i) the clas-
sical Ising model on the triangular lattice with translation-invariant cou-
pling constants and (ii) the one-dimensional quantum Ising model. We use
the method of Kac and Ward. The novel aspect is that the coupling con-
stants may have negative signs. We describe the logarithmic singularity of
the specific heat of the classical model and the validity of the Cimasoni—
Duminil-Copin-Li formula for the critical temperature. We also discuss
the quantum phase transition of the quantum model.
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1. Introduction

Onsager’s calculation in 1944 of the free energy of the Ising model on the
square lattice was a remarkable achievement [21]. It helped to characterise the
nature of the phase transition and yielded some critical exponents. Onsager’s
method was algebraic in nature and was simplified by Kaufman [16]. The
formula for the Ising free energy on the triangular lattice was first found by
Houtappel [9] in 1950; he used a simplified version of Kaufman’s method with
more elementary group theory. Further works on the triangular lattice (or
its dual, the hexagonal lattice) include Wannier [28], and Husimi and Syozi
[10,11].

After the work of Onsager and Kaufman, people found two alternate
approaches: combinatorial and fermionic. The former was proposed in 1952
by Kac and Ward [13]; it was later extended by Kasteleyn who noted the
connection with dimer systems [15] (see also Temperley and Fisher [27]). Potts
[23] and Stephenson [25] used the Kac—Ward method on the triangular lattice,
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for the free energy and for correlation functions. The fermionic method was
proposed in 1964 by Schultz et al. [24].

In this article, we use the Kac—Ward approach. It consists of two parts.
First is a remarkable identity that relates the partition function of the Ising
model to (the square root of) the determinant of a suitable matrix; this holds
for arbitrary planar graphs. Second, one uses the Fourier transform to block-
diagonalise the matrix so as to obtain its determinant. The latter step involves
a “mild” modification of the matrix to make it periodic; this mild step has
been used over the years without mathematical justification. Only recently,
careful analyses have been proposed by Kager et al. [14] (see [20] for a clear
description) and by Aizenman and Warzel [1] (who elucidate the connection
to the graph zeta function). These analyses are restricted to nonnegative cou-
pling constants. Another line of research is the determination of the critical
temperature for general two-periodic planar graphs by Li [18] and Cimasoni
and Duminil-Copin [5]; this uses the results of Kenyon et al. [17] for dimer
systems.

The main goal of this article is to extend the Kac—Ward method to the
case of (translation-invariant) coupling constants of arbitrary signs. We work
on the triangular lattice, which is the simplest case of frustrated systems with
translation-invariant coupling constants. We start with the Cimasoni extension
of the Kac-Ward formula to “faithful projections” of non-planar graphs [4]
(see also Aizenman and Warzel [1] for a clear exposition). We use it for the
torus {1,..., L}per X {1,..., M}per with periodic boundary conditions. The
main difficulties involve the non-planarity of the graph. We prove that these
difficulties vanish in the limit L — oo for fixed M. Then, we can use the Fourier
transform and we obtain the free energy formula for the infinite cylinder Z x
{1,..., M}per- The Onsager-Houtappel formula immediately follows by taking
the limit M — oo.

As is well known, the exact form of the free energy allows to establish the
occurrence of a phase transition characterised by the divergence of the specific
heat (the second derivative of the free energy with respect to the temperature).
We discuss cases where this phase transition occurs or fails to occur.

Our result for cylinders allows us to consider the one-dimensional quan-
tum Ising model, whose free energy was first calculated in 1970 by Pfeuty [22].
We refer to [2,3,6,8,12,19,26] for recent studies. The quantum Ising model
can be mapped to a 2D classical Ising model in the limit where the extra di-
mension becomes continuous. We also discuss the occurrence of a “quantum
phase transition”.

The paper is organised as follows: We state our main theorem about the
free energy of the Ising model on triangular lattices in Sect. 2.1. We then discuss
the possibility of a phase transition in the form of logarithmic singularity of the
specific heat in Sect.2.2. In Sect. 2.3, we consider the special case where two
coupling constants are equal; we show that the Cimasoni-Duminil-Copin-Li
formula (see Eq. (2.20)) may yield the correct critical temperature even when
the couplings are not all positive. The derivation of the free energy is described
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FIGURE 1. Our lattice is the torus Ty, »s with horizontal, ver-
tical, and north-east edges

in Sect.3. The quantum Ising model is discussed in Sect.4; we describe the
quantum phase transition at the end of the section.

2. The Classical Ising Model on the Triangular Lattice
2.1. The Free Energy

We view the triangular lattice as a square lattice with additional north-east
edges. Let L, M € N. Let Ty, be the torus of L sites, Ty ~ Z\ LZ, and let
Tr,a be the two-dimensional torus

TL,M:TL XTM. (21)

Welet & = 5201{/[ U&ry U 5210}\4 denote the set of edges of Ty, »s where

511'305/1 ={{z,z+e}:ze€Tr M} (horizontal edges)
E% ={{mz+e}:xeTru} (vertical edges)
52?11\4 ={{z,z+tei+e}:xeTrm} (oblique north-east edges)

This is illustrated in Fig. 1. Let Jp, J2, J3 € R be three parameters; we define
the coupling constants (Je)eee, ,, to be

Jiife e &y,
Je=4(Jy ifec€ ErMrs (2.2)
Js ifee 521,)11\/1-
A spin configuration o is an assignment of a classical spin +1 to each

site of Tp a1, 0 = (04)zer, o € {—1,+1}7%M. The Ising Hamiltonian is the
function of spin configurations given by

