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Abstract

We consider the problem of computing the partition function }’ el (%) where f:{-1,1}'" — R is a quadratic
or cubic polynomial on the Boolean cube {—1, 1}". In the case of a quadratic polynomial f, we show that the
partition function can be approximated within relative error 0 < € < 1 in quasi-polynomial pO(nn=ln€) ime jf
the Lipschitz constant of the non-linear part of f with respect to the £! metric on the Boolean cube does not exceed
1 - ¢, for any 6 > 0, fixed in advance. For a cubic polynomial f, we get the same result under a somewhat stronger
condition. We apply the method of polynomial interpolation, for which we prove that }; el (%) %0 for complex-
valued polynomials f in a neighborhood of a real-valued f satisfying the above mentioned conditions. The bounds
are asymptotically optimal. Results on the zero-free region are interpreted as the absence of a phase transition in
the Lee—Yang sense in the corresponding Ising model. The novel feature of the bounds is that they control the total
interaction of each vertex but not every single interaction of sets of vertices.

1. Introduction and main results

The Ising model is one of the oldest, most famous and most studied models in statistical physics;
see [7] for a thorough introduction, description, results and references. In this paper, we look at the
computational complexity and complex zeros of the partition function in the Ising model. This is a
classical and also currently very active area of research; see [6], [9], [10], [13], [16], [14], [15], [18],
[19] and [22] for some recent results.

Formally, the partition function we work with is described as follows. Let {—1,1}" be the n-
dimensional Boolean cube of all n-vectors x = (£1,...,&,), where & = +1 fori = 1,...,n, and let
f:{-1,1}* — C be a function. We define the partition function of f as

S(ef) = Z el ),
xe{-1,1}"
In this paper, we consider the cases of a quadratic
fx) = Z a;j&i& +Zbi§i for x=(&1,....6n)
I<i<j<n i=1
or cubic
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o= Y cpibigr Y, agdi+ ) bigi for x=(£1,...,6)

1<i<j<k<n 1<i<j<n i=1

polynomial f, and we are interested in computing (approximating) 8 (e’ ) efficiently.
The case of a quadratic polynomial f is the best studied. Often, there is an underlying graph G with

vertices numbered 1, ..., n and the property that a;; # 0 if and only if i and j span an edge of G. In
this case, the variable &; = +1 is interpreted as the spin of a vertex i and — f(x) as the energy of the
configuration x = (&1,...,&,). The coeflicients a;; describe the interactions of vertices i and j: the

interaction is ferromagnetic if a;; > 0 and antiferromagnetic if a;; < 0. The coefficients b; describe the
external field; see [7] for a thorough discussion.

Via the method of polynomial interpolation [3], we relate the computational complexity to the
absence of complex zeros of § (ef) in the vicinity of real coeflicients a;;, b; and c¢;;x. For quadratic
polynomials, we prove the following main result.

Theorem 1. Let

fx) = Z flijfi-fj'*'zbifi for x=(&,....&).
i=1

1<i<j<n

Suppose that for some 0 < 6 < 1, we have

62
Z |%aij| < 1-6, Z|5a11| < E and |3 b;| < E

fori=1,...,n. Then

el ™ 20.
xe{-1,1}"

A remark regarding notation: we treat indices 7, j in a;; as an unordered pair, so a;; is the coefficient
of the monomial &;¢; in the quadratic polynomial f, and the sum 2;. ;.; accounts for all coefficients
a;j of the monomials containing ;. For a complex number z = x + y\/—_l , we denote by R z = x and
9 z = y the real and imaginary parts of z, respectively.

From Theorem 1, the by-now-standard polynomial interpolation argument (see [3], [9], [14], [15],
[17]) produces an algorithm for approximating the partition function 8 (ef ) when the coefficients a;;

and b; are real and satisfy the condition

Z laijl < 1-6 for i=1,...,n, (1)
JiJ#i

where 0 < ¢ < 1is fixed in advance. As there is no restriction on b;, the sum & (ef ) can be exponentially
large in |b;|. To avoid dealing with exponentially large numbers, we assume that we are provided with
numbers e? fori = 1, ..., n. Then the complexity of the algorithm is quasi-polynomial: we approximate
S (ef ) within relative error 0 < € < 1 in nOUnn-n€) time. As Guus Regts explained to the authors, the
approach of [17] makes our algorithm genuinely polynomial, as opposed to quasi-polynomial, provided
the degree of the underlying graph G is fixed in advance.

