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Abstract. We consider the problem of evaluating certain exponential
sums. These sums take the form

§ 2T f(m1,@a,eeTn)
€ 7

Z1,22,..,Tn €ELN

where each z; is summed over a ring Zy, and f(z1,z2,...,Zn) is a mul-
tivariate polynomial with integer coefficients. We show that the sum can
be evaluated in polynomial time in n and log N when f is a quadratic
polynomial. This is true even when the factorization of N is unknown.
Previously, this was known for a prime modulus N. On the other hand,
for very specific families of polynomials of degree > 3 we show the prob-
lem is #P-hard, even for any fixed prime or prime power modulus. This
leads to a complexity dichotomy theorem — a complete classification of
each problem to be either computable in polynomial time or #P-hard
— for a class of exponential sums. These sums arise in the classifica-
tions of graph homomorphisms and some other counting CSP type prob-
lems, and these results lead to complexity dichotomy theorems. For the
polynomial-time algorithm, Gauss sums form the basic building blocks;
for the hardness result we prove group-theoretic necessary conditions for
tractability.

1 Introduction

Exponential sums are among the most studied objects in Number Theory [TI2I/3].
They have fascinating properties and innumerable applications. Recently they
have also played a pivotal role in the study of computational complexity of graph
homomorphisms [45].

* Supported by NSF CCF-0830488 and CCF-0914969.
** Most of the work done while the author was a postdoc at the Institute for Advanced
Study and Princeton University. Supported by Grants CCF-0832797, DMS-0635607,
and the USC Viterbi School of Engineering Startup Fund (from Shang-Hua Teng).

D.T. Lee, D.Z. Chen, and S. Ying (Eds.): FAW 2010, LNCS 6213, pp. 148 2010.
© Springer-Verlag Berlin Heidelberg 2010



On Tractable Exponential Sums 149

The most fundamental and well-known among exponential sums are those
named after Gauss. Let p be an odd prime, and w, = e2™/P be the p-th primitive
root of unity. Then the Gauss sum over Z,, is

t t
G= Z (p) W,t), where (p) is the Legendre symbol. (1)

tEZ,

In this paper, we will need to use a more general form of the Gauss sum which
will be defined later in Section [Il Another well-known expression for G in () is

I2
G= erzp (wp)" -
Gauss also knew the remarkable equality G2 = (—1)®=1/2p; i.e.,
G==xp ifp=1 (mod4), and G==iy/p ifp=3 (mod4). (2)

In particular, we have |G| = |/p, which is an expression that the p terms in the
sum G are somewhat “randomly” distributed on the unit circle (but note that
the equality is exact). However, the truly amazing fact is that, in all cases, the
plus sign (4) always holds in (2]). Gauss recorded this conjecture in his diary
in May 1801, and on August 30, 1805 Gauss recorded that a proof of the “very
elegant theorem mentioned in 1801” had finally been achieved.

In this paper we consider the computational complexity of evaluating expo-
nential sums of the form

Z(Nvf) = Z 6217\\}if(331,322,m,;cn)’

T1,22,...,Tn ELN

where each z; is summed over a ring Zy and f(x1,x2,...,x,) is a multivariate
polynomial with integer coefficients. The output of the computation is an alge-
braic number, in the cyclotomic field Q(e2™*/"). Any canonical representation
of the output algebraic number will be acceptable [67]. These sums are natural
generalizations of the sums considered by Gauss and with arbitrary polynomials
f, they have also played important roles in the development of number theory.

Our main results are as follows: We show that the sum Z (N, f) can be evalu-
ated in polynomial time when f is a quadratic polynomial. The computational
complexity is measured in terms of n, log N, and the number of bits needed to
describe f. While it is known that Z(N, f) can be computed efficiently when N
is a prime [8], our algorithm works for any composite modulus N, even without
knowing its prime factorization. On the other hand, for very specific families of
polynomials of degree > 3, we show the problem is #P-hard even for any fixed
prime or prime power modulus. This leads to a complexity dichotomy theorem —
a complete classification of each problem to be either computable in polynomial
time or #P-hard — for a class of exponential sums.