Hpm(o)=— Z Je0z0y. (2.3)

e={z,y}elL m
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The partition function is

Zrm(J1, J2, J3) Z o~ Hrm (2.4)
and the finite-volume free energy density is

1
fom(Jr, Ja, J3) = _WIOgZL,M(JhJ%JB)' (2.5)

We consider two infinite-volume limits, to the infinite cylinder and to the
plane. Namely, we define

fau(Ji, Jo, J3) = Lli_{T;O Jr.m(J, Ja, J3);

. 2.6
f(J17J2,J3)ZLILH;OfL,L(J1,J2,J3)- (26)

As is well known, we can consider arbitrary van Hove sequences of increasing
domains, see, for example, [7], and we also get f(J1, Ja, J3). The next theorem
gives the free energy for the cylinder and for the two-dimensional lattice. The
cylinder formula turns out to be convenient, and it is useful in the calculation
of the 1D quantum Ising model.

Theorem 2.1. For any Jy,Jo, J3 € R, we have (with ks = ki + k2 ):
(a) On the cylinder 7 x Ty;:

fM(Jl,JQ,Jg)*flongi/ dky Z log{Hcosh (2J;) +Hs1nh (2J;)

k2€Tar
3
- Z sinh(2J;) cos kz]
i=1

where TNI‘M = %’}TM + ﬁ
(b) On the square or triangular lattice:

3 3
1
F( 1, Ja, J5) = —log2 = o dkydk; log {H cosh(2J;) + [ [ sinh(2;)
[—7,7]? i=1 i=1

3
- Z sinh(2J;) cos kjl} .
i=1

Setting J3 = 0 and J; = Jo = J, we get Onsager’s formula for the
isotropic Ising model on the square lattice, namely

1
f(J,J,0) = —log2 — —2/ dk1dks
82 J[0,27)2
log [cosh2 (2J) — sinh(2J)(cos k1 + cos kg)i| . (2.7)
The proof of part (a) of the theorem can be found at the end of Sect. 3.

The next lemma establishes that f is equal to the limit M — oo of fa; so that
(b) immediately follows from (a).
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Lemma 2.2. As M — oo, the cylinder free energy density converges to the
two-dimensional free energy density:

f(Jl, JQ, Jg) = ]\4111’1100 fM(Jl, JQ, J3)
Proof. We omit the dependence on coupling constants to alleviate the notation.
Let Jy = max;—1,2.3 |J;|. Writing L = kM + R with R € {0, M — 1}, we have
ZIkhMe—4JokM—6J0RM < ZL M < ZI]i\Z/IMe4J0k]V[+6JDRM . (2.8)
Taking the logarithm and dividing by LM, we get
EM farn + 74J°kEGJ°R > fro > EM g — 74‘101626‘]01%. (2.9)

We take the limit L — oo; since kM /L — 1, k/L — 1/M, and R/L — 0, we
obtain

fM,M+% ZLH_)H;OJCL,MZJEM,M_%~ (2.10)
The lemma follows by taking the limit M — oo. U

2.2. Logarithmic Singularity of the Specific Heat

We explore the consequences of the formula of Theorem 2.1(b) regarding
the possibility of phase transitions. More specifically, given fixed parameters
J1, J2, J3, we consider the function f : R, — R:

f(8) = f(BJ1, BJ2, BJ3). (2.11)

We are looking for values of 5 where f is not analytic. We show the well-known
fact that the second derivative of f (which is related to the physical quantity
called the specific heat) has a logarithmic singularity at a special value S,
called the critical point. This is illustrated in Fig. 2, which displays the free
energy f(/3) and its first and second derivatives in the case of the homogenous
triangular lattice (J; = J2 = J3 = 1). By Theorem 2.1 (b), we have

f(8) = —log2 — # o dkidks log[g(B) + h(B: k1, k2)],  (2.12)

where (recalling that ks = k1 + ko)

3 3 3
g9(8) = H cosh(28J;) + H sinh(24J;) — Z sinh(26J;),
i=1 i=1 i=1
3
h(B;k1 k) =Y sinh(28.7;) (1 — cos k;).

=1

(2.13)

It turns out that the term inside the logarithm is always positive.
Lemma 2.3. For all J1,J2,J3 € R, all > 0, and all k1, ky € [—7, 7], we have
9(B) + h(B: k1, k) > 0.
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FIGURE 2. Plots of the free energy f(3) and its first and sec-
ond derivatives for the translation-invariant triangular lattice
(J1 = Jo = J3 = 1). The second derivative has a logarithmic
singularity at 8. = ilog 3=0.274...

There should be a simple direct proof for this lemma but we could not
find one. (In the case where J; = Jo, it follows from the proof of Theorem 2.6.)
Instead we obtain it in Sect. 3 using suitable Kac-Ward identities, see Corol-
lary 3.5(a). We now give a criterion for the free energy to be analytic in S.

Lemma 2.4. Assume that g(8o) + h(Bo; k1,k2) > 0 for all ky,ke € [—m, 7).
Then, f(3) is analytic in a complex neighbourhood of By.

Proof. This is a standard complex analysis argument. There exists a complex
neighbourhood N of 3y such that log[g(3) + h(S; k1, ke)] is analytic in 3 for
each k1, ko. Then f7 log[g(8) + h(B; k1, k2)]dB = 0 for any contour v in A. By
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Fubini’s theorem,

/ a5 / dky ks loglg(8) + h(B; ky, k2)]
v m,m)?

