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Abstract For temperatures below the critical temperature, the magnetic susceptibility for
the two-dimensional isotropic Ising model can be expressed in terms of an infinite series
of multiple integrals. With respect to a parameter related to temperature and the interaction
constant, the integrals may be extended to functions analytic outside the unit circle. In a
groundbreaking paper, Nickel (J Phys A 32:3889-3906, 1999) identified a class of singu-
larities of these integrals on the unit circle. In this note we show that there are no other
singularities on the unit circle.
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1 Introduction

For the two-dimensional zero-field Ising model on a square lattice, the magnetic susceptibility
as a function of temperature is usually studied through its relation with the zero-field spin-spin
correlation function:

B 'x= > {{ovoomn)— M} o)

M,NeZ

where 8 = (kp T)_l , T is temperature, kp is Boltzmann’s constant and M is the spontaneous
magnetization (see, e.g., [8]). Fisher [4] in 1959 initiated the analysis of the analytic structure
of x near the critical temperature 7, by relating it to the long-distance asymptotics of the
correlation function at 7, (a result known to Kaufman and Onsager). Subsequently Wu et al.
[15] derived the exact form factor expansion of x which has the structure of an infinite series
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1126 C. A. Tracy, H. Widom

whose nth order term is an n-dimensional integral. In later work [12,13,16,17] the structure
of the integrands of these n-dimensional integrals was simplified.

The analysis of x as a function of the complex variable T was initiated by Guttmann and
Enting [5] where, by the use of high-temperature series expansions, they were led to conjecture
that x, as a function of 7', possesses a natural boundary. In two groundbreaking papers, Nickel
[10,11] analyzed the n-dimensional integrals appearing in the form factor expansion of x
and identified a class of complex singularities, now called Nickel singularities, that lie on a
curve and which become ever more dense with increasing n. This work of Nickel provides
very strong support for the existence of a natural boundary for x.! For further developments
see Chan et al. [3] and the review article [9].

We recall that if 7, denotes the critical temperature, then for the isotropic Ising model,
where horizontal and vertical interaction constants have the same value J, the spontaneous
magnetization is given for T < T, by [8, 18]

M= (1—kH8,

where k := (sinh28J )_2; and M is zero for T > T,.. Thus k = 1 defines the critical
temperature 7. and 0 < k < 1 is the region 0 < T < T,. Boukraa et al. [1] (building on
work of Lyberg and McCoy [7]) introduced a simplified model for x, called the diagonal
susceptibility xq; which has the following analogous representation to (1):

B xa = Z {(00.00n.8) — M?}.
NeZ

By an analysis similar to that of Nickel, they are led to conjecture a natural boundary for
Xd; Which in terms of the complex variable k, is the unit circle |k| = 1. This conjecture thus
says that the low temperature phase 7 < T is separated from the high-temperature phase
T > T, by the natural boundary |k| = 1. This conjecture for x, is precisely the same as
the conjectured natural boundary for x. In the low-temperature phase, the present authors
proved that |k| = 1 is a natural boundary for y, [14], thus adding additional support for the
conjecture for x.
We now state the results of this paper. We set

s = 1/+/k = sinh 28,
so that the low-temperature phase corresponds to s > 1. If we define
D(x,y;)=s+s' —x+xH2-0u+y /2, )
then we have the expansion

Bl x =MD A, 3)

n=1

where

n! (2711)2” (1— xj)(l_Hj}’j) ok Nk = Ly =1

XH dxjdy‘.,- )
J

D(xj, yj;s)

I As Nickel noted, for a rigorous proof one must show that there are no cancellations of the singularities in
the infinite sum.
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On the Singularities in the Susceptibility Expansion 1127

Here C, denotes the circle with center zero and radius » < 1 and r sufficiently close to 1
(depending on s). All indices in the integrand run from 1 to n. A derivation of this represen-
tation will be given in Appendix 1.2

We extend x ) to a function of the complex variable s with |s| > 1. A Nickel singularity
is a point s° on the unit circle T such that the real part of s° is the average of the real parts
of two nth roots of unity.

We shall show that for 1 even these are the only singularities of x . More precisely, x
extends from the exterior of T to a C* function on T except for the Nickel singularities.?