For the polynomial-time algorithm, we employ an iterative process to elimi-
nate one variable at a time. Gauss sums form the basic building blocks. The fact
that we know the exact answer to the Gauss sum, including the sign, is crucial.
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It turns out that the situation is different for an odd or an even modulus N. A
natural idea is to deal with each prime power in the modulus N separately, and
combine the answers by Chinese remaindering. It turns out that the algorithm is
more difficult for a modulus which is a power of 2, than for an odd prime power.
A more fundamental difficulty arises when N is large and its prime factorization
is unknown. We overcome this difficulty as follows: (1) Factor out all powers of 2
in N and deal with it separately. (2) Operate in the remaining odd modulus as if
it were an odd prime power; whenever this operational commingling encounters
an obstacle, we manage to discover a non-trivial factorization of the modulus NV
into relatively prime parts. In that case we recurse.

Theorem 1. Let N be any positive integer and f € Z[z1, ..., x,] be a quadratic
polynomial in n variables x1,...,T,. Then the sum Z(N, f) can be evaluated in
polynomial time in n, log N, and the number of bits needed to describe f.

Previously, it was known that for quadratic polynomials f, the sum can be
computed in polynomial time, if N is a prime [§]. An algorithm with running
time O(n?) can also be found in the paper by Ehrenfeucht and Karpinski [9].
Compared to these algorithms, ours works for any NV even if it is given as a part
of the input and its factorization is unknown. It was also suggested that there is
a reduction from root counting. One can express the sum as

Shoo #lf =K,

If N is polynomially bounded and if one can compute #[f = k| for all k, then
one can compute the sum. But this works only when N is small. Our results are
for general N (polynomial time in the length log N). In our algorithm, Gauss
sums play a crucial role. Any claim to the contrary amounts to an independent
proof of Gauss’s sign formula (that “very elegant theorem mentioned in 1801”),
since it is not only a crucial building block of our algorithm, but also a special
case of the algorithm. We also note that our treatment for the case when N is
a power of 2 is significantly different than previous work. No simple adaptation
of ideas from Sylvester’s law of inertia seems to work.

For the hardness part, we give several successively more stringent necessary
conditions for a class of polynomials to be tractable. The first necessary condi-
tion involves the rank of an associated matrix, and the proof uses the widely
applicable dichotomy theorem of Bulatov and Grohe [10] on counting graph ho-
momorphisms over non-negative weighted graphs. The second condition involves
linear independence and orthogonality. The third and much more stringent nec-
essary condition is group-theoretic in nature; it asserts that the set of row vectors
of a certain complex matrix must form a group. In the paper [4], Goldberg et
al. had proved a similar condition for {—1, +1}-matrices, in the study of graph
homomorphisms over real weighted graphs. Finally, in subsection [ we give a
Generalized Group Condition which leads to a complexity dichotomy.

Previously, it was shown by Ehrenfeucht and Karpinski [9] that for any fixed
prime N, the problem of computing Z(N, f) for general cubic polynomials f is
#P-hard [9]. However, our tests in Section [4] are more powerful. They allow us
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to prove the #P-hardness of Z(N, f) even if f belongs to some very restricted
families of polynomials, since they fail one of the tests in Section [l

These sums arise recently in the classifications of graph homomorphisms as
well as some other counting CSP type problems (include both CSP and Holant
Problems). For example, the special case when N = 2 is a key component of the
dichotomy of Goldberg et al. [4] for graph homomorphisms over real weighted
graphs. It implies that the partition function Zg(-) (see the definition in section
4) with Hy 1 = H1 2 = Hy1 = 1 and Hy 2 = —1, which has been an obstacle to
the dichotomy theorem of Bulatov and Grohe [I0] and was left open for some
time, can actually be computed in polynomial time.

Preliminaries

Let wy = e2™/N denote the N-th primitive root of unity. Let N = Nj - Ns be a
non-trivial factorization, namely N1, Ny > 1. Suppose N7 and N> are relatively
prime, then there exist integers a and b such that bN; +alN, = 1. It follows that

Z(N, f) = Z(Ny,af) - Z(Na,bf). 3)

Therefore, if we know a non-trivial factorization of IV into relatively prime factors
N7 and Na, then the problem Z (N, f) decomposes. In particular, we can factor
N = 2N’ where N’ is odd. Thus we can treat the problems Z(2¥,-) and Z(N’, )
separately. In Section [2 we give an algorithm for the case when N is odd and
in Section [ we deal with the case when N = 2,

Our algorithm crucially relies on the fact that the following general form of
Gauss sum G(a,b) can be computed in polynomial time in loga and logb, even
without knowing their prime factorizations. Let a,b be non-zero integers with
b > 0 and ged(a,b) = 1. Then G(a,b) denotes the following sum:

G(a,b) = 3, cp, Wi

The algorithm for computing G(a, b) can be found in the full version [I1].

