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Analyticity of the Pressure for Heisenberg
and Plane Rotator Models
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Abstract. We use complex rotations and convex completion to extend the
analyticity region of the pressure for the Heisenberg and plane rotator models.

1. Introduction

We consider partition functions for 2 or 3 component ferromagnets in a complex
external field (H));,_, _y, where N is the number of sites (eventually N— oo).
Previous results [1,4] on the location of zeros are unsatisfactory, either because
the region which is free of zeros has only N complex dimensions (instead of 2N or
3N according to the number of components), or because the real points inside this
region are too restricted (external fields in a quadrant instead of a half space). An
exception is Frohlich’s result [3] which however relies on the analyticity for large
external fields: extra (but standard) assumptions are required, and the resulting
region is a very small neighborhood of the real points.

In the first part of this paper, we consider rotation invariant models and extend
the analyticity region (for the pressure) from N to 3N complex dimensions by the
use of complex rotations (as in axiomatic field theory). If H;=(H3, iHj, iH?), the
resulting analyticity region contains the forward tube {ReH;eV, :j=1,...,N}
together with all its transforms under the real rotations of the original variables.

In the second part, we consider the anisotropic plane rotator model, for which
both unsatisfactory results mentioned above are available. Analytic completion
again gives analyticity in the forward tube.

2. Complex Rotation of the Heisenberg Model

We formulate the result for the quantum sping Heisenberg model which is more
basic: it has a natural Ising spin approximation, and it has many descendents:
arbitrary quantum spin, 3 and 2 component classical spins (rotators).
Theorem 1. For j=1,...,N, let S, S, S} denote Pauli matrices acting on the j’'th
N
factor of the tensor product @ €2, and let H;=(H3, H7, Hf)e(]?. Given positive
j=1

J’
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numbers {J;;20:i,j=1, ..., N}, consider the partition function

N N
Z(H);-, N)=Trexp{ > JuSe S+ ) H,-~Si}. (1)
i,j=1 i

.....
i=1

Then, for any real unit vector u, the partition function does not vanish in the
region

ReH;-u>|ImH; xu|:j=1,...,N. 2)

Proof. By rotation invariance, it is enough to consider u along the positive z axis.
Letting H;=(H?, iH7, iH}), the desired region reads

ReHeV, :j=1,..,N, 3)
where V, is the open forward cone:
V, ={(t%, v*,0")eR3|v** —v** — ¥’ >0} .

Our starting point is the theorem proven by Suzuki and Fisher, extending a
previous result of Asano: with our hypotheses (and more generally : see Theorem 2
below), Z((H));—, . y) does not vanish when ReH; is along the positive z axis for
all j. Let then A be a complex rotation Z((AH,);_, ) is an analytic function of
the Cayley parameters of A, which is constant for real rotations and therefore also
for complex rotations. In particular, we may apply a real Lorentz transformation
to (H));—, > so that Z((H,);) does not vanish when ReH; is along any given
direction vin V,, the same for all j. The pressure N~ ' log Z((H,),) is then analytic in
a neighborhood of a tube: i

ReH));_,  ye | {(A4¥);=q, y14;>0:j=1,..,N}. 4)

.....
veV+

In order to apply the (flat) tube theorem, we verify that the basis (4) may be
connected by piecewise linear curves: (4v);,_; yand (A¥);  y are endpoints
(t=0 and t=2 respectively) of:

.....

AV +(L =V, y:0SES
AOVO);=1  N=13,7 it
GOV, {(«2— 02,7+ (= DAV),-
which lies inside (4). It follows that the pressure extends analytically to the convex

hull of this tube, i.e., to (3). Indeed, given a point 131 )i=1,...n 10 (3), there will exist ¢
such that

1
©)
..... ylsts2

vO=H,—¢ Y HeV, +iR®:k=1,..,N (6)
j*k
and
/lj»k)=8+(1—8(N—1))5j,k>0Zj,k=1,...,N. (7
The sum

N
Z (ﬂﬁ'k)v"‘))j: 1,..,N

k=1
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is then proportional to (H )i=1,...x and the desired result follows from the scale
invariance of the domain. This concludes the proof of Theorem 1.

As we shall see in the next section, rotation invariance is probably not
necessary for the pressure to be analytic in some fixed forward tube in (H));, with a
suitable choice of the z axis. In order to discuss briefly the anisotropic Heisenberg
model, we need to state the theorem of Suzuki and Fisher in its generality (for
quantum spin3):

Theorem 2 [4]. Let {J;;}; ;- be 3 x3 matrices such that Ji7, Ji5, J7?, Ji7, Ji

,,,,, ijo Yijo 11’ ij*
are real and J37, Ji7, J5, JIT are pure imaginary. Suppose that, for all i,j

ij> Yijo vijo
22T =T+ T+ TNV P (5 + I+ (TR = T2
AT+ TER 2+ 2T+ ) ®)
Then the partition function,
N N
Z(H);—y,..N)= Trexp{_ Zl SiJiS;+ .Zl Hi~Si} ©)
i,j= i=

does not vanish when

{ReH;>0:j:1,...,N

x . (10)
Hj, H real:j=1,..,N.