We describe the algorithm in Section 4 and prove Theorem | in Section 2. Next, we relate Theorem |
to what is known about the partition function in the Ising model.
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1.1. The bounds for the zero-free region are asymptotically optimal

Let G be a graph with vertices 1, . . ., n. For a real number a, let us choose
a if{i,j}is anedge of G
a;j = . ()
0 otherwise
and let us choose b; = b for some b € Cforalli = 1,...,n. Let us fix some positive integer A > 3 and
choose either
I A
a==In
-2
(all interactions are ferromagnetic) or
A-2
a=—1In
A

(all interactions are antiferromagnetic). We consider the partition function 8 (ef ) as a function of a
complex parameter b. It is known that for a fixed A, as n grows and G ranges over all graphs with
maximum degree A of a vertex, the zeros of the univariate function b — 8 (e/) with either choice of
a can get arbitrarily close to b = 0; see [2], [1], [18], [6]. We have

A A
2 [Ray| < Sn—. 3)

JrJj#

The right-hand side approaches 1 as A — oo, which shows that ‘1’ in the ‘1 — 6’ bound of Theorem |1
cannot be replaced by a larger number.

1.2. The bounds for approximation are asymptotically optimal in the antiferromagnetic case

Asin Section 1.1, let G be a graph of maximum degree A > 3, letus choose all b; = Oforalli =1,...,n,
and let us define a;; by (2). Suppose that

- 1 | A-2
a —1In .

2 A
Itis shown in [20] and also in [8] that the problem of approximating & (ef ) is NP-hard under randomized
reduction. Hence unless the computational complexity hierarchy collapses, we cannot approximate
8 (ef ) in quasi-polynomial time in the class of problems where all b; = 0 and

Z laij| £ 1+6 for i=1,...,n
JiJ#

for an arbitrarily small ¢ > 0, fixed in advance.

1.3. The ferromagnetic case is special

Suppose that a;; > 0 for all 7, j and that b; = b fori = 1,...,n and some complex parameter b. Lee
and Yang [12] showed that the zeros of the univariate function b +— § (ef ) lie on the line R b = 0. If
the b; are allowed to vary, then § (ef) #0aslongas R b; > 0fori =1,...,n. The ferromagnetic case
is also special from the complexity point of view: Jerrum and Sinclair [11] constructed a randomized
polynomial time algorithm approximating 8 (e/) when b; = b for some real b and i = 1,...,n.
Deterministic approximation algorithms of quasi-polynomial (genuinely polynomial, if the maximum
degree A of the underlying graph G is fixed in advance) complexity are constructed in [15], assuming
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that R b; > § > 0 for some constant § > 0, fixed in advance, and i = 1,...,n; see also Section 7.4
of [3]. The complexity status of the approximation problem in the ferromagnetic case of a;; > 0 and
b; = 0 by a deterministic algorithm appears to be not known.

1.4. Correlation decay

Theorem | can be interpreted as saying that there is no phase transition in the Lee—Yang sense [21]
provided the parameters a;; and b; are real and satisfy (1) for some 0 < ¢ < 1, fixed in advance. There is
a related, although not identical, concept of phase transition, based on the disappearance of correlation
decay; see [7]. If we choose b; = 0 for all i and define a;; as in (2), then the correlation decay occurs
precisely in the interval

1. A-2 1 A
—1In <a < =-In s
2 A 2 A-=-2
where A > 3 is the largest degree of a vertex of G; see [22], [19], and [14].
We extend the bounds of Theorem | to cubic polynomials on the Boolean cube {—1, 1}".

Theorem 2. Let

flx)= Z cijk&i&i€r + Z aij§i§j+zbi§i for x=(&,....6).
im1

1<i<j<k<n I<i<j<n =

Suppose that for some 0 < § < 1/2, we have

2
Z |‘Kc,-jk|+ Z |‘Ra,-j| < 1-6, Z ’Sc,-jk|+ Z |Sa,-j| < (15—0

jok: jk#i Jj# j.k: j ki Jij#i
62
d |3b;] £ —
an | il 10
fori=1,...,n. Then
el ) £ 0.
xe{-1,1}"

Similarly to the quadratic case, we treat indices i, j, k in ¢;x as unordered triples of distinct numbers,
so that ¢; j is the coefficient of the monomial &;& ;£ in the cubic polynomial f, and the sum 3 ; ¢. j s
accounts for all coefficients c; jx of the monomials containing &;. As in the case of quadratic polynomials,
we obtain an algorithm of quasi-polynomial n@(""=I" €) complexity approximating

S (ef) - Z of (0
xe{-1,1}"

within relative error 0 < € < 1, provided the coefficients c¢; i, a;; and b; are real and satisfy

>0 el + Dl Jay| < 1-6 for i=1,....n )
.k j.k#i Joj#
The bounds here are asymptotically optimal, for the trivial reason that they are asymptotically optimal
in the quadratic case when ¢;jx = O forall1 <i < j <k <n.

