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A full dichotomy for Holant®, inspired by quantum computation®

Miriam Backens

August 11, 2021

Abstract
Holant problems are a family of counting problems parameterised by sets of algebraic-
complex valued constraint functions, and defined on graphs. They arise from the theory
of holographic algorithms, which was originally inspired by concepts from quantum compu-
tation.

Here, we employ quantum information theory to explain existing results about holant
problems in a concise way and to derive two new dichotomies: one for a new family of
problems, which we call Holant™, and, building on this, a full dichotomy for Holant®. These
two families of holant problems assume the availability of certain unary constraint functions
— the two pinning functions in the case of Holant®, and four functions in the case of Holant™
— and allow arbitrary sets of algebraic-complex valued constraint functions otherwise. The
dichotomy for Holant™ also applies when inputs are restricted to instances defined on pla-
nar graphs. In proving these complexity classifications, we derive an original result about
entangled quantum states.

1 Introduction

Quantum computation provided the inspiration for holographic algorithms [37], which in turn
inspired the holant framework for computational counting problems (first introduced in the con-
ference version of [I8]). Computational counting problems include a variety of computational
problems, from combinatorial problems defined on graphs to the problems of computing parti-
tion functions in statistical physics and computing amplitudes in quantum computation. They
are being analysed in different frameworks, including that of counting constraint satisfaction
problems (counting CSPs) and that of holant problems. Computational counting problems are
an area of active research, yet so far there appear to have been no attempts to apply knowledge
from quantum information theory or quantum computation to their analysis. Nevertheless, as
we show in the following, quantum information theory, and particularly the theory of quantum
entanglement, offer promising new avenues of research into holant problems.

A holant problem is parameterised by a set of functions F; in this paper we consider finite
sets of algebraic complex-valued functions of Boolean inputs. The restriction to finite sets fol-
lows the standard in the counting CSP community. We use it to avoid issues around efficient
computability that arise when allowing problems to be parameterised by infinite sets of func-
tions. In the following, the set of all algebraic complex-valued functions of Boolean inputs is
denoted Y. We also write Y, :== {f € T | arity(f) = n} for the restriction of T to functions of
arity n. An instance of the problem Holant(F) consist of a multigraph G = (V, E) with vertices
V and edges E, and a map 7. This map assigns to each vertex v € V' a function 7(v) = f, € F.
The map also sets up a bijection between the edges incident on v and the arguments of f,, so
the degree of v must equal the arity of f,. Given the map 7, any assignment o : £ — {0,1} of
Boolean values to edges induces a weight

wt(o) == [ [ fololpw),

veV

*This paper combines extended versions of the conference publications [I] and [3] with some new results.



where o|g(, is the restriction of o to the edges incident on v. The desired output of the
holant problem is the total weight Y .., (0.1} wt(o), where the sum is over all assignments o.
Formally, we define the problem Holant(F) as follows.

Name Holant(F)
Instance A tuple (G, F, ).

Output Holantg = ZU:E—>{0,1} Hvev fv(U|E(v))'

For example, let N € N5, and define My := {ONE,, | 1 <n < N}, where

1S =1
ONEn(x17 e ,ﬂfn) = 1 Zk):l T
0 otherwise.

Then Holant(M ) corresponds to counting the number of perfect matchings on graphs of max-
imum degree N. To see this, consider some graph G = (V| E) with maximum degree N. The
map 7 must assign to each vertex a function of appropriate arity and since all functions are
invariant under permutations of the arguments, this means 7 is fully determined by this re-
quirement. Consider an assignment o : E — {0,1}, this corresponds to a subset of edges
E, :=={e € E | o(e) = 1}. Note that wt(c) € {0,1} for all o, since each weight is a product
of functions taking values in the set {0,1}. Now suppose wt(c) = 1, then for each v € V, &
assigns the value 1 to exactly one edge in E(v). Thus, E, is a perfect matching. Conversely, if
wt(o) = 0 then there exists a vertex for which f,(c|g(,)) = 0. This implies 3 c g, 0(e) # 1,
i.e. either 0 or at least 2 of the edges incident on v are assigned 1 by ¢. Thus, E, contains either
no edges incident on v, or at least 2 edges incident on v, so E, is not a perfect matching. We
have shown that wt(o) = 1 if o corresponds to a perfect matching and wt(o) = 0 otherwise.
The correspondence between assignments o : E — {0,1} and subsets F, C F is a bijection.
Therefore, the total weight — and hence the output of Holant(F) — is exactly the number of
perfect matchings of G.

Sometimes it is interesting to restrict holant problems to instances defined on planar graphs.
In that case, the correspondence between the edges incident on a vertex v and the arguments of
its assigned function f, must respect the ordering of the edges in the given planar embedding of
the graph and the ordering of the arguments of the function. This means that choosing an edge
to correspond to the first argument of f, fixes the bijection between edges and arguments for all
the remaining edges and arguments. Given a finite set of functions F, the problem of computing
holant values on planar graphs is denoted Pl-Holant(F). For example, Pl-Holant(My) is the
problem of counting perfect matchings on planar graphs of maximum degree N.

The complexity of holant problems has not been fully classified yet, but there exist a number
of classifications for subfamilies of holant problems. These classifications restrict the family of
problems in one or more of the following ways:

e by considering only symmetric functions, i.e. functions that are invariant under any per-
mutation of the arguments (these functions depend only on the Hamming weight of their
input), or

e by restricting the codomain, e.g. to algebraic real numbers or even non-negative real
numbers, or

e by considering only sets of functions that contain some specified subset of functions, such
as arbitrary unary functions or the two ‘pinning functions’ dp(x) =1 — z and 6;(x) = =.

Known classification include a full dichotomy for holant problems where all unary functions are
assumed to be available [12], and a classification for Holant® (F) := Holant (F U {do, 1}) with
symmetric functions [I7]. There is also a dichotomy for real-valued Holant®, where functions need



not be symmetrical but must take values in R instead of C [19]. Both existing results about
Holant® are proved via dichotomies for counting CSPs with complex-valued, not necessarily
symmetric functions (see Section for a formal definition): in the first case, a dichotomy for
general #CSP [I8], and in the second case, a dichotomy for #CSP§, a subfamily of #CSP in
which each variable must appear an even number of times and variables can be pinned to 0
or 1 [19]. The only broad classifications not assuming availability of certain functions are the
dichotomy for symmetric holant [I1] and the dichotomy for non-negative real-valued holant [33].

The problem of computing amplitudes in quantum computation can also be expressed as a
holant problem. This makes certain holant problems examples of (strong) classical simulation
of quantum computations, an area of active research in the theory of quantum computation.
If a quantum computation can be simulated efficiently on a classical computer, the quantum
computer yields no advantage. If, on the other hand, the complexity of classically simulating
a certain family of quantum computations can be shown to satisfy some hardness condition,
this provides evidence that quantum computations are indeed more powerful than classical
computers.