Notice that the reality conditions in the hypotheses of Theorem 2 are stable
under the Lorentz transformations used in the proof of Theorem1 (ie., under
Jij—AJ; jAT). On the other hand, the bounds (8) will restrict the applicability of the
previous method. For the sake of simplicity, we shall assume Ji=J}7=0.

Theorem 3. Let {J;}; ;- n be 3x3 diagonal matrices such that
JEzE =1,

1y =

and

JFzgj=1,..,N.

ij =
Let
= infsup{thAlJZ + J5* 2 (J& = J5)Sh24 and J&—|J}2] 2 (J3 — J5) Sh24)
LJ
g (11)
= infsup{thAlJ% +J2? Z(J3# — J¥) Sh24 and J%—|J3 2 (J5Z—J%) Sh24} .
i,J A

ij =
Then the partition function (9) does not vanish when

lmH) | [ImH3)
o

- % <ReH%:j=1,...,n. (12)
Proof. The idea is to use Lorentz covariance to bring the external field from
(12) back to (10). The attention will be concentrated on the couplings J;;, which we
now write explicitly as arguments of the partition function Z({J;;}; =, »:
(H));-,, ) defined in (9). For any complex rotation 4, analytic continuation from

.....
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the real rotations implies

Z({']ij}i,j=1 N)=Z({A‘IijAT}i,j=1 ..... N§(Hj)j=1 N (13)

...............

Let us assume J;; diagonal and Reﬁj along the positive z axis, for all i,j. We
first take for A a Lorentz rotation in the z x plane. Dropping the indices i,j, we
have:

JZZ _— XX JZZ Jxx JZZ —_ Jxx
T enoas F iy Sh2J 0
WA= il gy T e T o g
i 2 2 2
0 0 J»

The right hand side of (13) will satisfy Theorem 2 if and only if:

(J# — =) Ch2A + J% + J** 2| — (J* — J*) Ch 24 + J= + J*| + 2|5 — J**| |Sh 2/
(J7* — J¥) Ch2A4 + J* + J** = 2| 7| + 2|J% — J**| |Sh 2]

(15)
which we replace by the stronger conditions:
JE+ J¥* = (JF = J*)|Sh24| =0 (16)
JZ— I = (J7 — J*)|Sh24].

Comparing with (11) we see that the pressure will be analytic in a neigh-
borhood of the tube

\J {H),_, yIReHi=0ReH: and ReH’=0:j=1,...,N}. (17)

la] Raxe 777

The union of this set with the set obtained by exchanging the roles of x and y is

UC{(ﬁj)j=1 yIReH;=1v,4,>0:j=1,..,N}, (18)

.....

where

C={velR?|[v|<a v* and v*=0}u{velR3| 1| <o, v* and v*=0}.

The same reasoning as in the proof of Theorem 1 shows that the convex hull of
(18) is given by

v(ejcﬁ{(ﬁj)j:1 yIReH;eC:j=1,..,N}. (19)

.....

C being the convex hull of C:

v* v
Ll + Lo <vz}‘

X Oty

é={ve]R3

This concludes the proof of Theorem 3.
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3. Anisotropic Plane Rotators

We shall now consider two-component “classical spins”, for which a non zero
lowerbound on the modulus of the complex partition function is available by the
method of correlation inequalities:

Theorem 4 [1]. Given 2 x 2 matrices {J;}; ;-
are pure imaginary (i,j=1,...,N) and
J5 IR 25 - I

y =
T — I 2D+ T

Let H;=(H}, H)eC?, j=1,...,N and

n such that J;*, J}Y are real, Ji7, Jr

.....

i,j=1,..,N. (20)

Z((Hj)j:h,“w):j]_‘[ (6(S?—1)d>S, exp{ Y SIS+ Z H, s} (21)

i,j=1 j=

Suppose that
Re(H7 +iH%) 2 |Im(H7 +iH?)|

Re(H} —iH?) = (Im(H; —iH?)| =1,..,N. o)
Then
IZ((HJ) ..... N)I > lZ(O)I >0. (23)

Remark. Imaginary couplings were not considered in [1], but the conditions (20)
fit easily in the framework.

Our aim is to make an analytic completion of the union of the domains given
by Theorem 4 and by the analog of Theorem 2 for plane rotators:

Theorem 5 [2]. Given 2 x 2 matrices {J;;}; ;- ysuchthat J37', J}} arereal, JiF, J17
are pure imaginary and

T2 IR+ i j=1, .., N. (24)

iy =

Suppose that

ReH;‘>0

=0 j=1,..,N. (25)

Then the partition function (21) is different from zero.