Although Theorem 1 is a particular case of Theorem 2, we first prove Theorem | in Section 2 and
then describe in Section 3 how to adjust the proof of Theorem 1 to obtain Theorem 2. We think that
this way it is easier to see the idea of the proofs. In Section 3, we also mention where our method falls
short extending the bounds to polynomials of degree 4 and higher. We don’t discuss the corresponding
extension of the approximation algorithm of Section 4 from quadratic to cubic polynomials, as it is quite
straightforward.
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1.5. What’s new

In the case of a quadratic polynomial, the bound (1) states that the Lipschitz constant of the non-linear
part of f : {=1,1}* — R does not exceed 1 — ¢ with respect to the £! metric (which is twice the
Hamming metric) on the Boolean cube {—1, 1}". This is where our approach to approximation differs
from those of [9], [13], [14], [15], [19] and [22], which require a uniform bound on the strength of
individual interactions a; ;, such as

®)

1 A

nl_l’z}x laij| < Eln A3
where A is the maximum degree of the underlying graph. As we remarked above, our results are
asymptotically optimal, when A — oo. Generally, the condition (1) appears to be more robust than
(5), as (1) is independent of the degree A and allows individual coeflicients a;; to be relatively large, as
long as the sum for all interactions of any given vertex remains appropriately bounded. Of course, for
any particular A, the conditions (1) and (5) are in general position, as it is easy to construct examples
where one holds and the other is violated.

A novelty of our approach with respect to locating zero-free regions of 8 (ef ), compared to those of
[9], [14], [6] and [18], is that we allow all parameters a;; and b; to vary: this concerns both Lee—Yang
zeros [12], [6], [18] of 8 (/) as a function of b; with fixed a;; and Fisher zeros [14] of § (¢/) as a
function of a;; with b; fixed. It appears that Theorem 1 is the first result establishing an asymptotically
optimal zero-free region when the interactions a;; are allowed to differ for different pairs {7, j} and even
to be of different signs, so that we have a mixture of ferromagnetic and antiferromagnetic interactions.

There is much less known in the case of cubic and higher degree polynomials on the Boolean cube;
see though [16] and [15]. In particular, Theorem 2 might be the only result that provides asymptotically
optimal bounds for cubic polynomials, although the optimality follows by a trivial reduction to the
quadratic case. We note that in contrast to (1), the left-hand side of (4) is not the Lipschitz constant of
the non-linear part of f but an upper bound on that Lipschitz constant.

For polynomials f of degree d > 4 on the Boolean cube, some, apparently non-optimal, estimates
can be found in [4]. Roughly, estimates of [4] require the Lipschitz constant of f to be O(1/Vd). It
would be interesting to find out if one can get a bound uniform on d.

2. Proof of Theorem 1
2.1. Definitions and notation

We consider the Boolean cube {-1, 1}" of vectors x = (£1,...,&,), where & = £1 fori=1,...,n. Let
us choose aset I C {1,...,n} and numbers o; € {—1, 1} fori € I. The set

F:{xe{—l,l}": & =0y for 1'61}

is called a face of {—1,1}". Any index i € {1,...,n} \ I is called a free index of the face F, and the
number n — |I| of free indices is called the dimension of F and denoted dim F'. Indexes i € I are called
fixed. For example, if I = 0, then the face is the whole cube {—1,1}"; and if I = {1,...,n}, then the
face consists of a single point. Generally, a face of dimension k consists of 2% points.

Letg: {-1,1}" — C be a function, and let F c {-1, 1}" be a face. We define the partial sum of g
on F by

S(elF) = > g(x).

xeF

We will use the following straightforward identity. Let F be a face of {—1, 1}" of dimension at least 1.
Leti be a free index of F, and let F* C F and F~ C F be the faces obtained by fixing the i-th coordinate
&; of vectors x € F to 1 and —1, respectively. Hence F* UF~ = F, F* N F~ = and
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8(glF) = 8(gIF*) +8(g|F"). Q)

Let us fix a real number 0 < § < 1 and a vector b = (by,...,b,) such that |3 b;| < 6%/10 for
i =1,...,n. We denote by U(b; ) the set of all polynomials f : {-1,1}" — C,

FEnné)= ), aié +ib,~§i,
i=1

1<i<j<n

where

n n 2
Z\‘Ralﬂ < 1-6 and Z|5aij| < (15—0 for i=1,...,n.
j=1 J=1

We can view U(b;d) as a convex subset of c(®) with a non-empty interior. In particular, for any
fi, fo € UW(b;6) and any 0 < @ < 1, we have f € U(b;0) for f = afi + (1 — @) f>. Our goal is to show
that 8 (e/) # 0 for all f € U(b; ).

In what follows, we view non-zero complex numbers z € C \ {0} as vectors in the plane R> = C and
measure angles between them. We prove by induction on the dimension of a face F c {1, 1}" that
8 (ef |F ) # 0 and, moreover, if F* and F~ are faces of F defined above then the angle between complex
numbers 8 (e/ |F*) # 0 and 8 (e/ |F~) # 0 is small.

We start with a simple geometric lemma.

Lemma 1. Let w,,w_ € C\ {0} be non-zero numbers such that the angle between w,. and w_ does not
exceed some 0 < 0 <, andletw = wy +w_.