Indeed, while the origin of holant problems is not related to the notion of classical simulation
of quantum computations, quantum computing did provide the inspiration for its origins [37, [18].
Nevertheless, so far there have been no attempts to apply knowledge from quantum information
theory or quantum computation to the analysis of holant problems. Yet, as we show in the
following, quantum information theory, and particularly the theory of quantum entanglement,
offer promising new avenues of research into holant problems.

The complexity of Holant (F) may depend on decomposability properties of the functions
in F. A function f € T, is considered to be decomposable if there exists a permutation
p:[n] = [n], an integer k satisfying 1 < k < n, and functions f1, fo such that

f(.’L'l, cee ,.’L‘n) = fl(xp(l)v oo ,xp(k))fQ(l'p(k+1), o ,l‘p(n)).

For example, the constant function f(z1,22) = 1 is equal to fi(x1)f2(z2), where fi(x) =
fa(z) = 1. Not all functions are decomposable: there are no functions g;,g2 € Y1 such that
EQq (1, 32) = g1(21)g2(22).

The functions in Y,, are in bijection with the algebraic complex-valued vectors of length
2™ by mapping each function to a list of its values, or conversely. Under this map, the notion
of a function being non-decomposable corresponds exactly to the quantum-theoretical notion
of a vector being genuinely entangled. We therefore draw on the large body of research about
the properties of entangled vectors from quantum theory, and apply it to the complexity clas-
sification of holant problems. In the process, we also derive a new result about entanglement
previously unknown in the quantum theory literature, this is Theorem

For relating the complexity of two computational problems, the main technique used in this
paper is that of gadget reductions. An n-ary gadget over some set of functions F is a fragment
of a signature grid using functions from F, which is connected to the rest of the graph by
n external edges. This signature grid is assigned an effective function in Y,, by treating the
external edges as variables and summing over all possible assignments of Boolean values to the
internal edges. If the function g is the effective function of some gadget over F, then we say g
is realisable over F. Allowing functions realisable over F in addition to the functions in F does
not affect the complexity of computing the holant [12].

Now, the problem Holant(F) is known to be polynomial-time computable if F contains only
functions that decompose as products of unary and binary functions [12, Theorem 2.1]. For
Holant(F) to be #P-hard, F must thus contain a function that does not decompose in this
way. Borrowing terminology from quantum theory, we say functions that do not decompose
as products of unary and binary functions have multipartite entanglement. By applying results
from quantum theory, we show how to build a gadget for a non-decomposable ternary function



using an arbitrary function with multipartite entanglement and the four unary functions
do(z) =1—x, o(z) ==, di(z)=1, and o_(x)=(-1)".

We further apply entanglement theory to analyse a family of symmetric ternary gadgets, and
show that given some non-decomposable ternary function, this family lets us realise a symmetric
non-decomposable ternary function. Furthermore, we show how to realise symmetric non-
decomposable binary functions with specific properties. Together, these gadgets allow us to
classify the complexity of the problem Holant™ (F) := Holant (F U {dg, d1,64,5_}).

Theorem 1 (Informal statement of Theorem . Let F C Y be finite. Then Holant™ (F) can
be computed in polynomial time if F satisfies one of five explicit conditions. In all other cases,
Holant™ (F) is #P-hard. The same dichotomy holds when the problem is restricted to instances
defined on planar graphs.

By combining these entanglement-based techniques with techniques from the real-valued
Holant® classification in [I3], we then develop a complexity classification for Holant® (F) :=
Holant (F U {dy,01}). The problem Holant® had first been described about a decade ago, with
a full complexity classification remaining open until now.

Theorem 2 (Informal statement of Theorem [59). Let F C Y be finite. Then Holant® (F) can
be computed in polynomial time if F satisfies one of six explicit conditions. In all other cases,
Holant® (F) is #P-hard.

The remainder of this paper is structured as follows. We introduce preliminary definitions
in Section [2| and give an overview over known holant complexity classifications in Section 3| In
Section {4l we introduce relevant notions and results from quantum theory, particularly about
entanglement. The complexity classification for Holant™ is derived in Section [5| and the com-
plexity classification for Holant® is derived in Section [6]

2 Preliminaries

Holant problems are a framework for computational counting problems on graphs, introduced
by Cai et al. [18], and based on the theory of holographic algorithms developed by Valiant [37].

Throughout, we consider algebraic complex-valued functions with Boolean inputs. Let A
be the set of algebraic complex numbers. For any non-negative integer k, let T be the set of
functions {0,1}* — A, and define T := (J,y Y. Let F C T be a finite set of functions, and
let G = (V, E) be an undirected graph with vertices V' and edges E. Throughout, graphs are
allowed to have parallel edges and self-loops. A signature grid is a tuple Q = (G, F,7) where 7
is a function that assigns to each n-ary vertex v € V' a function f, : {0,1}" — A in F, specifying
which edge incident on v corresponds to which argument of f,. The Holant for a signature grid

Q is:
Holanto = > [] fo(0lgw) (1)

o:E—{0,1} veV

where o is an assignment of Boolean values to each edge and o E(v) 1 the application of o to
the edges incident on v.

Name Holant(F)
Instance A signature grid Q = (G, F, ).
Output Holantg.

Remark. We restrict the definition of holant problems to finite sets of functions, as is common
in the counting CSP literature and some of the holant literature. This is to avoid issues with the
representation of the function values, and it is also relevant for some of the results in Section



For any positive integer n, let [n] := {1,2,...,n}. Suppose f € T, and suppose p : [n] — [n]
is a permutation, then fy(z1,...,2n) == f(Zp)s - Tpn))-

A function is called symmetric if it depends only on the Hamming weight of the input, i.e.
the number of non-zero bits in the input bit string. An n-ary symmetric function is often written
as f = [fo, f1,- .., fn], With fy for k € [n] being the value f takes on inputs of Hamming weight
k. For any positive integer k, define the equality function of arity k as EQ; := [1,0,...,0,1],
where there are (k — 1) zeroes in the expression. Furthermore, define ONE; := [0,1,0,...,0],
where there are (k — 1) zeroes at the end. Let dp := [1,0] and 6; := [0, 1], these are called the
pinning functions because they allow ‘pinning’ inputs to 0 or 1, respectively. Finally, define
04+ = [1,1] (this is equal to EQ;), 6_ :=[1,—1], and NEQ = [0, 1,0]. We will also occasionally
use the unary functions d; := [1,4] and §_; = [1, —i], where i is the imaginary unit, i.e. 2 = —1.