— [ ks [ aglogig(s) + Bk k) =0, (2.14)
[ ]2 y

so that f(3) is indeed analytic in A. O

Next we establish a sufficient criterion for the logarithmic divergence of
f”(8). We assume here that the minimum of h(f.; k1, k2) is at k1 = ko = 0
where this function is 0.

Proposition 2.5. Assume that there exists (8. such that
9(Bc) =0, g”(ﬂC) > 0.

Further, we assume that there exists ¢ > 0 such that for all ki, kq € [—7, 7],
h(Bei kr ko) = e(kf + k3).

Then, f is continuously differentiable at B, but its second derivative diverges
as log |8 — Bc| when B approaches (..

It is not hard to verify that the second condition holds true when
sinh(20.J;) + 2sinh(28.J3) > 0 for ¢ = 1, 2.

Proof. We already know that f(53) is concave and therefore continuous. For

B # B, we have

gy L 9'(8) + Z5h(B; k1, k2)
FB) = - 2/dlﬁdkg ORI S (2.15)

There exists a constant C' such that

9'(8) + ZHh(B; k1, k2) 18— Bl + k3 + k3 210
9(B) + h(B; k1, k2) (B — Be)? + c(k? + k3)
As a — 0+, we note that
Lopdr
/O 22 3log(a® +1) —loga ~ |logal. (2.17)

Writing the integral (2.15) with polar coordinates around 0, and using (2.16)
and (2.17), we easily check that ' is continuous at .. For the second derivative,
we write

11 ) dkidks 1 325 h(B; k1, k2)
P8) =% /g(ﬂ)+h(ﬂ;k1,kz) S Q/d'“c”“2 ) T h(G Fr ko)
1 9'(B) + g5h(Bi k1. k2)
ta ] dkldk"’( 9(8) + h(B o, 2) ) ' (2.18)

For the first term, we use the bounds g(8) < ¢”(8)(8—8:)? and h(B; k1, ka) <
const(k? +k3); using polar coordinates and (2.17), this term diverges as log |3—
B.| when 8 — f.. The second term is easily seen to be bounded uniformly in
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B — [ using the second condition of the proposition and |%h(ﬁ; k1, ke)| <
const(k? + k3). For the third term, we use (2.16), and |%h(ﬁ; ki, ko) <
const(k? + k2). Using polar coordinates, and neglecting constants, we get an
upper bound of the form

[(Losler >2rd7“
o \(B— A7+ 72

|8—Bc]*/? d 1 _ 2\ 2
2 rar |ﬂ ﬂc| +r
<4(8-P) /0 (B=B)2 1272 +/ﬁﬁc|1/2 ((ﬁ — 5c)2+7’2> rdr.

(2.19)

The first integral is easily seen to behave as |3 — 3| 7!, and it is controlled by

the prefactor. The integrand of the second integral is a decreasing function of

r; we get an upper bound by replacing r with |5 — ﬂc|1/2 which shows that it
is bounded.

We have now verified that the only divergent term in (2.18) is the first

one, and the divergence is logarithmic indeed. O

2.3. Case J1 = Jz

We consider the special case where two coupling constants are identical. By
using symmetries (spin flips along alternate rows or columns), we can assume
without loss of generality that J; = Jy > 0. Further, by rescaling 3, we can
take Jl = J2 = 1.

Theorem 2.6. Let J; = Jo = 1.

(a) If J3 > —1, there is a unique B. such that f(5) is analytic in Ry \ {6}
and f"(83) has a logarithmic divergence at ..
(b) If J3 < —1, f(0) is analytic in Ry.

The theorem is illustrated with the phase diagram of Fig. 3.

It helps to bring in the Cimasoni—-Duminil-Copin—Li formula for the criti-
cal density that was established for two-periodic planar lattices with nonnega-
tive coupling constants [5,18]. Its general formulation involves sums over even
graphs in the periodised cell that generates the lattice (see [5, Theorem 1.1]).
In the present situation, this equation is

a(B) =0 (2.20)

where the function a(() is defined as
a(B) = 1 + tanh® Btanh(B.J3) — 2tanh 3 — tanh(G.J3) — tanh? 8
—2tanh S tanh(8.J3). (2.21)
In order to make the connection to the free energy (2.12), we remark that
g(B) = cosh?(23) cosh(26.J3)a?(3). (2.22)

Then, g(f) vanishes precisely when a(8) does; indeed, h(3; k1, ko) is nonneg-
ative when the coupling constants are nonnegative, and its minimum is 0.
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FI1GURE 3. Phase diagram with J; = J; = 1. The free energy
is proved to lack analyticity at the line that separates the
“ordered” and “uniqueness” phases. The separation line is
the inverse critical temperature . = B.(J3); it is solution of
the equation tanh 3. = j~!(J3) with j defined in Eq. (2.26).
For J; > 0, the article [5] proves the existence of a unique
infinite-volume Gibbs state for 8 < (3., and of several distinct
Gibbs states for 3 > .. For J3 < 0, uniqueness is only proved
for small 3, and the existence of multiple Gibbs states is only
proved for large 8 (using the Pirogov—Sinai theory, see, for
example, [7])

Proposition 2.5 applies, establishing the singularity of the second derivative of
the free energy.

We check in the proof below that the Cimasoni-Duminil-Copin-Li for-
mula (2.20) holds whenever J; = J; > 0, and J3 € R is allowed to be negative.
One can also check that it does not hold if J; = J, change signs; indeed, the
free energy is the same due to symmetries (spin flips on a sublattice), but Eq.
(2.20) is different and has different solutions.