Here we use the term “singularity” to denote a point in no neighborhood of which a function
is C*°. In the physics litearture it usually means a point beyond which a function cannot be
continued analytically. It appears that x ™ satisfies a linear differential equation with only
regular singular points (although the authors admit not having seen a derivation of this that
they understand).* At a regular singular point the function has a series expansion whose
leading term is a fractional or negative power, or a power times a power of the logarithm.
Such a function cannot extend from outside T to be C* in a neighborhood of that point.
Therefore we get the stronger result that for 7 even x ™ extends analytically across the unit
circle except at the Nickel singularities.

2 Outline of the Proof

With the notations

F(x) = Fy) =1 s Fir(x) =

1
_Hj Yj ! 1

1
=1 x;° 1 —xjxi — YV

Gj(x,y;8)=

———— A,y =] ] ] T =0 Gy = o,
D(xj, yjis) ; Inl

j<k

all thought of as functions on R” x R”, the integral becomes

[ [ reoro [TEwe [T a0 [16500550) sy drdy.

en & <k <k j

This equals r2" times

/ F(rx) F(ry) H Fjr(rx) H Fi(ry) HGf (rx,ry;s) A(rx,ry)dxdy. (4)
Tn Tn Jj<k Jj<k J

A partition of unity allows us to localize. At any given point (x°, y°) € T x T" some of
the F-factors may become singular as » — 1, and after letting r — 1 some of the G-factors
may become singular as s — s € T. We represent each of these potentially singular factors
as an exponential integral over RT. The gradient of the exponent in the resulting integrand
is approximately a linear combination with positive coefficients of certain vectors, one from
each factor. Unless s is a Nickel singularity, the convex hull of these vectors does not contain

2 Our x@m is equal to the 2@ of [10,11].
3 For n odd our argument leaves open the possibility of other singularities. See footnote 6.

4 The equations for n < 6 have been found [2], and all their singularities are regular.
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1128 C. A. Tracy, H. Widom

0, a fact that allows us to find a lower bound for the length of the gradient. (This is the crucial
point in the proof.’) Then several applications of the divergence theorem give the bound
O (1) for the integral, uniformly in s and r. The same is true after differentiating with respect
to s any number of times. This will imply that x ™ extends to a C* function on T excluding
these points.

3 The Proof

For a given point x9,y0) = ((x?), (y?)) e T" x T" some of the factors in (4) become
singular as ¥ — 1 and s — s°, as described above. For example F(rx) becomes singular
when Hj x? = land G;(rx, ry; s) becomes singular when

Rex? + Re y? =2Res".

There is a neighborhood of (x°, y°) in which no other factors become singular, so that outside
this neighborhood the rest of the integrand is a smooth function of x and y and bounded for
s in a neighborhood of s°, together with each of its derivatives with respect to s. Let ¥ (x, y)
be a C* function with support in this neighborhood. (Eventually the support will be taken
even smaller.) We shall show that the integral (4), with the function ¥ (x, y) inserted in the
integrand, is uniformly bounded for s in a neighborhood of s°, together with each derivative
with respect to s, when r is taken close enough (depending on s) to 1.
In our neighborhood we make the variable changes

o .0 if; 0 i
xj=x;e, yj=y;e.

Below we give the behavior of the reciprocals of the F'-factors, in terms of the 8;, ¢;, if the
factors become singular at (x°, y©).

VFen == >0+ 0((1=n+>62),
j J

Fey) ==i > i+ 0(0 =1+ 63,
j J

1/ Fje(rx) = —i (0; + 00) + 0((1 —r) +61+ ek?),

U Firy) = =i (g + 00 + 0((1 = 1) + 03 + ¢}).

We note that the real parts of these reciprocals are at least 1 — r, and so are all positive.
For any G-factor that becomes singular at (x°, y°; s%) we have

i/Gi(rx,ry;s) =—i(a;0; +Bjp;) —i [s—i—s_l

- (s0+s°’1)]+ 0((1 —r)+9}+go§-).

5 Each of the singular limiting factors F(x), F(y), Fjx(x), Fjx(y), G;(x, y; s9) may be interpreted as a
distribution on T" x T". That 0 is not in the convex hull of the vectors is precisely the condition that allows
one to define the product of these distributions as a distribution [6]. This is what led us to the present proof.
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On the Singularities in the Susceptibility Expansion 1129

where
0 0
(xj:Imxj, ﬁj:Imyj.

The reason we put the factor i on the left is that now the real part of the right side, which is
equal to the imaginary part of the expression in brackets, is positive when Zm s > 0 and r is
sufficiently close to 1 (depending on s). This we assume. (Otherwise we replace the factor i
by —i and change signs in the definitions of «; and 8;.)