An n-ary function is called degenerate if it is a product of unary functions in the follow-
ing sense: there exist functions uq,...,u, € Y1 such that f(x1,...,2,) = ur(z1) ... up(zy).
Any function that cannot be expressed as a product of unary functions in this way is called
non-degenerate. Suppose f € T,, k is an integer satisfying 1 < k < n, and p : [n] — [n]
is a permutation such that f,(z1,...,2,) = g(z1,...,25)R(2k41,...,2,) for some functions
g € Yi,h € T,_, then f is said to be decomposable. Any way of writing f as a product of
two or more functions with disjoint sets of arguments is called a decomposition of f. Borrowing
terminology from linear algebra (which will be justified later), we say g and h in the above
equation are tensor factors of f. A function that cannot be decomposed in this way is called
non-decomposable. Any degenerate function of arity n > 2 is decomposable, but not all decom-
posable functions are degenerate. For example, f(x1,x9,x3,24) = EQq(x1, 22)NEQ(23,24) is
decomposable but not degenerate since f cannot be written as a product of unary functions.

For any f € Ty, the support of f is supp(f) := {x € {0,1}" | f(x) # 0}.

Suppose f € T4, g € T3, and h € To. As a shorthand, let fry.0 = f(2,y,2,0), oy =
g(z,y,2), and hyy = h(z,y) for any z,y,z,w € {0,1}. We sometimes identify these functions
with the following matrices of their values:

Joooo  fooor fooro  foo11

_ | foroo  foror forio  fornn _<gooo goo1  9o10 9011) and h_<hoo h01)
fioo0  fioor fioo fionn g100 9101 9110 9111 hio hii)
firoo  fiior fiio o fiin

Here, for binary functions, matrix rows are labelled by the first input and columns are labelled
by the second input. For ternary functions, rows are labelled by the first input and columns by
the second and third inputs in lexicographic order. For functions of arity four, rows are labelled
by the first two inputs and columns by the last two inputs, again in lexicographic order.

For any pair of counting problems A and B, we say A reduces to B and write A <p B if
there exists a polynomial-time Turing reduction from problem A to problem B. If A <r B and
B <p A, we say A and B are interreducible and write A =7 B.

The following result is well-known in the literature, see e.g. [13| p. 12].

Lemma 3. Suppose F C T is finite, g € T, and ¢ € A\ {0}. Then Holant (FU {c-g}) =r
Holant (F U {g}).

Given a bipartite graph G = (V, W, E), with vertex partitions V and W, we can define a
bipartite signature grid. Let F and G be two finite subsets of Y and let 7 : VUW — FUG
be a map assigning functions to vertices, with the property that m(v) € F for all v € V and
m(w) € G for all w € W. The bipartite signature grid specified in this way is denoted by the
tuple (G, F|G, ). The corresponding bipartite holant problem is Holant (F | G).

The following reductions relate bipartite and non-bipartite holant problems.

Proposition 4 ([17, Proposition 2]). For any finite F C Y, we have
Holant (F) =7 Holant (F | {EQs}) .



Proposition 5 ([I7, Proposition 3]). Suppose G1,Ga C Y are finite, then
Holant (G1 U{EQ,} | G2 U{EQy}) =7 Holant (G1 U G2) .

A signature grid Q = (F,G,n) is called planar if G is a plane graph and, for each v,
the arguments of f, are ordered counterclockwise starting from an edge specified by = [15]
Section 2.1]. We denote by Pl-Holant(F) the problem Holant(F) restricted to planar signature
grids.

2.1 Signature grids in terms of vectors

As noted in [14], any function f € T,, can be considered as a vector in A?", which is the list of
values of f, indexed by {0, 1}". Let {|x)}xe(0,1}» be an orthonormal basisﬂ for A%". The vector
corresponding to the function f is then denoted by [f) := > cr013n [(%) [x).

Denote by ® the Kronecker product of matrices, which we usually call the tensor product.
Based on this notion of tensor product, we define tensor powers of a matrix M as follows:
M®! .= M and M®*1 = M®F @ M for any positive integer k. The operations of tensor
product and tensor power can be extended to vectors by considering them as single-column
matrices. Denote by M7 the transpose of the matrix M.

Suppose Q = (G,F|G, ) is a bipartite signature grid, where G = (V, W, E) has vertex
partitions V' and W. Then the holant for {2 can be written as:

Holamgz<® (19) >(®|fv>_<® ) )(@m), 2)

weW veV veV weWw

where the tensor products are assumed to be ordered such that, in each inner product, two
components associated with the same edge meet.

2.2 Holographic reductions

Holographic transformations are the origin of the name ‘holant problems’. Let GLa(A) be the
set of all invertible 2 by 2 matrices over A, and let O := {M € GLa(A) | MTM = (}9)} be the
set of orthogonal matrices.

Suppose M € GLga(A), then for any f € Ty let M o f = f, and for any f € T, with n >0
let M o f denote the function corresponding to the vector M®"|f). Furthermore, for any set
of functions F, define M o F:={Mo f | f € F}.

Theorem 6 (Valiant’s Holant Theorem [37] as stated in [I7, Proposition 4]). For any M €
GL2(A) and any finite sets F,G C T,

Holant (F | G) = Holant (M o F | (M~ 1T 0 g).
Corollary 7 ([I7, Proposition 5]). Let O € O and let F C Y be finite, then
Holant (F) =7 Holant (O o F).

Going from a set of functions F | G to MoF | (M~1)T oG or from F to OoF is a holographic
reduction.

In using this notation for vectors, called Dirac notation and common in quantum computation and quantum
information theory, we anticipate the interpretation of the vectors associated with functions as quantum states,
cf. Section



2.3 Gadgets and realisability

A gadget over a finite set of functions F (also called F-gate) is a fragment of a signature grid
with some ‘dangling’ edges. Any such gadget can be assigned an effective function g.

Formally, let G = (V, E, E') be a graph with vertices V, (normal) edges E, and dangling
edges E', where E N E’ = (). Unlike a normal edge, each dangling edge has only one end
incident on a vertex in V', the other end is dangling. The gadget is determined by a tuple
I' = (F,G,n), where m : V — F assigns a function to each vertex v in such a way that each
argument of the function corresponds to one of the edges (normal or dangling) incident on v.
Suppose E’ = {eq,...,e,}, then the effective function associated with this gadget is

g um) = Y [ £o(6lew)

o:E—{0,1} veV

where ¢ is the extension of o to domain E U E’ which satisfies 6(ex) = y for all k& € [n], and
| p(v) is the restriction of & to edges (both normal and dangling) which are incident on v.

If g is the effective function of some gadget over F, then ¢ is said to be realisable over F.
This notion is sometimes extended to say g is realisable over F if there exists a gadget over F
with effective function c- g for some ¢ € A\ {0}. By Lemma3] the extended definition does not
affect the validity of the following lemma.

Lemma 8 ([12 p. 1717]). Suppose F C Y is finite and g is realisable over F. Then
Holant (F U {g}) =r Holant (F).

Following [33], we define S(F) = {g | g is realisable over F} for any set of functions . Then
Lemma [§] implies that, for any finite subset 7/ C S(F), we have Holant (F') <p Holant (F).

The following lemma will be useful later. This result is stated e.g. in [19, Lemma 2.1], but
as it is not proved there, we give a quick proof here. Note this lemma uses the scaled definition
of realisability.