In addition to the non-analyticity of the free energy, Cimasoni and
Duminil-Copin prove that the phase transition involves a change of the num-
ber of infinite-volume Gibbs states: There is just one for § < (. and more than
one for 3 > (.. The proof relies on the GKS and FKG correlation inequalities,
which hold for nonnegative coupling constants only. It would be interesting to
extend this to the case of coupling constants with arbitrary signs.

Proof of Theorem 2.6. When J3 > 0, the theorem is a special case of [5], so
we assume now that J3 < 0 (even though the proof applies to positive J3
with minor changes). We check that there exists a unique (. that satisfies the
conditions of Proposition 2.5.
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We first check that g(8)+ h(S; k1, k2) can reach 0 only when k; = ky = 0.
sinh(28J3)

Let oo = ~ b (28) Using trigonometric identities, we have
(5 k1, k2) =2 Slnh(?ﬂ) + 281nh(2ﬂj3) 49 smh(Qﬁ) [a cos (k1+k2)
 con(E) cos( 152 229

2. There exists

We can minimise separately on the variables % and klgk
a minimiser satisfying cos(¥3%2) > 0 and cos(®.5%2) = 1. The minimum is
then easily found, namely

0 if o <1

h(B; k1, k -2 2.24

lgur; Bikr, ko) = {251nh(2ﬁ)(1—a—41a) if > 1. (2:24)

The first case corresponds to k; = ko = 0. Suppose that o > % and that
9(B) + min h(0; k1, ka) = 0. This is equivalent to

inh?(2
(1 + sinh?(28))y/1 + a2 sinh?(28) — (1 + sinh?(25))a sinh(26) — %J
o
=0. (2.25)

sinh(20)

. . _ l. . . .
The solution is a = PV TS TTYY Jitoint? (25) < 3; this contradicts the assumption that

> % This proves that when J; = J; and with arbitrary Js € R, the condition
for B is g(B.) = 0, which is equivalent to the Cimasoni—-Duminil-Copin—Li
equation a(8.) = 0.
Instead of looking for 3. as function of J3, it is more convenient to look
for J3 as function of ¢ = tanh 8. The equation is then

artanh 1=2t=t>
/e — L ) 2.26
3 artanh ¢ i) ( )

The derivative of the function j(t) is

(1 + t?)artanht + 2t artanh i;gi:g (2.27)
2t(1 — t2)artanh? ¢ ' .

7t = -

It is not hard to check that % é: 7’;2 > —t; it follows that the numerator above
is positive so that j/(t) < 0. Further, j(t) goes to +00 as t — 0+ and goes to
—1 as t — 1—. Then, j~! exists as a function (—1,00) — Ry ; it follows that
Eq. (2.26) has a unique solution when J3; > —1 and no solutions otherwise.
We also see that . — 0 as J3 — oo, and 8. — oo as J3 — —1.

Finally, we check that ¢’ (3.) > 0. It is enough to check that a'(8.) # 0.
We have

a'(B) = =2(1 = *)[1 +t + (1 — t) tanh(BJ3)] — Ja(1 + 2t — %)
[1 — tanh®(3.J3)]. (2.28)
At 3 = B., we have tanh(B.J3) = 1=2t=2  Where { = tanh .. It is then

TH2t—t2°
possible to write a’(5.) as

a/(ﬁC) ==

4(1 —2) (1 + 2 + 2tJ3)
142t —¢2 '

(2.29)
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FIGURE 4. Two faithful projections of the graph (T3 3,E33).
The handles cross at non-vertex locations; some handles cross
themselves. The matrix K is defined on the left graph; the
matrix K® is defined on the right graph
This is clearly not 0 since ¢t < 1 and J3 > —1.
The condition on h in Proposition 2.5 clearly holds. g

3. The Kac-Ward Identity

We rely on the extension of the Kac—Ward identity to “faithful projections”
of non-planar graphs. It was proposed by Cimasoni [4] and used in [1,14]. In
order to accommodate negative weights, we need two faithful projections for
Ty, a with edges between nearest-neighbours. The graphs are G and G2, and
they are illustrated in Fig. 4. Here is a full description of the left graph:

e The vertices are (i,7) with 1 <i < Land 1< j < M.

e There are edges represented by straight lines between (i, ) and (i + 1, j)
for1<i<L-—1,1<j<M;between (i,7) and (i,5+ 1) for 1 <i < L,
1 <j<M-—1; and between (4,7) and (1 + 1,5+ 1) for 1 <¢ < L—1,
1<j<M-1.

e There are edges represented by “handles” (continuous curves with wind-
ing number —1) between (L, j) and (1,j) for 1 < j < M; between (L, j)
and (1,j+1) for 1 < j < M —1; between (i, M) and (i,1) for 1 <i < L;
and between (i, M) and (¢ +1,1) for 1 <i< L —1.

e And there is a self-crossing handle between (L, M) and (1, 1) whose wind-
ing number is —2.

e The handles are drawn so that handles starting at (i, M) only cross the
handles starting at (L,j) (and they cross them exactly once); the self-
crossing handle belongs to both groups.