All estimates are consistent with differentiation. For example, the result of differentiating
1/F (rx) with respect to 0 is —i + O((1 —r) + Z,’ 10;D).

In what follows we exclude s® = +1, 4, which are Nickel singularities for even n. Thus
we assume («;, B;) # (0, 0).

Because all real parts of the reciprocals are positive they may be represented as integrals
over RT. Thus, we have for any potentially singular factor,

F(rx) = /eié (X2 6+ correction) dE

R+

F(ry) = /eiﬂ(zj¢j+correction)dn

R+

ij (rx) — / eiéjk (6 +0k+ correction) dgjk,

R+

ij(ry) — /ein/k (¢ j+@i+ correction) dnjk!
R+
Gj(rx,ry;s) =i /eiff (o) 07 gt~ ==+ comection) g
R+
In all of these, “correction” denotes i times the O terms above.

Thus, the integral (4) is replaced by one in which the cut-off function ¥ (x, y) is inserted
into the integrand and each potentially singular factor is replaced by an integral over R™.
Denote the number of these factors (and so the number of (£, n, ¢)-integrations) by N. We
change the order of integration and integrate first with respect to the 6, ¢ ;. We want to apply
the divergence theorem so that we eventually get a bound O (R~N~1), where R is the radial
variable in the N-dimensional (¢, 1, ¢)-space. To do this we have to find a lower bound for
the length of the gradient of the sum of the exponents coming from the (¢, 1, ¢)-integrations.

We define the following vectors in R” x R":

X=(11---100---0)

Y=@00---011---1)
Xjg=@O--1---1---00---)
Yik=(--00---01---1---)

Zi=0---0a;j0---08;---0).
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1130 C. A. Tracy, H. Widom

Let us explain. The first n components are the §; components, the last n the ¢; components.
For X the ones are the first n components and the zeros are the rest, and for Y these are
reversed. For X j; the ones are components j and k and the others are zero, and for Y, the
ones are components n + j and n + k and the others are zero. For Z; component j is «; and
component n + j is B;, and the others are zero.

Aside from the factor i and the correction term from each summand, the gradient of the
sum of the exponents is the subsum of

‘§X+77Y+Z§jkxjk+Z77jijk+Z€ij 5)

Jj<k j<k Jj
containing the N (£, n, ¢)-variables that actually appear.

Lemma 1 Suppose that n is even and that s° is not a Nickel singularity. Then 0 is not in the
convex hull of those of the vectors X, Y, X, Yjx, Z; that appear in the subsum of (5).

Proof We show that if a linear combination of these vectors with nonnegative coefficients is
zero, but not all the coefficients are zero, then s° is a Nickel singularity. We say that a vector
“appears” in the linear combination if its coefficient is nonzero. Some Z; must appear since
all the others have nonnegative components and at least one positive component. (Recall that
Zj appears when Re x;) + Re y;.) =2ResY).

If X appears then then so must Z; and Z; and «;, ax < 0, to cancel the nonzero
components of X jx. But X j; appears only when x? x,? = 1,0 a; + o = 0, which is a
contradiction. Thus no X j; appears. Similarly no Y; appears.

Since some Z ; appears either X or ¥ must. Suppose that X appears. (In particular [ | x}) =
1.) Then all o; < 0, and if the coefficient of X is cx the coefficient of Z; must be —cx /.

There are two subcases:

(i) Y appears: (In particular | | y}) = 1.) In analogy with the above, if the coefficient of Y is
cy then the coefficient of Z; is —cy/B;. Thus oj/B; = cx/cy for all j. We claim that
this implies that all x? are equal and all yJO. are equal. Consider pairs (x, y) with both

in the lower half-plane, and Rex + Rey = 2Re 50, Set x = €', y = e, Tt is an

exercise in calculus to show that as 6 increases while cos 6 4 cos ¢ remains constant the
ratio Zm x /Zm y = sin 6/ sin g strictly decreases if Re s® > 0 and strictly increases if
Re s® < 0. Therefore this ratio determines 6, and so x. Similarly the ratio determines y.
So all x(; are equal and all y? are equal, as claimed. They must both be nth roots of unity,

so s is a Nickel singularity.
(ii) Y does not appear: Since all Z; appear, we must have all 8; = 0 in this case. So all
y? = +1. If some y;) = 1 then Re s® > 0, because if Re s were negative it could not

be the average of 1 and some Re x?. Then all y;) = 1, for the same reason. Hence each
Re x? = 27Res — 1, and since all o; < 0O this implies that all ij are equal, and equal to

some nth root of unity. Thus s° is a Nickel singularity. If some y? = —1, and therefore
0

all y? = —1, this again implies that all x i

59 is again a Nickel singularity.

equal some nth root of unity. Since n is even

[m}

If 0 is not in the convex hull of vectors then there is a lower bound for linear combinations
of them with nonnegative coefficients, even when the vectors are perturbed.