1. We have w # 0 and, moreover,
(Wl +|w_]| 1
[w] = cos(68/2)

2. We have

w 2

Proof. Letv,, v_ and v be the orthogonal projections of w,, w_ and w, respectively, onto the bisector
of the angle between w, and w_. Then

wl 2 [v] =y +v|=[ve| +|v-| 2 cos(6/2)|w.] + cos(6/2)|w-|

and Part 1 follows.
To prove Part 2, let u, = wy/w and u_ = w_/w. Then

uy+u_ =1
is real and the angle between u, and u_ does not exceed 6. Let
a=argu, and B=-argu_.

Without loss of generality, we may assume that 0 < @, 8 < 7/2 and hence @ + 8 < 6. Let

1

= =+ _| < —_—
¢ =lusl+fu| < cos(872)
where the inequality follows from Part 1. Since 3 (u, + u_) = 0, we have

(sin@)|us| = (sinB)|u_|
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and hence
csinf csina

luy| = ———— and |u_|= ——""——70.
sin@ + sin 8 sina + sin 8

We have

2c¢(sina)(sin B)
sina+sing

13 (uy —u )| = B us] + [T u_| = (sina)|us| + (sin B)|u-| =

Since the function x — 1/sin(x) is convex on the interval 0 < x < 7/2, the minimum value of

sina+sing 1 N 1
(sina)(sinB) sine sinf

subject to the constraints 0 < @, 8 < 7/2 and @ + B8 < @ is attained at @ = 8 = 6/2. Consequently,

2csin%(6/2)

19 (s —u)l = 550072

0
=csin(8/2) < tanz,

which proves Part 2. o

Part 1 can be extended to the sum of more than two vectors with pairwise angles not exceeding 6,
for which one should require 6 < 27/3; see Lemma 3.6.3 in [3].

Lemma 2. Let F C {-1,1}" be a face of {-1,1}". Suppose that for all f € U(b;5), we have

8 (ef |F) # 0 and, moreover, the following condition is satisfied: if i is a free index of F and F* C F and

F~ C F are the faces obtained by setting the i-th coordinate &; = 1 and &; = —1, respectively, then the

angle between the numbers 8 (e/ |F*) # 0 and 8 (e/ |F~) # 0 does not exceed 6 for some 0 < 6 < .
Since 8 (e/ |F) # 0 for all f € U(b;0),

fr,....6n) = Z aij§i§j+zn:bi§i,
im1

l<i<j<n

and the set U(b; 6) is simply connected, we can choose a branch of the function f — In8 (ef |F) for
f € U(b;9).
Let us fix two indices 1 < p < g < n, at most one of which is free for F. Then

<t 0
an -
B 2

lnS(ef|F)‘ < and ‘Saa

e In8 (ele)

1
Apq cos(8/2)

Jorall f € U(D;0).

Proof. Differentiating, we get

f
In8 e/ |F) = 8 (épéqe’ IF)

Apq S (ef|F)

Suppose first that neither of the indices p or ¢ is free. Then the value of £, is constant for all x € F
and hence

S(fpfqef”:)

S(ellF) ot

from which the conclusions of the lemma follow.
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Suppose now that only one of the indices p and g, say ¢, is free. Let F* Cc F and F~ C F be the
faces obtained by setting the g-th coordinate &, = 1 and &, = —1, respectively. Applying (6), we get

S (éptae’ IF) _, 8(&ge!IF) _ (S(ef |F*) 8(ele‘))_

S(e/1F) P S(el|F) S(e/|F)  8(e|F)

We apply Lemma | with
we=38 (ef|F+) and w_=8 (ef|F_) )
By (6), we have

w=w++w_=8(ef|F)

and the angle between w, # 0 and w_ # 0 does not exceed 6 by the assumption of the lemma. Applying
Part 1 of Lemma [, we get

lnS(ef|F)‘=|&_&| < wel+w-| _ 1

‘ dpq woow [w = cos(0/2)

Applying Part 2 of Lemma 1, we conclude that

0 » -w_ 0
g s (¢ |F) =)S u| < tan 2,
Oapg w 2
which completes the proof. O

Corollary 1. Let F c {1, 1}" be a face as in Lemma 2, and let f € U(b; 8) be a polynomial. Suppose
that p is a fixed index of F, and let g € U(b; 6) be a polynomial obtained by replacing the coefficient
apq in f for some q by —apg. Then the angle between § (ef |F) # 0 and 8 (¢8|F) # 0 does not exceed

2|5apq|

%
(Ztan E) |% apq| + m

Proof. For —1 <t < 1,let f; : {-~1,1}" — R be the polynomial obtained by replacing a,, with ta
in f,s0 fi = fand f_; = g and f; € U(b;0) for =1 <t < 1. Then

1

lnS(ef|F)—ln8(eg|F):/l%lnS(efﬂF) dt:apq/ lnS(eﬁlF) dt.
-1

-1 Odpgq
Consequently,
. o
|s ns (ef |F) ~9Ins (eg|F)| < 1R apyl / g In$ (ef’|F)‘ dt
-1 8(1Pq
1
9 .
Ly |/ I8 (f|F ' dr.
prq 4 aapq )
Applying Lemma 2, we complete the proof. O
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2.2. Proof of Theorem 1

First, we show that there is 0 < 6 < /2 such that

0 62 6?