2 0Odd Modulus
First, we present a polynomial-time algorithm for the case when N is odd. Let

@, an) = 2icjem) CiiTiTi + e CiTi + Co. (4)

We may assume ¢o = 0 because it only contributes a constant factor to Z(N, f).
For each non-zero coefficient ¢ = ¢; j or ¢; of f, we compute the greatest common
divisor g = ged(N, cllogz N1). Note that if ord, NV is the exact order of a prime p
in N, then N > p*%¥ and thus ord, N < [log, N|. Hence if ¢ shares any prime
p with N, but not all the prime factors of N, then ¢ has the factor p°*%" and
N = g-(N/g) is a non-trivial factorization of N into two relatively prime factors.
We can test for each non-zero ¢ = ¢; ; or ¢; whether N = g - (N/g) gives us a
non-trivial factorization of N into two relatively prime factors.
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By @), if for some ¢, we did find such a factorization N = Nj - Ny, then the
problem decomposes into two subproblems Z (N, ) and Z(Na,-). There can be
at most a linear number log, N many such subproblems, and a polynomial-time
algorithm for each subproblem will give a polynomial-time algorithm for Z(N, -).
Therefore, in the following we assume for each non-zero coefficient ¢ = ¢; ; or ¢;,
either gecd(N, ¢) = 1 or ¢ has all prime factors of N, and we know, by computing
the ged, which case it is for each coefficient c¢. We consider the following cases.
Case 1. There exists some diagonal coefficient c; ; relatively prime to V.
Without loss of generality we assume c; ; is relatively prime to N. Then ¢; ; is
invertible in Zy. Since N is odd, 2 is also invertible. Denote by C/Li an integer
such that ¢| ; = (2¢1,1) " 'e1; (mod N), for 2 < i < n. We have, modulo N,

f(x1,...,zn)=ci1 [mf—l—Zml(c'l,sz—i—. . .+c’17n:pn)} + Z2§i§j§n Ci,jTiT; + Zie[n] Cii.
Let g(w2,...,2n) = ¢} 9T2 + ... + ¢} ,Tn. Then we can write f as
f=caal@+9)?+ealz+g)+h

where h is some quadratic polynomial in x5, ..., x,. If we substitute y =x1 + g
for x1, then for any fixed zo,...,z, € Zy, when x; takes all the values in Zy,
y also takes all the values in Zy. Hence, we have

Z(N, f) = Z Z w}:\},ly2+cly+h(z2,.,,,In).

T2,...,tnELN YELN

Completing the square again, ¢1 1y + c1y = ¢1.1(y + (2¢1.1) " 1e1)? + ¢/, where

2 ’
d=—c}/(4c11) €Zy and Z(N,f) = Z Z wy’ (@2 2n)

T2,...,En€LN ZELN

where h/(xa,...,2,) = h(x2,...,2,) + ¢ is an explicitly computed quadratic
polynomial in xs,...,z,. It then follows that Z(N, f) = Z(N, k') - G(c1,1, N),
where ' has (at least) one fewer variable than f and the Gauss sum G(cy,1, N)
can be computed in polynomial time. This completes the proof of Case 1.
Case 2. No ¢; ; is relatively prime to /N but there exist some ¢,j: 1 <i<j<n
such that ged(c; j, N) = 1. By our earlier assumption, for every prime factor p
of N, p divides every ¢;; for all 1 <17 < n.

The existence of ¢;; for some 4,5 : 1 < ¢ < j < n implies that in particular
n > 2. Without loss of generality, we assume ged(cq,2, N) = 1. Now we perform
the following substitution: z1 = y1 + y2, T2 = y1 — y2, and x; are unchanged for
any 2 < 1 < n if n > 2. This transformation is a 1-1 correspondence from Z%; to
itself with inverse y; = (21 + x2)/2 and y2 = (x1 — 23)/2 because 2 is invertible
in Zy. Since the transformation is linear it does not change the degree of f. It is
easily checked that the coefficient of y% in the new polynomial is ¢1,1 +¢2,2+c¢1,2.
Since ¢;,1 and ¢z 2 have all the prime factors of N, ¢11 + 2,2 + ¢1,2 is relatively
prime to N. This transformation reduces the computation of Z(N, f) to Case 1.
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Case 3. No coefficients ¢; ; of f, where 1 <14 < j < n, are relatively prime to V.
However, there exists a ¢; relatively prime to IV, for some i : 1 < ¢ < n. Without
loss of generality, assume ged(cq, N) = 1. Let p be a prime divisor of N, then

pleit,...,cin  andyet ptes. (5)