The second graph is similar, except that the oblique handle no longer self-
crosses but the other horizontal handles all self-cross.
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The Kac-Ward identity involves matrices indexed by directed edges. We
denote &, .M the edges of £y with direction. The coupling constants defined
in Eq. (2.2) can be extended to directed edges by assigning the same value J,
to both directions of the same edge; then, we let W to be the diagonal matrix
whose element W, . is equal to tanhJ.. We now introduce the Kac-Ward
matrix K by

Kg;' =leper ez€i(ee H%'{l(e)’ e,e € Er,m- (3-1)

Here, e > ¢/ means that the endpoint of e is equal to the starting point of €’ and
also that e’ is not equal to the reverse of ¢’ (the matrix is not “backtracking”).
Li(e,e') : Ep,m — (—m, m] is the angle between the end of e and the start of ¢’
on the faithful projection G1; £i(e) : £,m — R is the integrated angle along
the planar curve that represents the edge e.

Following [1], we define an average over even subgraphs: If f is a function
on graphs, let

1

(flo,m = = f@Mw(T) (3.2)

ZL’M ICEp, pm:0r=0

where the normalisation is Z p = >_reey aor—p W(L). The definition of the
weight is w(I') = [],cptanh.J.. The boundary OI' of a graph is the set of
vertices whose incidence number is odd; the sum in the right-hand side is over
even subgraphs. Notice that Zr, js is always positive as can be seen from its
relation to the Ising partition function, see (3.4).

With these definition, we have the remarkable Kac—Ward identity [1,
Theorem 5.1]:

det(1 — KOW) = ZL7M<(—1)”5>”<F)>L - (3.3)

Here, n{”(T) is the total number of crossings between all edges of I' when the

graph is projected on Gj.

It is worth noting that the right side of (3.3) is a multinomial in (We_.),
something that is not apparent in the left side—there are remarkable can-
cellations indeed. This allows [1] to prove the identity for small (W, .); the
extension to larger values is automatic. The determinant cannot be negative
and the sign of the square root cannot change.

We define the matrix K® as in (3.1) but £a2(e,e’) and La(e) are the
corresponding angles on the faithful projection G,. Analogously, we define
ny’(T) for this projection.

The connection with the Ising model is through the high-temperature
expansion, see, for example, [7, Section 3.7.3]. The partition function (2.4) is
equal to

ZL’M(Jl,JQ,J:}) =2LM< H COShJe) Z w(I‘)

e€fL m PCEp, pm:0T=0

= 2LM< H coshJe)ZL)M. (3.4)

ecfL . m
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The strategy of Aizenman and Warzel [1] is to prove that <(—1)"f(!1) Y
— las L, M — oo. This can be done when the coupling constants are positive,
and small enough so the temperature is higher than the 2D critical temper-
ature. (Then, duality is used to get the formula for low temperatures.) The
presence of negative coupling constants necessitates a different approach. We
first show in Lemma 3.1 that a combination of the two faithful projections
gives the partition function, up to a correction. We then show in Lemma 3.2
that this correction vanishes in the limit L — oo, for fixed M. Denote by ny, (")
the number of horizontal handles of the subgraph I', that is, the number of
handles in T' that connect sites of the form (L, ) with sites (1,7). Note that
the total number of horizontal handles of £, 5r is 2M.

Lemma 3.1. We have

Vaet(T = KOW) + /det(1 = KOW) = 2Z5,01 (1= (L) oaa) 57 )
Proof. From Eq. (3.3), we have
Vaet(1— KOW) + /det(1 — KOW) = Zy y{(—1)" @) 4 (—1)m6” 1)

LM
(3.5)

Let n,(I") be the number of handles in I' that connect sites of the form
(i, M) with sites (7, 1) (excluding the handle between (L, M) and (1,1)) and let
Ny (I') = 0,1 be the indicator on whether the handle from (L, M) and (1,1) is
present. (Notice the asymmetric definition of n, and ny,, as the oblique handle
is included in ny, but not in n,.) We have

1”81)@) odd — 1nh(l") odd (1nhv(F):0 1n\,(F) odd + 1nhV(F):1 1nV(F) even);
]'ngf)(F) odd — ]-nh (T") odd (1nhv(F):O ]-nv (T") even + ]-nhv(l")zl 1n‘,(1") 0dd)~
(3.6)
It follows that

L @) oda T 1@ (1) 0ad = Inn(0) eaa- (3.7)

By combining the above relation with (3.5), using (—1)"5” ) = 1=2-1 0y paas
the lemma follows.

Lemma 3.2. For any Ji,Jo2,J3 € R, for any M € N, we have

Jim (L, 1) 0da) = 0-

Proof. We condition on the horizontal handles (including possibly the self-
crossing ones). We denote by h the set of handles that connect sites in the
leftmost and rightmost columns:

h= {{(le)v (Luﬁ)}v B {(1,jk)7 (L,Jllc)}} (3'8)
Then, we define the support supp b, resp. supp b, to be the set of vertices
of the form (1, 7;), resp. (L, j}), that appear an odd number of times in h. Let
supp b = supp 1 h U supp ;.h. We let EL,M be the set of edges of the cylinder
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(not the torus) {1,...,L} x Tar. With 1y = 15(I") the indicator function that
the random graph I" has set of handles §, we have

(Lunryoda)p = D (lo)rm

Ip] odd

k
= > (Htaﬂhﬁm),w,ﬁ))gl > w(T).