2(1-6)tan -+ ———— + — < 6. 7
(I-dans+ s @) "5 < @
Indeed, we can just choose 6 = §/2. Using that

1 9
cosx > cos(z) > — for 0<x<

and that

Bl

tanx < x(1+lx—0) for 0<x<

(since the function x~2 (tanx — x) is increasing for x > 0, it suffices to check the inequality for x = 1/4),

we obtain
6 52 52 5 52 52
2(l-&)tan -+ ——————+ — =2(1 —f)tan - + ———— + —
(I=oytan s + oSy T 5 -0y + oo/ s
s s\ 19682 & 396 8%\ 196> 6
< — - —_ _—= = - —_— = — — < - =
<20 ‘5)4(1J’40)Jr 45 2(1 40 40)+ 5 "2
We prove by induction for k = 0, .. ., n the following statement.

Let F c {-1, 1}" be a face of dimension k. Then 8 (ef |F) # 0. Moreover, if kK > 0 and q is a free
index of F then the following holds. Let F* c F and F~ C F be the faces of F obtained by fixing
the g-th variable &, to £, = 1 and &, = —1, respectively. Then the angle between § (ef |F*) # 0 and
8 (e |F~) # 0 does not exceed 6.

The statement clearly holds for £ = 0. Suppose that £k > 1; let g be a free index of F, and let
F*, F~ C F be the corresponding faces, so dim F* = dim F~ = k — 1. By the induction hypothesis, we
have 8 (e/ |F*) # 0 and 8 (e/ |F~) # 0. Moreover, 8 (e |F~) = 8 (e8| F*), where g is obtained from

fér,....6) = Z aij§i§j+zn:bi§i
in1

1<i<j<n

by replacing the coefficients apq for p # g by —a,, and the coefficient b, by —b,. Since ¢ is a fixed
index for F*, replacing b, by —b, leads to multiplying 8 (e/ |F*) by e ?Pa%a, which results in the
rotation of 8 (e/ |[F*) by an angle of 2(J b,) < 6*/5 and some scaling. By Corollary 1, replacing all
apq with —a ,, leads to a rotation of 8 (e/ |F*) by at most an angle of

0
2tan =
[2n5)

and also some scaling. Hence the angle between 8 (¢/ |F*) # 0 and 8 (e/ |[F~) = 8 (e4|F*) # 0 does
not exceed

2 0 62
D Rapgl+ ———= > [Tapgl < 2(1-8)tan 5 + ———
b cos(6/2) it 2 5cos(6/2)

0 52 62
21— tanc+—2 +% <g
(I-otan s+ @ T 5 =

by (7). Since
8 (ef|F) =3 (ef|F+) +8 (ef|F-),
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applying Part 1 of Lemma | with
wy=38 (ef|F+) and w_=38§ (ef|F*) ,
we conclude that
8 (! IF) #0.

This concludes the proof of the induction step and hence of Theorem 1. O

3. Proof of Theorem 2
First, we obtain a version of Lemma 1.
Lemma 3. Let vy, vi—,v_y,v__ € C\ {0} be non-zero numbers, such that the angles
between v, and v._,
between v., and v_,,
between v__ and v,_,
between v__ and v_,
do not exceed some 0 < 0 < m/2, andletv =v,y +vi_ +Vv_+Vv__.

1. We have v # 0 and, moreover,

V| + [V | + [v_i| + [v__] 1
[v| = cosf’
2. We have
Vap = Voo —V_y+V__
g * < tan —.
% 2

Proof. Clearly, the angle between any two vectors of vi,vi—,v_y and v__ does not exceed 26 < .
Let K ¢ R? = C be the angle (cone) spanned by the four vectors. Hence the angular measure of X is at
most 26.

The proof of Part 1 goes exactly as in the proof of Lemma 1.