Let k = ord, N be the exact order of p in N with k > 1. Write N = p* Ny, then
ged(p, N1) = 1, and for some integers a and b, we have bp* + aN; = 1. By (@),
Z(N,f) = Z(®"*,af) - Z(Ny,bf). Note that ged(a,p) = 1. Hence the condition
@) for the coefficients of f also holds for af. We will show Z(p*,af) = 0. For
notational simplicity, we will write below f for af.

k Yoci<j<n CiiTiTitYoci<n CiTi Y i<i<n CLITITF+C121
Z0h = Y wEes sn T .
T2, Tn €2k T1E€L,k
We fix any x2,...,2, € Z,x, and consider the inner sum over z;. If k¥ = 1, then

all terms c¢; ;z12; disappear, and because p { ¢1, the inner sum is equal to 0.
Now suppose k > 1. We repeat the sum for p times with () =z, +j - p*~
where 0 < j < p — 1. Then by (@), we have ¢y ;z12; = cuaz(])azi (mod p*) and

1

p—1
D i<i<n CLiT1Ti+cC121 1 D i<i<n C1,iT1TFC1T1 jei
E W = g W g w
p P p p
xleZPk $1€Zpk j=0

By pt ¢, the geometric sum Z?;S wgcl = 0. This finishes Case 3.

Case 4. No coefficients ¢; ; and cg of f, where 1 <7 <j <nand1</¢<n,are
relatively prime to N.
By our earlier assumption, this means that every prime factor of N divides
every coefficient ¢; ; and c,. Then we can find the joint gcd d of N with all these
coefficients, which must at least contain every prime factor of IV, and divide out d
in the exponent. By w% = wy/q, we get Z(N, f) = d-Z(N/d, f') where f' = f/d
is the quadratic polynomial obtained from f by dividing every coefficient with
d.This reduces the modulus from N to N/d.

By combining all the four cases, we get a polynomial-time algorithm for the
case when N is odd.

3 Modulus Is a Power of 2

Next, we deal with the more difficult case when the modulus, denoted by ¢ here,
is a power of 2: ¢ = 2" for some k > 1. We note that the property of an element
¢ € Zq being even or odd is well-defined.

For the case when k = 1, Z(q, f) is computable in polynomial time by [8]. So
we always assume k > 1 below. The algorithm goes as follows. For each round,
we show how to, in polynomial time, either

1. output the correct value of Z(q, f); or
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2. construct a new quadratic polynomial g € Zg/5[1,...,,] and reduce
the computation of Z(q, f) to the computation of Z(¢/2,g); or
3. construct a new quadratic polynomial g € Zy[z1,...,%s_1], and reduce

the computation of Z(q, f) to the computation of Z(g, g).

This gives us a polynomial-time algorithm for evaluating Z(q, f) since we know
how to solve the two base cases when either kK =1 or n = 0 efficiently.

Suppose we have a polynomial f € Zy[z1,...,2,] as in {@). Our first step is
to transform f so that all the coefficients of its cross terms (c; j, where 1 < i <
j < n) and linear terms (¢;) are even. Assume f does not yet have this property.
We let ¢ be the smallest index in [n] such that one of {c;, ¢ j:7 > t} is odd. By
separating out the terms involving x;, we rewrite f as follows

f = Ct,t'$?+$t'fl(l'lw-wl/'\ta“-,xn)+f2(x1,-~-,-ft7~-~7$n)7 (6)

where f; is an affine linear function and fs is a quadratic polynomial. Both f;

and fo here are over variables {z1,...,2,} — {z:}. Here the notation #; means
that x; does not appear in the polynomial. Moreover
Ji(@y, .o Ty ) = Yoy Gty + Zj>t CLi%j + c. (7)

By the minimality of ¢, ¢; ; is even for all i < t and at least one of {c;, ¢, ; : j > t}
is odd. We claim that

Zop= Y efrem= Y ufees)