[h] odd “i=1 LM FCgL,A4:8F=supp()

(3.9)

We now consider an Ising model on the cylinder {1,..., L} x Tj;. We have

cyl
ZC% > w(r):< 11 0w> : (3.10)

L,M rCép m:T=supph z€supp b L,M

Notice that the partition function Zzy}w is almost equal to Zz, ar; either ratio
is less than e?M(/1l+1/s])  Next we introduce the transfer matrix Ty, ,» between

column configurations 1,1’ € {—1,+1}M:

M
Ty = eXP{Z<J177m§ + Janinit1 + J37h'77§+1) } (3.11)

i=1
Here, we defined npr41 = 71. The transfer matrix allows to write the Ising
correlations above as

1

zEsupp h nn
( 11 nm)( 11 n;)ejzzgilngn;“' (3.12)
rEsupp 1 b yEsupp b

The matrix elements of 1" are positive; by the Perron—Frobenius theorem there
exist vectors |v), |w) such that
Tt 1

Lh_)n;o W = )\maX |’U><’LU| (313)

Here, Apax > 0 is the largest eigenvalue of T'. (It depends on M.) The vectors
[v), Jw) can be decomposed in the basis {|n)} of column configurations, and
their coefficients have the spin-flip symmetry. Taking the limit L — oo in
(3.12), one gets 0. Indeed, the sum over 7 is

Z( 11 %)(nlv) (3.14)
n \x€supp b
which is zero since supp ;h contains an odd number of vertices; the sum over

7’ also gives zero. O

Next we seek to calculate the determinants of 1 — KW and 1 — K@ W.
For this, we first make the matrices translation-invariant so we can use the
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Fourier transform. Let us define I?“), i = 1,2 to be as K™, i = 1,2 but
omitting the respective integrated angle of the handles:

K, =1epeer4ee) =12, (3.15)
Actually, IN{élé, = I?S;, and we shall write I?e o for either I?élé, or IN{SQ, Then,

we define modified diagonal matrices W(1> and We@e’7 matrix elements now
depend on the direction of e:

W, ek ife=—
W, e 7/l if e =— - o
—~ W, el™/M if e=1 —~ “f N ’
Wh=q W = Weee™™M ife =1 or /
€,e ch efl’n'/]w if e :,l,7 €,e €,e LM )
1 ] Weee '™ ife=]or /.
Weee™ta) ife=/, ’
Weee ™ tar) ife=, .

(3.16)
Lemma 3.3. We have
det(1 — KOW) =det(1— KW®),  det(1— K@W) = det(1 — KW®).

Proof. One can expand the determinants as products of directed loops as in
[1, Theorem 3.2]. Let v = (eq,. .., ex) be a directed loop with ¢ handles. (The
self-crossing handle between (L.M) and (1, 1) is counted twice.) We have

k

k k
HKéBeHl = (_1)€ eri,eﬁu l_A[Vch:)e1 = (_1)2 HWei,e«;'
=1 i=1 i=1

i=1

(3.17)
Then, each loop gives the same contribution in det(1 — K®W) and in det(1 —
KW®)., The argument for det(1 — K®W) is the same, and counting only
vertical and oblique handles between sites (i, M) and (j,1), 1 <4,5, < L. O
Lemma 3.4. Let T} = 22T, and recall that T, = Ty + 7.

(a) With ks = k1 + k2, we have
3

det1— KW = [ I [H (1+ tanh® J;) +8Htath

k1€Tp ka€Tyr =1

3
-2 Ztanh Jz(l - tanh2 Ji—i—l) (1 - tanh2 Ji+2) COS kz:| .
i=1

(b) Again with ks = k1 + ko, we have

det(1-KW®)= [ ]I [H 1+ tanh?® J; +8Htath

k1€TY gyeTy, — =1

3
-2 Z tanh J; (1 — tanh? Ji+1) (1 — tanh? Ji+2) cos kz] .
i=1
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Proof. For (a), we label the set of directed edges as (x,«) where x € Tp p
and o € A, with

A={— 1L/} (3.18)
The Fourier coefficients are (k,a) with & € T} ,, = T; x T},. The Fourier

transform is represented by the unitary matrix U:

1 —ikx
U(k,a),(z,ﬂ) = \/me Oa,Bs

for x € Ty v, k € T7 5, and «, 8 € A. Since We’e depends only on « € A, we
have

(3.19)

(UWOUD) o), 0,0 = W S . (3.20)

Further, straightforward Fourier calculations give

(UKU Y kay.wp) = 0kt D € Kooy e8) = Ok Kap(k),  (3.21)

€T m

with the matrix [A( (k) given by

k1 0 0 0 0 0
0 e 0 0 0
Y 0 0 elk2 0 0 0
Kk =1 ¢ 0 0 e ik 0 0
0 0 0 0 ellkitha) 0
0 0 0 0 0 ~ik1+ka)
1 0 eld e 1% e's e ¥
0 1 e ' el e i e's
e i1 el 1 0 e is i
el e 17 0 1 ¥ e 1% (3:22)
LT - 37 s s+ 37
e s e's e's e s 1
i3 i —i3m s
e's e 's e ''s e's 0 1
Let us define
tie 0 0 0 0 0
0 ty e~ ik 0 0 0 0
— 0 0 Lo k2 0 0 0
(1) R .
Whk) = 0 0 tyeike 0 0
0 0 0 0 tg ei(k1tk2) 0
0 0 0 0 0 tg e i(k1th2)
(3.23)

where t; = tanh J;, i = 1,2, 3. Then,
det (1 - KW®) =det (1 - WOK) = [] det[ WO (k+ (%, Al))f((o)}

FeTh - (3.24)
=TI IT detft— W0 (G k) R 0D)].

k1€Tr k2€Tm
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The first identity follows from a loop expansion, see [1, Theorem 3.2]. A cal-
culation of the determinant by grouping the terms according to ki + ko, k1, k2
yields

3 3
det[1 — /W(l)((kl, kg))f((o))] = H (1 + tanh®J;) + SHtanh Ji
i=1 i=1
3
-2 Z tanh J; (1 — tanh? Ji+1) (1 — tanh? Ji+2) cos k; (3.25)
i=1
where ks = k1 + k2. This gives (a).