We let uyy, uy—, u_y, u__ and u be the orthogonal projections of the vectors v, v, v_,v__ and v,
respectively, onto the bisector of K. Then

W] >l = ]+l |+l + ] > €05(6) (Vo] + [vae] + vyl + v__])

and the conclusion of Part 1 follows.
The proof of Part 2 is obtained by the application of Part 2 of Lemma 1. Namely, let

Wy =vir+v__ and w_ =v,_+v_,,
so that
Vit = Vi — Vo +V__ Wy —Ww_
v Wi t+w_

We claim that the angle between w, and w_ does not exceed 6. Indeed, without loss of generality, we
assume that one side of the angle K is spanned by v.. If the other side of K is spanned by one of the
vectors v, or v_, or the angle is just the ray spanned by v,., then the angular measure of K does not
exceed 6 and hence the angle between w, and w_ also does not exceed 6. Suppose now that the other
side of K is spanned by v__. Without loss of generality, we assume that listed in the clockwise order,
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the vectors in K are vy, v4—, v_; and v__. We consider the following two angles: angle K; spanned by
v+t and v_, and angle K, spanned by v,_ and v__. We note that the angular measure of K; does not
exceed 6 and the angular measure of K, does not exceed 6. Vector w_ lies in the angle spanned by v._
and v_, and hence in K| N K5. On the other hand, since K = K| U K3, vector w, lies in at least one of
the angles K or K5. In either case, the angle between w., and w_ does not exceed 8. Applying Part 2 of
Lemma 1, we conclude that

Vs — Vel — Vo +V__ Wy —W_
g ) - ’s
Vv

as claimed. O

Similar to Section 2, we introduce a set U(b; ) C C(g)J“('z') of cubic polynomials

n

fFoy= Y cpibigcr ), aygdi+ ) bk for x=(£1,...,£)

I<i<j<k<n 1<i<j<n i=1

such that

Z |‘Z"\Cl’jk|+ Z |‘Raij| < 1-96,

Joke g k#i JJ#
62
Z |8C[jk|+ Z |3a,~j| < E and
ke ki i i

2
ISbiIS% for i=1,...,n.

Next, we need a refinement of Lemma 2.

Lemma 4. Let F c {-1,1}" be a face of {—1,1}". Suppose that for all f € U(b;6), we have
) (ef |F) # 0 and, moreover, the following condition is satisfied: if G C F is a face, if i is a free index
of G and G* C G and G~ C G are the faces obtained by setting the i-th coordinate &; = 1 and &; = -1,
respectively, then the angle between numbers 8 (ef |G*) #0and 8 (ef |G™) # 0 does not exceed 6 for
some 0 < 6 < n/2. We pick a branch of In8 (e/ |F) for f € U(b; ).

1. Let us fix three indices | < p < q < r < n, at most two of which are free for F. Then

1
cos @

<

s (ef |F)

and 'S lnS(ele) < tang.

Cpgr

Cpgr

2. Let us fix two indices 1 < p < q < n, at most one of which is free for F. Then

1 1
‘ ln8(ef|F)‘ < < and
Apq

cos(6/2) ~ cos#
’5 9 lnS(ef|F) < tang.
dapg 2

Proof. If there is at most one free index, the proof follows that of Lemma 2. Suppose that exactly two
indices, say p and g are free, while 7 is fixed. Then

S (‘fpquref|F) _ &8 (fpfqele)
Cpar S(efIF)  8(efIF)
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Let us define four faces F**, F*—, F~* F~~ C F as follows:

F™ C F isobtained from F by setting &, =1,&, = 1;
F*~ C F isobtained from F by setting &, =1,&, = —1;
F™* CF isobtained from F by setting &, =-1,&, = 1;
F™~ C F isobtained from F by setting &, = -1,&, = -1.

We let
Vi =38 (ef|F++) s
veo =8 (ef |F+_) ,
vy =8 (ef |F_+) ,
v_=3§ (ef |F”) ,
so that
8 (ef |F) I VA SR VN S VI P
and
I8 (ef |F) =g 2t Tm Tt
¢ pgr Vip + Ve Vv +v__
The proof now follows by Lemma 3. O

As in Section 2, we obtain a corollary.
Corollary 2. Let F C {—1,1}" be a face as in Lemma 4, and let f € U(b; &) be a polynomial.

1. Suppose that r is a fixed index of F, and let g € U(b; ) be a polynomial obtained from f by replacing
the coefficient cpq, in f for some p and q by —cpqr. Then the angle between & (ef |F) # 0 and
S (e8|F) # 0 does not exceed

2|5Cpqr|'

0
(2tan 5) |‘R cpqr| + p—

2. Suppose that p is a fixed index of F, and let g € U(b;0) be a polynomial obtained from f by
replacing the coefficient apq in f for some q by —apq. Then the angle between 8 (ef |F) # 0 and
S (e8|F) # 0 does not exceed

6 2 |5 apq|
2tan = | |R + — .
( an2)| @pal cos @
Proof. The proof is similar to that of Corollary 1, only we use Lemma 4 instead of Lemma 2. O

3.1. Proof of Theorem 2

First, we show that there is 0 < 6 < /4 such that

52 52
+ EE—
S5cos@ 5

6
2(1 —6)tan§+

As in Section 2.2, we can choose 8 = /2 (note that we assumed that § < 1/2 and hence we can use the
estimates of Section 2.2 verbatim).
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We prove by induction the same statement as in Section 2.2. The only difference is that if r is
a free index of F and F*, F~ C F are the faces obtained by setting & = 1 and & = —1, respec-
tively, then S (ef |F*) = 8 (e#|F~), where g is obtained from f by changing all coefficients ¢4, to
—Cpqr, all coefficients ay, to —ag,, and the coeflicient b, to —b,.. We then use Corollary 2 instead of
Corollary 1. o