T1,...,TnE€Lyg T1,...,Tn€2Lg
fi(z1,..,Tty...;xn) =0 mod 2

This is because

Z wg(zl,---’wn) - Z Z w;t,txf“rwtfl"!‘fé’

:Ul,...,(EHEZq I1,---,§t,...,(En€Zq ItEZq
fi=1mod 2 fi=1mod 2
However, for any fixed x1,...,T,. .., T,, the inner sum is equal to w(f times
2 k—14\2 k—1 2
2 2
Z w;t,tzt+th1 +w;t,t(zt+ ) Hwi+ M1 _ (1+(_1)f1> E w;t»tzt+zif1 -0,
z1€[0:2k—1 1] zt

since f; = 1 mod 2. Note that we used (z + 2*~1)2 = 22 (mod 2*) when k > 1
in the first equation.

Recall that f; (see (@) is an affine linear form of {z1,...,%¢, ...,z }. Also
note that c¢;; is even for all ¢ < t and one of {¢;, ¢ ; : 7 > t} is odd. We consider
the following two cases.

In the first case, ¢;,; is even for all j > ¢ and ¢, is odd, then f; is odd for any
assignment (z1,...,%¢,...,2,) i Zf;_l. As a result, Z(q, f) =0 by @).

In the second case, there exists at least one j > ¢ such that ¢, ; is odd. Let
£ >t be the smallest of such j’s. Then we substitute the variable z, in f with a
new variable zj, where (as ¢ ¢ is odd, ¢ is invertible in Z,)

T = c;} (2332 — (ZKt Cist®i + D jsp jre CtiTi + ct)) ) (9)
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and let f’ denote the new quadratic polynomial in Zg[x1, ..., xe—1, 2}, Try1,- -,
Zn]. We claim that

Zaf)=2-2@f) =2 3 wfCrom,
yeees®n €Lg
?iEOQ;rlon

To this end, we define the following map from Z to Zy: (z1,...,2),...,Tn)
(x1,...,T¢,...,2Tn), where x, satisfies ([@). It is easy to check that the range of
this map is exactly the set of (z1,...,x¢, ..., 2,) in Zy such that fi is even.
Moreover, for every such tuple (z1,...,2y, ..., x,) the number of its preimages
in Z; is exactly 2. The claim then follows.

As a result, to compute Z(q, f), we only need to compute Z(q, f’), and the
advantage of the new polynomial f’ over f is the following property. The proof
of Property [Il can be found in the full version [I1].

Property 1. For every cross and linear term that involves x4, ..., x;, its
coefficient in f’ is even.

To summarize, after substituting x, with z using (@), we obtain a quadratic
polynomial f’ such that Z(q, f') =2 Z(q, f) and for all cross and linear terms
that involve 1, . . . , ¢, its coefficient in f” is even. We can repeat this substitution
procedure on f’: either we show that Z(q, f') is trivially 0 or we get a quadratic
polynomial f” such that Z(q, f") = 2-Z(q, f') and the parameter ¢ increases by
at least one. As a result, given any quadratic polynomial f, we can, in polynomial
time, either show that Z(g, f) is 0 or construct a new quadratic polynomial g
€ Zy[z1,. .., 2] such that Z(q, f) = 2¢- Z(q, g) for some known integer d < n,
and every cross term and linear term of g has an even coefficient.

For notational simplicity, we can just assume that the given f in (@) already
satisfies this condition. (Or equivalently, we rewrite f for g.) We will show that,
given such a polynomial f in n variables, we can reduce it either to the com-
putation of Z(q/2, f'), in which f’ is a quadratic polynomial in n variables; or
to the computation of Z(g, "), in which f” is a quadratic polynomial in n — 1
variables. We consider the following two cases: ¢;; is even for all i € [n]; or at
least one of the ¢;;’s is odd.