The proof of (b) is similar. O

Corollary 3.5.

(a) The determinants are nonnegative, det(1 — KW®) > 0 and det(1 —
KW®) >0.
(b) Taking the logarithms, dividing by L, we have as L — oo

1 . 1 .

im = _ MY — lim — _ @

ngr;oLlogdet(l KW®) Lllrr;oLlogdet(l KW®)
3

3
= / dkq Z log [H (1 + tanh? JZ-) +8 H tanh J;
[—m, 7] =1

ko€T s i=1

3
— Z 2 tanh J; (1 — tanh? Ji+1) (1 — tanh? Ji+2) cos kl] .
i=1

Proof. (a) By Eq. (3.3) and Lemma 3.3, we obtain that both square roots
of the above determinants are real. (b) This is a consequence of Lemma 3.4;
taking the logarithm we obtain Riemann sums. O

Proof of Theorem 2.1. (a) From the high-temperature expansion (3.4), we ob-
serve that the finite-volume free energy with periodic boundary conditions
satisfies

1 ~
—fL’M(Jl,JQ,Jg) =log2+10g + mlog [ZL,M] (326)

3
H cosh J;

i=1

Using Lemma 3.1, Lemma 3.2 and Lemma 3.3, we see that the free energy on
the infinite cylinder is

— f]\/[(Jl, JQ, Jg) = 10g2 + log

3
H cosh JZ]

i=1

1 —— ——
3 _ _ (1) — (2)
+ Jim LMlog[\/det(l RWw) +1/det(1 — K7 )1 (3.27)
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By Corollary 3.5(a), we have

log \/det(1 — KW®) < log l\/det(l — KWw) + \/det(l - I?W(”)}
H_l xlog\/det(1 — KW®) + log 2. (3.28)

Dividing by L, all terms above converge to the same limit as L — oo by
Corollary 3.5(b). We get

3
H cosh J;
i=1
1 3
+ oo Y log[H (1 + tanh?® J;)
ko€T s
3 3
+8 H tanh J; — Z 2 tanh J; (1 — tanh? Ji+1) (1 — tanh? JH_Q) cos k;

=1 i=1

- f(Jh JQ, J3) = 10g2 + log

(3.29)

In order to get the expression of Theorem 2.1, one should use the hyperbolic

. o . h(2 .
identities 1 + tanh?z = < (21,) and tanhz = 32122 414 extract a factor
1 cosh® x 2 cosh?® x

(T, cosh J;) . O

4. The 1D Quantum Ising Model

One application of the cylinder formula of Theorem 2.1(a) deals with the one-
dimensional quantum Ising model. It is well known that it can be mapped to a
classical model in 1+ 1 dimensions, the extra dimension being the continuous
interval [0, ] with periodic boundary conditions. A phase transition is only
possible when both dimensions are infinite, which necessitates taking the limit
of zero-temperature 8 — co. The free energy of the quantum Ising model was
first computed by Pfeuty [22] using the fermionic method of [24]. The results
of this section are not new, but the Kac-Ward approach may have more appeal
to some readers.

We consider the chain {1, ..., L} with periodic boundary conditions. The
Hilbert space is Hy, = ®L C2. Let S® and S® denote the spin operators on
C? whose matrices are

g — ;(? (1)>’ S — ;((1) _01> (4.1)

Then, we denote ng) the spin operators at site ¢ € Z. With h € R the magnetic
field, the Hamiltonian is

L

L
Hp=-=> S®88, —h> 8", (4.2)
=1

1=1
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Here, the site ¢ = L + 1 is defined as i = 1. The partition function is

ZP (B h) = Trag, e 7M. (4.3)
The finite-volume free energy is
(B, h) = 51/ log Z{#"(B, h). (4.4)

Notice the division by 3, which allows to get the ground state energy by taking
the limit 8 — oc.

Theorem 4.1. The infinite-volume free energy of the one-dimensional quantum
Ising model is equal to

fB,h) = lim fqu(@h) = —llogQ

2
— ﬂ dklogcosh( V1+4h +4hcosk).

We prove this theorem by invoking the well-known fact that the d-
dimensional quantum Ising model is equivalent to a (d + 1)-dimensional clas-
sical Ising model, the extra dimension being continuous; see Proposition 4.2.
We check in Proposition 4.3 that the continuum limit can be taken after the
infinite-volume limit. This allows to make direct use of Theorem 2.1. The
remaining step is to take the continuum limit, and it is not entirely straight-
forward; the proof of Theorem 4.1 can be found at the end of this section.

Proposition 4.2. Let us define coupling constants J\™, J5" by
(n) B

I = g = Llog

4n 2n

Then, we have the identity
ZM(B,h) = hm Z(B,h)

with
un (B, h) = exp{%Ln log%} 7r n(J<"> T5M).
Here, Z1, o (J{™, J5") is the partition function defined in Eq. (2.4) with J3 = 0.