0

6 Since —1 is not an nth root of unity when n is odd, these s~ are not Nickel singularities.
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On the Singularities in the Susceptibility Expansion 1131

Lemma 2 Assume 0 is not in the convex hull of the vectors V1, ..., Vn. Then for sufficiently
small & > 0 there is a § > 0 such that, for vectors U; with |Uj — V;| < & and coefficients

cj =0, we have
‘ZCJ‘UJ“Z(SZCJ'. 6)
J J

Proof Suppose the result is not true. Then there is a sequence & — 0, vectors U; ; with
|Ujk — Vjl| < &k, and coefficients c; x > 0 such that for each k,

‘ch,k Uj‘ < %ch’k'
J J

By homogeneity we may assume that each > jCik = 1. Then, by taking subsequences, we
may assume that each ¢ converges as k — 00 to some c;. Then Z,’ ¢; = 1, and each
Ujk — Vj, 502 ;c; V; = 0. This is a contradiction. |

Lemma 3 Assume n is even and s° is not a Nickel singularity. There is a neighborhood of
(x9, yO) such that if Y (x, y) is a C* function with support in that neighborhood then the
integral (4), with  inserted in the integrand and r sufficiently close to 1 (depending on s), is
bounded in a neighborhood of s = s°; and the same is true for each derivative with respect
10 s.

Proof We combine Lemmas 1 and 2 to deduce that if r is close enough to 1 and the support
of ¥ is small enough, then in the support of ¥ the length of the gradient of the exponent in
the integral is at least a constant times the sum of the coefficients in the subsum of (5) that
arises. Therefore N + 1 applications of the divergence theorem shows that the integral over
the 0, ¢; has absolute value at most a constant times 1/ RN+ where R is the radial variable
in the N-dimensional (&, 7, {)-space.7 Therefore the integral (4) with v (x, y) inserted in
the integrand, which results after integration over the (&, 1, ¢), is O(1) uniformly for s in
a neighborhood of s°. (The integral over R < 1 is clearly bounded.) Differentiating with
respect to s any number of times just brings down powers of the ¢;, and so only requires
more applications of the divergence theorem. O

Theorem When n is even x ™ extends to a C*® function on T except at the Nickel singular-
ities.

Proof Assume s° is not a Nickel singularity. Each (x°, y°) has a neighborhood given by
Lemma 3. Finitely many of these neighborhoods cover T x T". We can find a C*® partition
of unity {1; (x, y)} such that the support of each ; is contained in one of these neighborhoods.
Each integral (4) with v; (x, y) inserted in the integrand and r sufficiently close to 1, together
with each derivative with respect to s, is bounded in a neighborhood of s = 5°. Therefore
the same is true of (4) itself, and therefore for r”* times (4), which is independent of r, and
therefore for y ™. This implies® that x ™ extends to a C* function on T in a neighborhood
of s9. O
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7 We explain this in Appendix 2.
8 We explain this in Appendix 3.

@ Springer



1132 C. A. Tracy, H. Widom

Appendix 1

For T < T, and N > 0 we have the following Fredholm determinant representation of the
spin-spin correlation function (see [13, p. 375] or [12, p. 142]):

(000 o) = M det(I + gyn).
The operator has kernel
gun (1, 02) = MOV D gy ),

where

sinh 1 (y (%) — y (/%))
sin 3 (61 + 62)

h(61,62) =

and y (z) is defined by
coshy(x) =s+s'—@+z71/2,

with the condition that y (z) is real and positive for |z| = 1. The operator acts on L*(—=7m, )
with weight function

1
27 sinhy (ef?)’