Lemma 9. Suppose f(z1,...,Zntm) = g(x1,. .., Zn)h(Tni1,. .., Tnim), where none of these
functions are identically zero. Then g,h € S({f,d0,01}).

Proof. As g is not identically zero, there exists a € {0,1}" such that g(a) # 0. But then

h(yl,-.~,ym): Z f(xlw")xnuyla"'vym) H 5ak(xk)‘

Z1,...,2n€{0,1} ke[n]

The right-hand side is the effective function of some gadget over {f,do,d1}, which consists of
one copy of f connected to n unary functions, so h € S({f, do,01}).
An analogous argument with the roles of g and h swapped shows that g € S({f,d0,01}). O

When considering a bipartite Holant problem Holant (F | G) for some finite 7,G C 7T,
we need to use gadgets that respect the bipartition. Suppose I' = (F|G,G,7) where G =
(V,W, E, E’) is a bipartite graph with vertex partitions V and W, (normal) edges FE and dangling
edges E’, and suppose 7 : VU W — F UG satisfies w(v) € F for all v € V and w(w) € G for
all w € W. If furthermore all dangling edges are incident on vertices from V', then I is called a
left-hand side (LHS) gadget over F|G. Otherwise, if all dangling edges are incident on vertices
from W, then T is called a right-hand side (RHS) gadget over F|G. The following result is a
straightforward extension of Lemma

Lemma 10. Let F,G C Y be two finite sets of functions. Suppose f is an LHS gadget over
F|G and g is a RHS gadget over F|G. Then

Holant (FU{f} | G) =r Holant (F | G) and Holant (F |G U {g}) =r Holant (F | G).



A gadget is called planar if it is defined by a plane graph and if the dangling edges, ordered
counterclockwise corresponding to the order of the arguments of the effective function, are in
the outer face in a planar embedding [I5, Section 2.4]. In reductions between planar holant
problems, only planar gadgets may be used.

2.4 Polynomial interpolation

Finally, there is the technique of polynomial interpolation. Let F be a set of functions and
suppose ¢ is a function that cannot be realised over F. If, given any signature grid over
F U {g}, it is possible to set up a family of signature grids over F such that the holant for
the original problem instance can be determined efficiently from the holant values of the family
by solving a system of linear equations, then g is said to be interpolatable over F. We do not
directly use polynomial interpolation here, though the technique is employed by many of the
results we build upon. A rigorous definition of polynomial interpolation can be found in [18].

2.5 Linear algebra lemmas for holographic transformations

Holographic transformations are, at their core, linear maps. In this section, we give a few
lemmas about decompositions of matrices that will significantly simplify later arguments about
these transformations. In particular, we extend the orthogonal QR decomposition from real to
complex matrices and prove two further lemmas building on it. These result are straightforward
and may not be novel, but we have not been able to find a reference for them in the literature,
so we provide proofs for completeness.

Let K := (1 2,
all elements of GLa(A).

Recall that any real square matrix M can be written as M = QR where @ is an orthogonal
matrix and R is upper (or lower) triangular. The equivalent result for complex matrices requires
@ to be unitary instead of orthogonal. Nevertheless, many complex 2 by 2 matrices do admit
a decomposition with a complex orthogonal matrix and an upper or lower triangular matrix.
Where this is not possible, we give an alternative decomposition using the matrix K defined

above instead of an orthogonal matrix.

), X :=(0})and T := ((1] exp(?,r /4)) where i is the imaginary unit; these are

Lemma 11 (Orthogonal QR decomposition for complex matrices). Let M be an invertible 2
by 2 complex matriz, write O for the set of all 2 by 2 complex orthogonal matrices, and let K
be as defined above. Then the following hold:

e There exists Q € OU{K, KX} such that Q~*M is upper triangular.
o There exists Q € OU{K, KX} such that Q~*M is lower triangular.

o If Q7'M is neither lower nor upper triangular for any orthogonal Q, then M = KD or
M = KXD, where D is diagonal.

M = (95 y) .
zZ w
We assumed M was invertible, so det M = zw — yz # 0. Note that K~ = %(% 7) and
(KX)" =35(1%)
For a lower triangular decomposition, we want the top right element of Q= 'M to vanish,

this is (Q Yooy + (Q1)o1w. The elements y and w cannot both be zero since M is invertible.
Suppose first y? + w? = 0, i.e. w = +iy. Then

1 +i\ fz y \ _(x=xiz O
1 Fi)\z +iy) \aFiz 2y

8

Proof. Write M as:



so Q1M is lower triangular for some Q € {K, KX}. If instead y? + w? # 0, then

1 <w —y) <JJ y> B 1 (w:c—yz 0 >
/2 + w2 \Y W z w /2 + w2 \YT + w2 y:+w?)’
1 —

and o (1; wy) € 0.

Analogously, for an upper triangular decomposition, some Q € {K, K X } works if 22+2? = 0,
and some @ € O works otherwise.

We have Q € {K, KX} for both decompositions if and only if 22 + 22 = 0 and y? + w? =0
simultaneously. Write z = diz. Then, by invertibility of M, w = Fiy. Thus, letting D = (m v ):

0y
M_(a: y)_(l 1)(x 0)_ KD  if & goes to +, or
C\Fix Fiy)  \*i Fi)\0 y) |KXD if + goesto —.

This completes the proof. ]

Lemma 12. Suppose M is a 2 by 2 invertible complex matriz such that MTM = (6‘ 2) for
some A\, € C\ {0}. Then there exists a 2 by 2 orthogonal matriz Q and a diagonal matriz D
such that M = QD.

Proof. Given invertibility of M, the property (MTM)y = (MTM);p = 0 means that the
columns of M are orthogonal to each other (under the ‘real’ inner product). Hence there must

exists @ € O such that the columns of M are scalings of the columns of ), which implies
M =QD. O

Using the complex QR decomposition, we can also consider the solutions of ATA = X,
where ‘=’ denotes equality up to scalar factor.

Lemma 13. The solutions of:
ATA=X (3)

are exactly those matrices A satisfying A = KD or A = KXD for some invertible diagonal
matriz D.

Proof. First, we check that matrices of the form KD or KX D for some invertible diagonal
matrix D satisfy . Indeed:

(KD)'KD =D"KTKD =D Lyt YYp=epxp= 20yX = X, (4)
1 — T —1

where D = (§9) with z,y € C\ {0}. Similarly:
(KXD)Y'KXD =D"XTKTKXD =2DX®*D = 2DXD = 2zyX = X. (5)

This completes the first part of the proof.

It remains to be shown that these are the only solutions of ATA = X. Assume, for the
purposes of deriving a contradiction, that there is a solution that has an orthogonal QR de-
composition. In particular, suppose A = QR for some upper triangular matrix R. Then, by
orthogonality of Q:

R, 0 Roo R R? RopoR
AT A = RTQT R:RTR:( 00 )( 00 01>:< 00 oo Lt01 > 6

The only way for the top left component of this matrix to be zero, as required, is if Rgg is
zero. Yet, in that case, the top right and bottom left components of AT A are zero too, hence



AT A cannot be invertible. That is a contradiction because any non-zero scalar multiple of X
is invertible.