Notice that the real points satisfying (25) may vary in a half plane, whereas (22)
allows only a quadrant (ReH7j =|H}|). On the other hand, (25) would imply that
the pressure is analytic in (H7});_,__ y but not necessarily in (HY);_; . Our result
is the following:

y such that J¥F, J¥ are real, Ji7, J¥T are

Theorem 6. Given 2 x 2 matrices {J,;}; ;- iisJi; s Jijs Jij

pure imaginary and
J’xx J)’)’ > ]JX)’ J}’x

ij =

Jxx Jyy > ]ny + Jyx

iy =

,,,,,

i,j=1,...,N. (26)
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Suppose that

Re(Hj +iH)Z0 . o
Re(H} — iH?) 20

Then the partition function (21) is different from zero.

Remark. If we write the interaction S;-J,.S. in terms of the “light cone™ variables

-
(S7+1S});-1,.. - then the matrix J;; is transformed into
= f(a b
Jij= c d

and (26) is equivalent to a, b, ¢, d being positive. But (24) requires in addition

a+dz=|b—c|
N 2

{b-l—cg[a—dl. @8

We shall prove the theorem, assuming (24) [or (28)]. Using the Lorentz invariance

of the domain (27), we shall then recover the whole of (26). Indeed

al? b

c di?
and for arbitrary a, b, c, d positive, a+d =0, there will exist >0 such that

a2 +di 22 b—|
b+c=|aA*—di™?|.

AJ,Ar= (

(29)

The limit points a=d =0 are included by uniform convergence.
The proof of Theorem 6 is now a consequence of the following lemma:

Lemma. Let f((H));—, _y) be analytic in a neighborhood of the following two
regions

0 {ReH;‘>0 ImH;=0,ReH}>a,

i=1,..,N; 1 i=1,..,N.
mmp=o J=he N (D {|ReH§|+|ImH;|<a(H;—aO) J=1 N

Then f((H));_,, y) extends analytically to the tube

ImH} <aReHj:j=1,...,N. (30)

Remarks. The logarithm of the partition function (21) with the restriction (24)
satisfies the lemma with a=1, a,=0.

We can add more components satisfying the same conditions as (H});_; _ y:
the lemma and its proof extend trivially.

Large external field expansions may be used in place of Theorem 4 to obtain
the region (II). Then o is small and a,, is large. This is the way Frohlich [3] proved
analytically in some (unspecified) complex neighborhood of {H;>0:j=1,...,N}.

Proof of the Lemma. The region (II) is the union over (a);_, __ of the topological
products
Hi>a,
II s j=1,..,N.
(Ha) {[Reij.l mE <a(a,—ag) N



Analyticity of the Pressure 87

In order to apply the tube theorem to the region (I)u(Ila), we introduce the
following variables:

¢;=ArgCh —Z{j—
by @

yp,=logi—2, b.=aa,—a,).

J bj_ H;f J Jj Y

In these new variables, we have a function analytic in a neighborhood of the
following two tubes:
T
0§Im¢j<-2~ Ime;=0
@) j=1..,N; (IT'a) . J=b-oN.

Imy;=0 —Z<Imwj<z

Therefore it extends analytically to the union over t, 0=¢=1, of the regions

0§Im¢j<(1—t)§
j=1,...N. (33)
T

4

T

—t 7

<Imy,;<t

Consider now a point (H;);_, in the original variables, such that

o .
ImH}| <7 ReHj:j=1,...N. (34)
Its image in the variables (¢, y;);—;  y will be in (33) for sufficiently small ¢
and suitable large a;’s. Indeed, as a;— oo,
ReH7
% 35
ImH; (33)

T
*2— ‘—Im(,DJN

Imy;~2
J
so that we should take a;~t~ ! with

Y X
8|Im H)| <aj< 2ReHj. (36)
o T
This concludes the first step of the proof: analyticity in the region (34). Note
that the result does not depend on the value of a,. An iteration of this first step will
now eliminate the factor 4 in (34). To make the procedure more clear, we start from
an even weaker form of the lemma: with the same hypotheses, there should exist

0>0 such that f extends analytically to

lImH§|<9<xReH}‘ j=1,..,N. 37
Let then
H§’1=H§—i01aH}‘ (38)

with —0<0,<0.
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In the variables (H7);-,  yand (ij.’l)j= 1.....x» one sees from (37) and (II) that f
is analytic in a neighborhood of

ReH? >0
& J =1,..,N;
() {ImH;.’J:O ’
x X 4o . .
ImHj=0,Hj> 1__0]=1,...,N,

(110

x 49
|Reijf1|+|ImH§’1[<(1—9)oc(Hj~ 1_0)

so that applying our first step gives analyticity in
MmHAY! <(1-0)0aReH] j=1,..,N.
We proceed inductively with

{H;»P =H)?™ ' —i0 o HY

—01 -0y 1<0,<0(1— 0! j=1,...N (39)

and obtain analyticity in
MmHY?|<(1-0)0xReH] j=1,...,N. (40)

If we now vary 6,,0,, ..., in the allowed intervals, the resulting analyticity
region for the original variables reads:

|Im H?| < ( Y —e)v) 0 ReHi=aReH:j=1,..,N. (41)

p=0

This concludes the proof of the lemma.
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