Proof. By the Lie-Trotter formula,

L n
Tr e PHe = lim Tr <eg L8052 H(l—i— ﬂth”))

n— oo ]
i=1

L n
. 5 !
= lim E exps — E E oMo (k) 4.5
n—00 0'(1) a(n) p{ 4TL v ( )

i=1 k=1

L n
HH <k)| 1+ﬁhS(1>)|01§k+1)>.

i=1k=1
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We now observe that
(n) | g(n) _ s
(o](1+ 2LsD) o)y = e~ T2+ 00", (4.6)
Inserting this identity in (4.5), we get the proposition. O

Next we check that we can exchange the infinite-volume and the contin-
uum limits for the free energy. Let us define

5(3) 3(3)

(Ll‘,ln(ﬂ, h) = log Tr (en i=1"i B’r:LZiLlS’@) . (4.7)
We already know that f;"(3,h) = limy,—oo f7,, (8, h) for fixed L.

Proposition 4.3.
(a) For fived n, the limit L — oo of fI', (B,h) exists (and is denoted

son (85 1))
(b) We have

fQU(/Q,h):Llim ILm fgtln(ﬁ, h) = hm hm f (B, h).

Proof. Since the trace of the Lie—Trotter product can be written as a classical
partition function, see Proposition 4.2, we can proceed as with the usual proofs
of thermodynamic limits, see [7], and we easily obtain (a).

The first equality in (b) is clear. For the second equality, we use the
following estimates, which again follow from estimates on the classical partition

function:
Bk

ZP (B W) e < Z L (B.h) < Z10, (B, ) es (4.8)
Taking k — oo, we get
(ﬂv ) 2L = (5 h) > f (57 )_ . (49)
The rest of the proof is a standard S argument. For any € > 0, we can find
L = L(e) large enough so that for all n, we have
[FUBR) = RG] <5 [ (ﬂ h <5 (410)
Then, we can find ng = ng(e) such that |f} ( , ) — fi(B,h)] < § for all
n > ng. Then,
|f(B, k) — h)| < [f9B, 1) — f1°(B. )|

" u " (4.11)
+ ’fg (/6’ h) - g,n(/37h)| + ’fg,n(ﬂa h) - gc?,n(ﬂu h) <e

This holds for any £ > 0 provided n is large enough. This proves the second
identity in (b). O

Proof of Theorem 4.1. We need the following identity:

Z log[coth(2.J3) — cos ks
k2€Tn

= —Mlog2 + M log coth J + 2log(1 + (coth J5) ™). (4.12)

It can be obtained by taking the limit Ji,Js — 0 in Theorem 2.1(a), as the
expression converges to the free energy of the 1D Ising model in Tj;. The latter
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is easily calculated with the 1D transfer matrices, yielding — log(2 cosh J3) —
+ log(1+ tanh™ .J,). We can substitute a = coth(2.Jy) in the left side of Eq.
(4.12), and coth Jo = a + v/a? — 1 in the right side.

By Propositions 4.2 and 4.3, the free energy of the quantum Ising model
is the limit n — oo of

soon(B:h) = =3 log =7 2Bk _ 1 1og sinh(— log 5%)

——/ dk1 log [cosh coth(—log )

ko ET
sinh 2
————20——cosky — cos ]{32:| . (4.13)
sinh(— log g—n)

We now use

cosh 2 =1+ 3(£)? + O(:4).
coth(—log 2%) = 1+ 2(22)? + O(L). @1
sinh 2 g = % + O(5). .
sinh(~ log 24) = §(2)(1 + 0(%)

Inserting in the previous expression for f, (3, h) we obtain
u 1 T
() = —glog2+ 0 - - [k ¥
ko €Ty
log [1 + L(L)2e(h k)? + O() — cos /@}, (4.15)

where we introduced

e(h, k1) = /1 +4h2 + 4hcosk,. (4.16)

We now use the identity (4.12) with a = 1+ %(%)%(h, k1)?+O(-5), in which
case we have a + vVa? —1 =1+ %e(h, k1) + O(-5). We get

1
. dkl{ nlog2+nlog(1+ Le(h k) +0())
+210g<1 + (14 Le(h k) + O(#))*”)}
1 s
=0G) — o~ dkl{ge(h ky) + 2log(1 4 e~ 250 k1))}_

(4.17)

Replacing gs(h, k1) by 2log efe(hk1) and combining the logarithms, we obtain
the expression of Theorem 4.1. O

We finally discuss the “quantum phase transition” of the quantum Ising
model. The free energy f9“(3,h) of the one-dimensional model is clearly an-
alytic for all 8 > 0,h € R (and in a complex neighbourhood), but interesting
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behaviour can happen in the zero-temperature limit. Namely, we consider the
ground state energy

eo(h) = ﬂlim FB,h). (4.18)
From Theorem 4.1, we get the exact expression
1 T
eo(h) = —— | dk\/1+4h2 + 4hcosk. (4.19)
T

One can check that the derivative of eg is continuous. The second derivative
is
1 (7 dk
21 J_x V14 4h2 + 4hcosk
1 [7 i (2h + cos k)?
2 J_. (1 +4h? +4hcosk)3/2

eg(h) =

+ (4.20)
The integrals are well behaved except possibly at h = :i:%. While the second
integral has a limit as h — :I:%, the first integral diverges logarithmically.
Precisely, we can check that

eg(h) ~ 5-log|h + 1| (4.21)

around h = —% and h = % As is well known, there are multiple ground states
when |h| < % that display long-range order; there is a single disordered ground
state when |h| > % More information about the quantum Ising model can be
found in the recent works [2,3,6,8,12,19,26].
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