A similar argument applies if R is lower triangular.

Thus, all solutions of have to fall into the third case of Lemma i.e. all solutions must
be of the form A= KD or A= KXD. O

For any M € GLa(A), denote by far(z,y) := My, the binary function corresponding to this
matrix. The following is straightforward, but we give a proof for completeness.

Lemma 14. Suppose M € GLy(A) and g € Y, then M o g, M o g € S({g, fu}).
Proof. Let n = arity(g). We have

(Mog)(zy,...,xn) = > 1] My, | 9wrs- - um)

y17~~'7yn€{0,1} Jj=1

= S T w9y ),

Y1,--,yn€{0,1} \J=1

so M oge S({g, fi}). Furthermore, for any M € GLa(A), fyr(z,y) = fa(y, x); therefore

(MTog)(@r,...oan) = Y 1T fuwsozs) | 9o, um)

Y1,--yn€{0,1} \J=1

and MT og e S({g, fu})- O

3 Known results about holant problems

We now introduce the existing families of holant problems and their associated dichotomy
results. Gadget constructions (which are at the heart of many reductions) are easier the more
functions are known to be available. As a result, several families of holant problems have been
defined, in which certain sets of functions are freely available, i.e. are always added to the set
of functions parameterising the holant problem. More formally, suppose G C T is a finite set of
functions and denote by HolantY the holant problem where functions in G are freely available,
then HolantY(F) := Holant(F U G) for any set of functions F. Effectively, the problem Holant¥
restricts analysis to cases where the set of constraint functions contains G.

3.1 Conservative holant

Write U := T; for compatibility with earlier notation. We will not use the notation Holant*
[18] 12] here as we do not define holant problems for infinite sets of constraint functions. Instead,
as is common in the counting CSP literature, we refer to holant problems where arbitrary finite
subsets of U are freely available as ‘conservative’.

We begin with some definitions. Given a bit string x, let X be its bit-wise complement and
let |x| denote its Hamming weight. Denote by (F) the closure of a set of functions F under
tensor products. Furthermore, define:

e the set of all unary and binary functions

T:=T1UT,,

e the set of functions which are non-zero on at most two complementary inputs

E:={feT|3aec{0, 1} such that f(x) =0 if x ¢ {a,a}},
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e the set of functions which are non-zero only on inputs of Hamming weight at most 1
M:={feT]| f(x)=0if |x| > 1}.

Note that Y C T, U C € and U C M. The following result has been adapted to our notation.
Theorem 15 ([12, Theorem 2.2]). Suppose F is a finite subset of T. If

o FC(T), or

e there exists O € O such that F C (O o€&), or

e FC(Ko&)=(KXo&), or

o FC(KoM) or FC (KX oM,),

then, for any finite subset U' C U, the problem Holant(F,U") is polynomial-time computable.
Otherwise, there exists a finite subsetU' C U such that Holant(F,U") is #P-hard. The dichotomy
is still true even if the inputs are restricted to planar graphs.

To get an intuition for the polynomial-time computable cases, first note that every tensor
product can be thought of as a gadget over its factors, and that tensor closure commutes with
holographic transformations. Furthermore, if a signature grid is not connected, its holant is
just the product of the holant values of the individual connected components.

Now, in the first polynomial-time computable case of Theorem F C (T), the signature
grid can be transformed to one in which every vertex has degree at most 2 by replacing every
function with a disconnected gadget over unary and binary functions. Then each connected
component is a path or cycle, and its holant value can be computed by matrix multiplication.

In the second polynomial-time computable case, F C (O o &), again replace decomposable
functions by disconnected gadgets. Suppose O is the identity matrix, then an assignment of a
Boolean value to one edge contributes to at most one non—zero-weight assignment of values to
all edges in the same connected component. Thus the holant value for any connected graph is
a sum of at most two terms, which can be computed efficiently, and hence the overall value can
be found. If O is not the identity, apply Corollary [7] to reduce to the identity case.

For the third polynomial-time computable case, F C (K o), note that given any finite
gar,

Holant (K o G) =7 Holant(K o G | {EQ,}) =1 Holant(G | {NEQ}) <7 Holant(G U {NEQ}),

where the first equivalence is Proposition [4] the second is Theorem [6, and the final reduction is
because dropping the restriction to bipartite signature grids cannot make the problem easier.
Hence, since NEQ € &, this case reduces to the second one.

For the final polynomial-time computable case, F C (K o M) or F C (KX o M), use the
first two steps of the above reduction. It can be shown that all LHS gadgets over M|{NEQ}
are in (M) (cf. e.g. [4, Lemma 43]). Thus, vertices from the right-hand side partition can
be removed one-by-one, updating the signature grid in the process, until it decomposes into a
discrete graph whose holant value can be computed straightforwardly.

The polynomial-time computable sets of Theorem [15| will also be related to quantum entan-
glement in Section If F is not one of the exceptional sets defined above, then the closure
of F UU under taking gadgets contains all functions [4, Theorem 67].
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3.2 Counting constraint satisfaction problems

The family of complex-weighted Boolean #CSP (counting constraint satisfaction problems) is
defined as follows. Let F C T be a finite set of functions and let V be a finite set of variables.
A constraint c over F is a tuple consisting of a function f. € F and a scope, which is a tuple of
arity(f) (not necessarily distinct) elements of V. If C' is a set of constraints, then any assignment
x: V — {0, 1} of values to the variables induces a weight Wty ¢ (%) := [[.cc fe(x]c), where x|,
denotes the restriction of x to the scope of c.

Name #CSP(F)
Instance A tuple (V,C), where V is a finite set of variables and C is a finite set of constraints
over F.

Output The value Zy,cy = 3y 01y Heeo fe(Xe)-

Counting constraint satisfaction problems are closely related to holant problems. In partic-
ular, a counting constraint satisfaction problem can be thought of as a bipartite holant problem
with the constraints as one part and the variables as the other part. Each vertex corresponding
to a variable is assigned the function EQ,, with k the total number of times that variable ap-
pears across the scopes of all constraints. The straightforward formalisation of this idea would
require parameterising the holant problem with an infinite set of functions, the set containing
all equality functions of any arity. Yet the bipartite structure is not necessary: if two variable
vertices are adjacent to each other, they can be merged into one, and if two constraint vertices
are adjacent to each other, a new variable vertex assigned EQ, can be introduced between them.
Now, S({EQ3}) is exactly the set of all equality functions, hence:

Proposition 16 ([I7, Proposition 1]). #CSP(F) = Holant (F U{EQ3}).