Using the identity (see [13, (5.5)] or [12, (2.69)])

det (h(60;.00) = [ [1h(6;. 0017,

j<k
and the Fredholm expansion we obtain that (ogg oy ) equals

2 0 1 l/ﬂ /ﬂ . 2 iM@j—Ny(eiel')&
M nZ:(:)(Zn)‘ (271.)2" H[h(gjvek)] He Sinhy(eigj)' (7)

- S <k J

Here all indices run from 1 to 2n. We used the fact that since the matrix (h(8;, 6)) is
antisymmetric its odd-order determinants vanish.
We have the identity, observed in [11],

sinh(5( () —y (™) sin(5(01 — 62)
sin(% (61 + 62)) sinh(%(y (€11) + y (ef®2))

Therefore, with x; = et

—y(x1) _ ,—y(x2) _
[h(6y, )7 = & ° i

1— e_y(xl)_V(XZ) 1 — X1X2 ’

With D(x, y; s) defined by (2) a short calculation shows that

1
yDG, y;9) = =2 (v =) (y — "),
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On the Singularities in the Susceptibility Expansion 1133

Thus inside the unit circle 1 /(y D(x, y; s)) hasapoleat y = e~¥ ™) withresidue 1/ sinh y (x).
It follows that for r sufficiently close to 1,

—Ny(xj) e VW) _ o=v ()

N-L
a0 Mt =iy 1=, -
(271i)2nc 4 j<k1—yjyk ; D(xj,yj;s) ; sinh y (x;) j<k1_e*V(Xj)*V(xk)

We deduce that the integral in (7) equals

[T o T s
(27.[)211 ; . . j‘xj .

L—yjye 1 —xjxg D(xj,yj;$) yj

It remains to compute

Z {(00.0 om.n) — M?}.

M,N€eZ

Subtracting M? in the summand is the same as taking the sum in (7) only over n > 0.
To compute the sum over M, N € Z we use the fact that (09 o o n) is even in M and in

N, so
2_4 Z Z -2 Z + the (0, 0) term,

M,N>0 M=0,N>0 N=0, M>0

and find that after summing, the factor [ | I ;"’ yj.v in the integrand in (8) gets replaced by

T+]Lxp A+T1; )
(1 _Hjxj) (1 _Hj)’j).

This gives (3).

Appendix 2

Suppose f and g are C* functions on R, with f having compact support, and we have an
integral

/ F0) e ap.
We write it as

Ve(©) 5©)
/f( )|V G - Ved” do.

If define the operator L by

Vg(0)

Lf)© -V - f(@ ,
LNO ==Y - fO15 o

then g applications of the divergence theorem show that the integral equals

/ (L1f)(©O) 2D dp.

Now we have
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1134 C. A. Tracy, H. Widom

(a) L1 f is alinear combination of (partial) derivatives of f with coefficients that are homo-
geneous polynomials of degree ¢ in derivatives of the components of Vg/|Vg|?;

(b) each pth derivative of each component of Vg/|Vg|? equals 1/|Vg|??*+? times a homo-
geneous polynomial of degree 2p + 1 in derivatives of g.
Assume that we also have

(c) |Vg(0)| = n and each derivative of g(0) is O (u);

(d) each derivative of f(0) is O(1).

Then assuming that Re g is uniformly bounded above, we can conclude that

/f(@)eg(e) do = 0(u=?) forall g.
R4
In the application in Lemma 3 we have d = 2n, g is the sum of the exponents in the

integrals, f is the product of other integrands, and u can be taken to be a small constant
times the sum of the coefficients in the subsum of (5).

Appendix 3

Suppose U is an open set in T, that f is analytic in the region
Q={Rs:seld, 1 <R<1+56},

and that f and each of its derivatives is bounded in 2. We show that f extends to a C*°
function on Q2 U Y.
Pick any so € €. We have for each k > 0 and s" € €,

s’

ﬂWﬁ=ﬂWm+/ﬂ“Wmm

50

with the path of integration in . Since f**1 is bounded, this shows that that f®) extends
continuously to 2 U . Denote by fi(s) this extension. In paticular fj is the continuous
extension of f. We show that it belongs to C°.

We show by induction that fo € C k. We know this for k = 0. Assuming this for k, we see
that for s € U,

k
a5k o) = lim

a* r
dﬂﬂw=ﬂWm+/ﬂHmw

0
It follows that fo is k + 1 times differentiable and

k+1 k+1
: /
dsk+1 Jo(s) = fir1(s) = Sl,li)ns Wf(s ).

This gives the assertion.
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