3.2. Polynomials of higher degree

We don’t know if the straightforward extensions of Theorems | and 2 hold for polynomials f :
{-1,1}* — C of degree 4 and higher (for some non-optimal estimates in that case, see [4]). The
reason our argument does not extend to the case of deg f > 4 is that we are lacking the appropriate
version of Part 2 of Lemma 3. In the case of deg f = 4, that version would have looked as follows: given
eight non-zero complex numbers

Vidds Vir—s Viets Vs Vegpy Vg Vg y Ve,

such that the angle between any two of them whose indices differ in one position does not exceed some
small number 6 > 0, we have

0

Vigd = Viape = Vig = Vopy + Ve o+ Vv v —v__ | ?
J <tan >

Vgt F Ve Vo F Vi F ViV VvV

However, the above inequality cannot hold. One can easily construct a counterexample by choosing
|Vits| = [v_—_| = 1, the angle between v, and v___ equal 36, while choosing all other vectors to have
a very small length. In that case, the left-hand side should be about tan(36/2), and our proof cannot
proceed unless we tighten the bound for the sum of the absolute values of the coefficients.This failure
of the approach does not, of course, exclude a possibility that the extensions of Theorems | and 2 still
hold for higher-degree polynomials.

4. Approximation

Let

f(x) = Z ai.f§i§j+2b,-§i for x= (f],...,.fn).
i=1

1<i<j<n

We suppose that the coeflicients a;; and b; are real and satisfy

Z lajj| < 1-6 for i=1,...,n
JiJ#i
and some 0 < ¢ < 1, fixed in advance (there are no restrictions on b;). Here we sketch an algorithm for
approximating
s(ef)= > S,
xe{-1,1}"

Without loss of generality, we assume that & < 0.1 and that » is large enough,

S 100
n = ?,
since for smaller n the sum § (ef ) can be computed by brute force.
We use the method of polynomial interpolation. The gist of the method is summarized in the following
lemma; see Section 2.2 of [3] and [5].
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Lemma 5. Let U C C be a connected open set containing O and 1. Then there is a constant y(U) > 0
such that the following holds. Suppose that

n

p(z) = Zakz", n>2,

k=0

is a polynomial such that p(z) # 0 for all z € C. Then, for every 0 < € < 1, the value of p(1), up to
relative error €, is determined by the coefficients ay with

k < y(U)(Inn —1ne)

and, moreover, can be computed from those coefficients in n°W time.

Here we say that two complex numbers w; # 0 and wy # 0 approximate each other within relative
error 0 < € < 1 if we can write w; = ¢*! and w; = e%, where |z; — z1| < €.

In our case, U C C is a sufficiently small neighborhood of the interval [0, 1] c C. Our first goal is
to write & (ef ) as p(1) for a univariate polynomial of p with deg p = noW,

4.1. Writing 8 (e’ as p(1) for a univariate polynomial p(z)

First, we rewrite 8 (ef ) as a polynomial in some new variables. We have

el (%) = l_[ e%iiigi (ﬁ ebifi)

1<i<j<n i=1
n
=exp{— Z ajj 1_[ i (&i&i+1) (1_[ ebifi) .
l<i<j<n 1<i<j<n i=1
Let
cijze“if/”z—l for 1<i<j<n. )
For given by, ..., b,, we consider a polynomial

Py (c) = Z 1—[ (cij+1)”2(fié".f+l> (ﬁebi&

&, &=l \I<i<j<n i=1

S~—

of degree n’(n — 1) in the vector ¢ of (}) variables c¢;;. Thus we have
S (ef) =exp {— Z aij} Py, (c)
1<i<j<n

and we want to approximate P, (¢).
Next, for given ¢ and b;, we consider a univariate polynomial

2 s n
p(z) = Py (z¢) = Z H (ZCij " l)n (& &j+1) (l—l ebi-fi) ©
e En=xl \1<i<j<n i=1

of a complex variable z. Our goal is to approximate p(1).
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4.2. Showing that p(z) # 0 in a neighborhood of [0,1] c C
Our next goal is to show that

2

0
p(z) #0 provided |Rz| <1+6> and [Jz| < 30"

Since |a;;| < 1 and n > 10, from (8) we deduce that

aij’

1
‘cij—ﬁ < — forall i,j

< 3
(follows from the Taylor series expansion of %/ ”2). In particular,

2
leij| < ) forall i, .