This proposition shows that any counting constraint satisfaction problem can be expressed as
a holant problem. On the other hand, some holant problems can only be expressed as counting
constraint satisfaction problems with the additional restriction that every variable must appear
exactly twice across the scopes of all the constraints. This means the holant framework is more
general than counting constraint satisfaction problems. For example, as is well known, the
problem of counting matchings on a graph can be expressed in the holant framework but not
in the standard #CSP framework as defined above (cf. [4, pp. 23:3-4]).

The dichotomies for #CSP and its variants feature families of tractable functions which do
not appear in Theorem

Definition 17. A function f : {0,1}"™ — A for some non-negative integer n is called affine if it
has the form:

F(x) = el (1)1 g (x), (7)
where ¢ € A, 32 = —1,1:{0,1}" — {0, 1} is a linear function, ¢ : {0,1}" — {0,1} is a quadratic
function, A is an m by n matrix with Boolean entries for some 0 < m < n, b € {0,1}", and x

is an indicator function which takes value 1 on inputs satisfying Ax = b, and 0 otherwise.
The set of all affine functions is denoted by A.

The support of the function yax—p is an affine subspace of {0,1}", hence the name ‘affine
functions’. There are different definitions of this family in different parts of the literature,
but they are equivalent. For the reader familiar with quantum information theory, the affine
functions correspond — up to scaling — to stabiliser states (cf. Section and also independently

[16]).
Lemma 18 ([16, Lemma 3.1]). If f(z1,...,2n),9(Y1,-..,Ym) € A, then so are

1. (f®g)(xl7‘"axnayla"'aym) :f(xly'"7xn)g(y17"'7ym))
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2. f(Tp1)s---sTpn)) for any permutation p : [n] — [n],

3. fET (X, L1, T - Xn) = [(X1, . T, e, T, - -, T), Setting the variable
x; to be equal to x¢, and

4. BT (@, 1, T, e, X)) = ije{(),l} f@1,. @)

Definition 19 (adapted from [I9, Definition 10]). A function f : {0,1}" — A for some non-
negative integer n is called local affine if it satisfies (®?:1 T%‘) |f) € A for any a € supp(f),

1 o (1 0 o (1 0
T —T—<0 pim/4 and TV = 0 1)

The set of all local affine functions is denoted L.

where

Both A and £ are closed under tensor products, i.e. (A) = A and (L) = L.

Theorem 20 ([I8, Theorem 3.1]). Suppose F C Y is finite. If F C A or F C (£), then
#CSP(F) is computable in polynomial time. Otherwise, #CSP(F) is #P-hard.

Unlike a holant problem, the complexity of a counting CSP does not change if the pinning
functions g and d;1 are added to the set of constraint functions.

Lemma 21 (Pinning lemma [23| Lemma 8]). For any finite F C T,
#CSPE(F) := #CSP(F U {do, 01}) =r #CSP(F).

The dichotomy of Theorem [20] also holds for a variant counting constraint satisfaction prob-
lem called #R3-CSP with a restriction on the number of times each variable may appear [I8|
Theorem 3.2].

Name #Rs3-CSP(F)
Instance A tuple (V,C), where V is a finite set of variables and C' is a finite set of constraints
over J such that each variable appears at most three times across all scopes.

Output The value Zv,c) = 3 v 101y eee fe(xle)-

For any finite 7 C T, the problem #R3-CSP(F) is equivalent to the bipartite holant problem
Holant (F | {EQ;, EQ, EQ3}) [18 Section 2]. Its dichotomy follows immediately from that for
#CSP if F contains the binary equality function (or indeed any equality function of arity at
least 2), but this interreduction is non-trivial if F does not contain any equality function of
arity at least 2.

We will also consider a variant of counting CSPs in which each variable has to appear an
even number of times.

Name #CSPy(F)
Instance A tuple (V,C), where V is a finite set of variables and C is a finite set of constraints
over F such that each variable appears an even number of times across all scopes.

OUtPUt The value Z(V,C) = Zx:V—){O,l} HCEC fc(X’c)-

Based on the above definition, we also define #CSP§(F) := #CSPo(F U {do,d1}). The
dichotomy for this problem differs from that for plain #CSP.

Theorem 22 ([19, Theorem 4.1]). Suppose F C T is finite. A #CSPS(F) problem has a
polynomial time algorithm if one of the following holds:

o FC (),
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e FCA,
e FCToA, or
o FCL.
Otherwise, it is #P-hard.

For any finite 7 C Y, we have
#CSP(F U {d4}) <r #CSPy(FU{d4}),

where, for each variable y that appears an odd number of times in the original instance, we
add a new constraint (04, (y)) to make it appear an even number of times instead. Yet if no
non-zero scaling of J is present or realisable (via gadgets or other methods), then there is no
general reduction from #CSP(F) to #CSPy(F). This lack of a general reduction can be seen
for example by noting the differences between Theorem (which classifies the complexity of
#CSPS) and Theorem [20] (which by Lemma |21 also applies to #CSP¢).

By analogy with planar holant problems, we also define planar counting CSPs.

Definition 23. PI-#CSP(F) := Pl-Holant (F U{EQ3}), i.e. PI-#CSP(F) is the restriction of
#CSP(F) to planar instances of the corresponding holant problem according to Proposition

The complexity dichotomy for PI-#CSP involves an additional tractable family as compared
to the general case. This new family is called matchgate functions and consists of those functions
which correspond to computing a weighted sum of perfect matchings. We denote the set of all
matchgate functions byE] H C Y. As the rigorous definition of this set is somewhat intricate and
not required for our work we do not reproduce it here; the interested reader can find it in [I5]
pp. STOC17-65f]. Indeed, the only property of H which we will require is the following lemma,
which is adapted to avoid having to define concepts not used in this paper.

Lemma 24 ([I5, first part of Lemma 2.29]). If f € T has arity < 3, then f € H if and only if
one of the following parity conditions is satisfied:

e f(x) =0 whenever |x| is even, or
e f(x) =0 whenever |x| is odd.

For f € Yy, this means f is a matchgate function if and only if f = c¢-dg or f = ¢ - 9; for
some ¢ € A.
We can now state the dichotomy for PI-#CSP.

Theorem 25 ([I5, Theorem 6.1')). Let F be any finite set of complex-valued functions in
Boolean variables. Then PI-#CSP(F) is #P-hard unless F C A, F C (E), or F C (1 1) o H,
in which case the problem is computable in polynomial time.

3.3 Partial results for Holant® and Holant

Holant® is the holant problem in which the unary functions pinning edges to 0 or 1 are freely
available [I8] [I7], i.e. Holant® (F) := Holant (F U {dp, 01 }) for any finite 7 C Y. We will give a
full dichotomy for this problem in Section[6] building on the following dichotomies for symmetric
functions and for real-valued functions.