In the first case, we know ¢; ; and ¢; are even for all 1 <4 < j < n. We use
¢; ; and ¢} to denote integers in [0 : 2871 — 1] such that ¢; ; = 2¢] ; (mod ¢) and

¢ = 2¢; (mod g), respectively. Then,

2 e i A s B
Z(q, f) = w;:o . Z wq(zlge[n] Ci 3T+ en] CiT ) _on -w;o -Z(Qk 1,f’),
T1,Tn€Lq

where
1 _ / J /e
f'=2Yicjem G Tt + L) Citi

is a quadratic polynomial over Z,/o = Zgk-1. This reduces the computation of
Z(q, f) to Z(q/2, ")
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In the second case, without loss of generality, we assume c; ; is odd, then

f= 01,1(3% + 221 f1) + fo=cra(z + f1)? +

where f; is an affine linear form, and both fy and f’ are quadratic polynomials,
all of which are over z»,...,z,. We are able to do this because ¢, ; and c;, for
all j > 2, are even. Now we have

c T 2 ’ ’ c x 2
Z@p= Y, wtTHTH Nl S e Y =G, 9 2, )

f S Tn€Lq To,.n,s Tn€Lq T1€ZLq

The last equation is because the sum over z; € Z, is independent of the value
of f1. This reduces the computation of Z(q, f) to Z(q, f), and f’ is a quadratic
polynomial in n — 1 variables.

To sum up, given any quadratic f, we can, in polynomial time, either output
the correct value of Z(q, f); or reduce one of the two parameters, k or n, by at
least 1. This gives us a polynomial-time algorithm for Z(q, f) when ¢ = 2.

4 #P-Hardness

We first introduce the definition of a partition function Za(-) [T2IT3T4/TOITH],
where A is a symmetric complex matrix. We give four necessary conditions on
the matrix A for the problem of computing Za (-) being not #P-hard. Then we
demonstrate the wide applicability of these four conditions by reducing Za (),
for some appropriate A, to Z(N, f) and proving that even computing Z (N, f) for
some very restricted families of polynomials over a fixed modulus N is #P-hard.
Finally, we show that, for a large class of problems defined using Z (N, f), these
conditions actually cover all the #P-hard cases. Together with the polynomial-
time algorithm presented in Section 2l and Bl they imply an explicit complexity
dichotomy theorem for this class.

Let A € C™*™ be a symmetric m X m matrix, then we define the partition
function Za(-) as follows: Given any undirected graph G = (V, E) (Here G is
allowed to have multi-edges but no self loops)

Za(G)= Y wta(G,§), where wta(G,) = [] Acw.ew- (10)

&:V—[m] (u,v)EE

The complexity of Za (+), for various A, has been studied intensely [T2JT3IT4/TO/TH].
We need the following lemma which can be proved following an important result
of Bulatov and Grohe [I0]. The proof uses the technique of Valiant [I6J17] called
interpolation, which is omitted here.

Lemma 1 (The Rank-1 Condition). Let A € C™*™ be a symmetric matric
and let A’ be the matriz such that A ; = |A; ;| for all i,j. If there exists a 2 x 2
sub-matriz B of A’, such that, B is of full rank and at least three of the four
entries of B are non-zero, then computing Za(-) is #P-hard.
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We can use lemmal[ll to prove a stronger necessary condition for Z (+) being not
#P-hard. The proof can be found in the full version [I1]. In the statement below,
we let A, . denote the i-th row vector of A. We say a matrix A is M -discrete,
for some integer M > 1, if every entry of A is an M-th root of unity.

Lemma 2 (Orthogonality). Let M be a positive integer and let A be a sym-
metric and M-discrete m x m matriz. If there exist i # j € [m] such that A, .
and A . are neither linearly dependent nor orthogonal, then Za(-) is #P-hard.

Next we prove a much stronger group-theoretic necessary condition for Za(:)
being not #P-hard, where A is any discrete unitary matriz as defined below. A
similar condition was first used by Goldberg et al. in [4] for {41, —1}-matrices,
in the study of Za(:) over real matrices. In the rest of this section, we will use
[0: m — 1] to index the rows and columns of an m x m matrix for convenience.

Definition 1 (Discrete Unitary Matrix). Let A € C™*™ be an m X m sy-
mmetric complex matriz. We say A is an M-discrete unitary matrix, for some
positive integer M, if it is M-discrete and satisfies

—Vie0:m—1], A1, =A1=1;Vi#j, (A, Aj.) =0, where
(A Ajis) = D icpm) Aik Aj k-

Given two vectors x,y € C™ we let x oy denote their Hadamard product z:
z=xoy € C™, where z; = x; - y; for all 4.

Lemma 3 (The Group Condition). Let A € C™*™ be an m x m symmetric
M -discrete unitary matriz, for some positive integer M. Then computing Za(+)
is #P-hard, unless A satisfies the following Group Condition:

— Vi, je0:m—1], 3k € [0:m — 1] such that Ay = A; 0 Aj .