From (8), we obtain
aijznzln(l+cij) for all i,j.
Let us choose an arbitrary z € C such that |z| < 1 + 62, and let us define
5ij=3ij(z)=n21n(1+zcij) for all i,j,
where we choose the principal branch of the logarithm, so that @;;(0) = 0. Let
f(x): Z Eij§i§j+zbi§i for x:(fl,...,fn).
I<i<j<n i=1

From Section 4.1, we have

Combining (11)—(13), we obtain

py 3 . .
ajj =za;j+m;; where || < ) forall i,

(follows from the Taylor series expansion of In(1 + zc;;)). Consequently,

Z |Ra;,| < (1—5)(1+52)+% <1-2

Jrj#i

[\

In addition, if |J z| < 6%/80, then

A 2 3 &
Z |8aij| < %+; < E

JoJ#i

Hence by Theorem | we have that 8 (ef ) # 0, and therefore by (14), we conclude that (10) holds.
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4.3. Computing p® (0)

As discussed in Section 2.2 of [3] (see also [17] and [5] for some enhancements), as soon as p(z) # 0in
some neighborhood U of the interval [0, 1] c C, to approximate p (1) within relative error 0 < € < 1, it
suffices to compute the derivatives p ¥ (0) for k = y(Indeg p —In €), where y = y(U) > 0. Since in our
case deg p < n*, to approximate 8 (ef ) = p(1) within relative error 0 < € < 1, it suffices to compute
pk(0) for k = O(Inn - In€), where the implied constant in the ‘O’ notation depends on ¢ alone.

From (9), we obtain

p®(0) = Z (kl k k)(an)k _..(2n2)k Z (ﬁebig,«)
veees kg ! o

(kiyenes ks): Elserns En== i=1
ki+...+ks=k

kl ks
X Z Ciljl Cisjs ’

{i1<j1,02<j2,--is<js }

&iy &jy = =i £ =1

where the outermost sum is taken over all positive integer vectors (ky, ..., ks) suchthat k| +...+ks = k,
the innermost sum is taken over all s-sets of pairs i; < ji, i2 < ja, ..., is < Js, such that the products
&€y, ..., & &), are all equal 1’s, and where

(2n2)k =22 (2n2 - 1) S (2}12 ki + 1) .

i

It is convenient to rewrite the above sum in the graph notation. Let K,, be the complete undirected graph
with set V = {1,...,n} of vertices and set E of edges. We assign weight c;; to edge {i, j}. We call a
map o : V — {-1, 1} consistent on an edge u = {i, j} if o (i) = o(j). Then

k n o
o= ) (k k ) (7)) ( Eblw))
(kpyomskg): Vo Lremeo s ki ks o V—{-1,1} \i=l
ki+...+kg=k
X Z c],ji . -c’,j;‘
{ug,..., us}CE:
o is consistent on each uy,...,us
k
-y (k i ) (an) ...(2,12) S ek
(Kjakg): Vodomeo s ki b oy cE
ki+...+ks=k
n
1_[ ebia(t) )
o V—{-1,1} i=1
o is consistent on each uj,..., Ug
For a given s < k, there are not more than n? < n2k sets of s distinct edges uy, ..., us. Given such a set
u,...,us, let W c V be the set of vertices of uy, ..., us. Then |W| < 2s, and there are at most 2° maps

0o : W — {—1, 1} that are consistent on each edge u, .. ., u,. Finally, given such a map oy, we have

n

Z ]_[eb,-cru) - H ebioo(d) H (ebf +e—bl—).
o V—{-1,1}: i=1 ieWw ieV\W
o|W=oy
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Summarizing,

o 5 (B, S

(kiseeesks): ¥ {ut,e.cus }CE
ki+...+ks=k
1_[ ebiO'o(i) 1_[ (ebi + e—bi) ,
oo: W—{=1,1}ieW ieV\W
where the outermost sum is taken over at most (215__11) positive integer vectors (k1, . .., k) satisfying the
equation k1 +. . .+kg = k, the next sum is taken over at most n?* subsets of s < k edges and the innermost
sum is taken over at most 2° < 2¥ consistent maps oy on the set W of vertices of {u,...,us}. Hence

the complexity of computing p®) (0) is n?®) | and since k = O(Inn — In €), we obtain an algorithm of
quasi-polynomial n® ("= €) complexity to approximate 8 (/).

Guus Regts explained to the authors that the argument of [17] allows one to obtain a genuinely
polynomial, as opposed to quasi-polynomial, algorithm if the maximum degree A of the underlying graph
G with edges {i, j}, where a;; # 0 is bounded from above in advance. This is based on the observation
that computing p¥) (0) in that case reduces to weighted enumeration of connected subgraphs of G with
O (k) vertices, which can be accomplished in polynomial time as long as A is fixedand k = O(Inn—In€).

The extension of the algorithm to cubic polynomials f is straightforward. We use then Theorem 2
instead of Theorem 1 to ascertain that the auxiliary univariate polynomial p(z) does not have roots in a
neighborhood of [0, 1] c C.
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