*Note that we use a different symbol than [I5] for the set of matchgate functions, to avoid clashing with other
established notation.
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Theorem 26 ([I7, Theorem 6]). Let F C Y be a finite set of symmetric functions. Holant® (F)
is #P-hard unless F satisfies one of the following conditions, in which case it is polynomial-time
computable:

o FC(T), or

there exists O € O such that F C (0o &), or

FC(Ko&)=(KXo&), or

FC(KoM) or FC(KXoM), or

there exists B € B such that F C B o A, where:

B={M|M" o {EQy,d,d}C A}. (8)

Note that the first four polynomial-time computable cases are exactly the ones appearing
in Theorem [15

The preceding results all apply to algebraic complex-valued functions, but the following
theorem is restricted to algebraic real-valued functions.

Theorem 27 ([19, Theorem 5.1]). Let F be a set of algebraic real-valued functions. Then
Holant® (F) is #P-hard unless F is a tractable family for conservative holant or for #CSPS.

In the case of Holant with no freely available functions, there exists a dichotomy for complex-
valued symmetric functions [11, Theorem 31] and a dichotomy for (not necessarily symmetric)
functions taking non-negative real values [33, Theorem 19]. We will not explore those results
in any detail here.

3.4 Results about ternary symmetric functions

The computational complexity of problems of the form Holant ({[yo, y1, %2]} | {[z0, z1, 22, z3]}),
where [yo,y1,y2] € T2 and [zg,x1, 22, 23] € Y3, has been fully determined. These are holant
problems on bipartite graphs where one partition only contains vertices of degree 2, the other
partition only contains vertices of degree 3, and all vertices of the same arity are assigned the
same symmetric function.

If [zg, 1, %2, x3] is degenerate, the problem is tractable by the first case of Theorem If
[0, 21,2, x3] is non-degenerate, it can always be mapped to either [1,0,0,1] or [1,1,0,0] by
a holographic transformation [I7, Section 3|, cf. also Section [4| below. By Theorem @, it thus
suffices to consider the cases {[yo,y1, 2]} | {[1,0,0,1]} and {[yo, y1,v2]} | {[1,1,0,0]}.

There are also some holographic transformations which leave the function [1, 0, 0, 1] invariant.
In particular, if M = (} 9), where w® = 1, i.e. w is a third root of unity, then M o EQ3 = EQ
[17, Section 4]. By applying Theorem |§| with this M,

Holant ({[90>ylay2]} | {[LO’Ov 1]}) =r Holant ({[y(b"‘Jyl’wa?]} | {[170’07 1]}) . (9)

This relationship can be used to reduce the number of symmetric binary functions needing to
be considered in this section. Following [I7, Section 4], a symmetric binary function [yo, y1, y2]
is called w-normalised?] if

e yo =0, or

e there does not exist a primitive (3t)-th root of unity A, where the greatest common divisor
ged(t,3) = 1, such that y2 = Ayo.

3We use the term w-normalisation to distinguish it from other notions of normalisation, e.g. ones relating to
the norm of the vector associated with a function.
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Similarly, a unary function [a, ] is called w-normalised if
e =0, or

e there does not exist a primitive (3¢)-th root of unity A\, where ged(t,3) = 1, such that
b= Aa.

If a binary function is not w-normalised, it can be made so through application of a holographic
transformation of the form given in @ Unary functions will only be required when the binary
function has the form [0, y1,0]; in that case the binary function is automatically w-normalised,
and it remains so under a holographic transformation that w-normalises the unary function.

These definitions allow a complexity classification of all holant problems on bipartite sig-
nature grids where there is a ternary equality function on one partition and a non-degenerate
symmetric binary function on the other partition.

Theorem 28 ([I7, Theorem 5]). Let Gi,Ga C Y be finite and let [yo,y1,y2] € T2 be an w-

normalised and non-degenerate function. In the case of yo = yo = 0, further assume that Gy
contains a unary function [a,b] which is w-normalised and satisfies ab # 0. Then:

Holant ({[yo, y1, y2]} U G1 | {[1,0,0,1]} U G2) =1 #CSP({[y0, y1, y2]} U G1 U Ga).

Theorem 29 ([17, Theorem 4]). Holant ({[yo0,y1,y2]} | {[z0, 21,22, x3]}) is #P-hard unless
[Yo,y1,y2] and [xo,x1,x2,x3] satisfy one of the following conditions, in which case the prob-
lem is polynomial-time computable:

o [z, 1,2, x3] is degenerate, or
o there is M € GLa(A) such that:

— [wo, 21, 0, 23] = M 0[1,0,0,1] and M7 o [y, y1,2] is in AU(E),
— [wo, 21, 9, 23] = M 0 [1,1,0,0] and [yo,y1,vy2] = (M 1)1 0[0,a,b] for some a,b € A.

Here, we have combined the last two cases of [I7, Theorem 4] into one case, since one can
be mapped to the other by a bit flip: a holographic transformation using the matrix X.

We will also use a result about planar holant problems involving the ternary equality func-
tion. As the notation used in the original statement of this theorem differs significantly from
the notation used in this paper, we first state the original theorem and then prove a corollary
which translates the theorem into our notation.

Theorem 30 ([30, Theorem 7)). Let a,b € A and define X := ab, Y := a® + b3. The problem
Pl-Holant ({[a, 1,b]} | {EQ3}) is #P-hard for all a,b € A except in the following cases, for which
the problem is polynomial-time computable:

1. X=1

2.X=Y=0

3. X =—1andY € {0,+2i}, or
4. 4X3 =Y?2.

Corollary 31. Suppose g € Yy is symmetric. The problem Pl-Holant ({g} | {EQ3}) is #P-hard
except in the following cases, for which the problem is polynomial-time computable:

1. g€ (&),

2. (é?\)ogéAforsome)\EAsuch that \3 =1, or
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3. g=c-[a,1,b], where a,b,c € A\ {0} and a® = b3.

Remark. Note that the three exceptional cases of Corollary [31] overlap, e.g. g = EQ, satisfies
both Case [l| and Case [2| and g = [1, 1, 1] satisfies all three cases.
We also include binary functions of the form [a, 0, b] in the corollary for completeness.

Proof of Corollary[31] First, we show that the problem is tractable in the exceptional cases.
Let M = ((1) 9\) with A® = 1 be such that ¢’ := M o ¢ is w-normalised. Then

Pl-Holant ({g} | {EQ3}) =1 Pl-Holant ({g’} ] {EQg})
<7 Holant ({¢’, EQs})
<r #CSP({¢'}),

where the first step is by Theorem [0 the second step is by forgetting about the bipartition
and the planarity constraint, and the third step is by Proposition Hence if #CSP({¢'}) is
polynomial-time computable, then so is Pl-Holant ({g} | {EQ3}). By Theorem #CSP({d'})
is polynomial-time computable if ¢' € A or ¢’ € (£). Since M is diagonal, ¢’ € (£) is equivalent
to g € (£), so we have tractability for Case|[l| Furthermore, ¢’ € A is equivalent to ((1) 9\) oge A
for some A3 = 1, which establishes tractability for Case

This leaves Case[3l Assume g = c-[a, 1,b] for some a,b,c € A\ {0} with a® = b3, and define

g" :=[a,1,b]. The functions g and ¢” differ only by a non-zero factor, so by a straightforward
extension of Lemma [3| to bipartite signature grids we have
Pl-Holant ({g} | {EQs}) = Pl-Holant ({¢"} | {EQ3}) . (10)

Now, a® = b implies
0=(a®—b%?2 = (a® + )2 — 4(ab)?,

hence ¢” satisfies condition 4 of Theorem This establishes tractability for Case

It remains to prove the hardness part of the theorem. If g = [a, 0, b] for some a,b € A, then
g € (£) and Pl-Holant ({g} | {EQ3}) is polynomial-time computable by the above arguments.
Thus, from now on, we may assume g = ¢ - [a, 1,b], where a,b,c € A and ¢ # 0.