These three necessary conditions are very powerful and can be used to prove the
#P-hardness of Z(N, f), for some very restricted families of polynomials f over a
fixed modulus N. We would like to say, e.g., evaluating Z (N, f), when f contains
terms x1xox3, is #P-hard. However, we have to be very careful; such complexity-
theoretic statements are only meaningful for a sequence of polynomials, and
not an individual polynomial. This motivates the following definition. Let h €
Zlz1,...,x,] be a fixed polynomial (e.g., h = zyzaxs, with r = 3). We say
f €Z[xy,...,x,)is an h-type polynomial, if there exists an r-uniform hypergraph
G = (V,E) with V = [n] such that (We allow G to have multi-edges, i.e., E is a
multiset; and edges in E are ordered subsets of [n] of cardinality r)

@i wn) =0 ien M@, @i, (11)

Definition 2. Let ¢ = p* be a prime power and h € Z[x1,...,x,] be a polyno-
mial. We use S[q, h] to denote the following problem: given an r-uniform hyper-
graph G, compute Z(q, f), where f is the h-type polynomial defined by G.
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Using these three necessary conditions, it is easy to prove the #P-hardness of
the following problems, with

hi(x1,x2,x3) = T12223, ho(T1,22) = x%xg and hs(z1,22) = x122 + x%x%

Corollary 1. For any fired prime power q = p*, S[q, h1] is #P-hard;
For any prime power q ¢ {2,4}, Slq, ha] and S[q, hs] are #P-hard.

Proof. We will only prove the statement for S[g, hs] here. For S[q, hs], let A be
the following m x m symmetric and g-discrete matrix:

A= wf;3(i’j), for alli,j € [0:q—1]. (12)

It is easy to see that Za(-) is computationally equivalent to S[q, h3]. Moreover,
when ¢ is an odd prime power, the two vectors Ag » and A , are neither linearly
dependent nor orthogonal and thus, by Lemma 2] S[q, hs] is #P-hard. For the
case when ¢ = 2! and ¢t > 2, it can be checked that A is g-discrete unitary but
does not satisfy the Group Condition. Then by Lemma [ S[q, hs] is #P-hard.

4.1 A Dichotomy Theorem for S[q, h]

Let ¢ be a prime power, and h € Z4[x1, 22| be a symmetric polynomial. By the
proof of Corollary [Il above, the problem SJg, h] is computationally equivalent to
Za(+), where A is the following ¢ X ¢ and ¢-discrete matrix:

Ajj=wh) foralli,je[0:q—1]. (13)
Although the Orthogonality and the Group conditions can be used to prove the
#P-hardness of S[g, h] for many interesting polynomials h, as demonstrated in
Corollary [l it does not cover all the #P-hard S[g, h]. For example, even if we
assume that h is symmetric; and every monomial in h(z1,22) contains both x
and z2 (and thus, h(0,z) = h(z,0) = 0 for all = € Z, and the matrix A defined
in ([I3)) is both symmetric and normalized: Ag; = A;o = 1 for all i), the Group
condition can not deal with the case when there exist indices i # j € [0: ¢ — 1]
such that A; . = A, .. We will use C to denote this class of problems.

We can prove a stronger theorem — the fourth condition. It is a strengthen-
ing of the current Group condition, leading to a complexity dichotomy theorem
for the class C. Due to the space limit, we omit its proof here.

Lemma 4 (The Generalized Group Condition). Let A be an m X m sym-
metric, normalized and M -discrete matrix for some positive integer M such that
foralli,j€[0:m—1], either A; , = A, or (A;«,Aj,)=0. Let Th,..., T be
a partition of [0 : m — 1], such that, A; . = A, <= 3k e [{]: i,j € Ty. Then
Za(+) is #P-hard unless A satisfies the following Generalized Group condition:

— For all k € [{], |Tx| = m/¢; and for all i,j € [0:m — 1], there
exists a k € [0 : m — 1] such that Ay, = A, . 0 Aj .
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By combining the Generalized Group condition with the Orthogonality condi-
tion, we are able to show that for every problem S[g, k] in the class C, either
Slg, h] is #P-hard; or we have A = J ® A’, where J is an all-1 matrix and A’
is a g-discrete unitary matrix that satisfies the original Group Condition. The
latter can ultimately lead to a polynomial-time algorithm for Za (-) and S]g, A/,
using the algorithm developed in Section 2 and 3.
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