Let g” := [a,1,b] as before, then again holds. We will show that if ¢” satisfies one
of the tractability conditions of Theorem [30] then g satisfies one of Cases [IH3] Consider each
tractability condition of Theorem [30]in turn.

1. X =1 is equivalent to ab = 1. This is exactly the condition for the function [a, 1,b] to
be degenerate. But then g = ¢ - [a,1,b] is degenerate as well, so g € (£) and g satisfies
Case [1

2. X =Y =0 is equivalent to ab = 0 and a® + b3 = 0. Together, the two equalities imply
that a = b = 0. Thus ¢"” = NEQ, which implies g = ¢- NEQ € (£), so g satisfies Case

3. X = —1 implies that a,b # 0. We can therefore rewrite X = ab= —1to b = —a~', which
in turn implies Y = a® — a=3. This case therefore reduces to a® — a3 € {0,£2i}. We
distinguish subcases.

e Suppose a® — a3 = 0. Then a® = 1, i.e. a = ¢*™/3 for some k € {0,1,2,3,4,5}.
—Ifk=0,let A\=1, then A3 =1 and (ég)og:c-[l,l,—l] € A
— Ifk=1,let A=e%/3 then A3 =1 and

((1J ())\) ocg=c- [eiw/3’)\’ _)\2672‘#/3] —c- [6i7r/37€47;ﬂ'/37 _672'7r/3] — €4i7r/3c. [_17 17 1]

SO (ég)ogEA.
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— If k=2, let A =e%™/3 then A3 =1 and

(é 9\)09 _ C'[62i7r/3, )\7 _)\26—21'71’/3] _ c.[€2i7r/37 e22'7r/37 _€2i7r/3] _ €2i7r/3c_[1’ 17 _1]

so (§9)ege A
The remaining subcases are similar.
e Suppose a®—a~3 = 2i. Then a®—1 = 2ia?, or equivalently a®—2ia®—1 = (a3—i)? = 0.
Thus a = e/ for some k € {0,1,2}.

— If k=0, let A =e%™/3 then A> =1 and
(§9)0g=rc- [0 X N2 ™/0] = ¢ [ei/6 2m/3 _eTim/6] = /6. [1,—1,1]

SO ((1)9\)096./4.
:1’

— If let A = e*™/3 then A3 =1 and
((1) ())\)Og — [esn'w/ﬁ7 A, _)\26752‘#/6] — [€En'7r/<a7 /3. _611z‘7r/6] _ 65i7r/6c.[17 “1,1]
so (§9)ogeA

—Ifk=2,let A\=1, then \3 =1 and

so (§)ogeA

3 3

e Suppose a® — a3 = —2i. This subcase is analogous to the subcase a® — a™3 = 2i.

In each subcase, we were able to find A € A such that A3 = 1 and ((1) 9\) og € A, ie. the
function g satisfies Case

4. 4X3 = Y? implies 4(ab)? = (a® + b3)?, which is equivalent to (a® — b®)? = 0. Hence this
condition immediately implies that g satisfies Case

This completes the case distinction.

We have shown that if ¢” = [a, 1, b] satisfies any of the tractability conditions of Theorem
then g = ¢ - ¢” satisfies one of Cases Hence, conversely, if g = ¢ - [a,1,b] and g does not
satisfy any of Cases then ¢” = [a, 1,b] does not satisfy any of the tractability conditions of
Theorem [30} In that case, Theorem [30]implies that Pl-Holant ({g”} | {EQs}) is #P-hard. Thus,
by (L0), PI-Holant ({g} | {EQ3}) is #P-hard. O

3.5 Results about functions of arity 4

Besides the above results about ternary functions, we will also make use of the following result
about realising or interpolating the arity-4 equality function from a more general function of
arity 4.

Lemma 32 ([I5, Part of Lemma 2.40]). Suppose F C Y is finite and contains a function f of
arity 4 with matriz

a 0 0 b
0 00O
0 00O
c 0 0 d

where (ch g) has full rank. Then Pl-Holant

—

{EQ4} U F) <r Pl-Holant(F).

The lemma can of course also be used in the non-planar setting.
Functions in £ are often called ‘generalised equality functions’. Recall from Section |3.2] that
#CSP, is a counting CSP in which each variable has to appear an even number of times.
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Lemma 33 ([19, Lemma 5.2]). Suppose F C Y is finite and contains a generalised equality
function f of arity 4, then
Holant (F) =1 #CSP2(F).

Remark. Note that the statement of Lemma 5.2 in [19] has ‘Holant® instead of plain ‘Holant’,
but the proof does not use pinning functions, so this is presumably a typo.

4 The quantum state perspective

In Section [2.1] we introduced the idea of considering functions as complex vectors. This per-
spective is not only useful for proving Valiant’s Holant Theorem (which is at the heart of the
theory of holant problems), it also gives a connection to the theory of quantum computation.

In quantum computation and quantum information theory, the basic system of interest is
a qubit (quantum bit), which takes the place of the usual bit in standard computer science.
The state of a qubit is described by a vectorﬁ in the two-dimensional complex Hilbert space C?.
State spaces compose by tensor product, i.e. the state of n qubits is described by a vector in
((C2)®n, which is isomorphic to C2". Here, ® denotes the tensor product of Hilbert spaces and
tensor powers are defined analogously to tensor powers of matrices in Section Thus, the
vector associated with an n-ary function can be considered to be a quantum state of n qubits.
The vectors describing quantum states are usually required to have norm 1, but for the methods
used here, multiplication by a non-zero complex number does not make a difference, so we can
work with states having arbitrary norms.

Let {|0),|1)} be an orthonormal basis for C2. This is usually called the computational basis.
The induced basis on ((CQ)@n is labelled by {|x)}xe{0,1}» as a short-hand, e.g. we write [00...0)
instead of |0) ® |0) ® ... ® |0). This is exactly the same as the basis introduced in Section

Holographic transformations also have a natural interpretation in quantum information the-
ory: going from an n-qubit state |f) to M®™ |f), where M is some invertible 2 by 2 matrix, is a
‘stochastic local operation with classical communication’ (SLOCC) [6l, 22]. These are physical
operations that can be applied locally (without needing access to more than one qubit at a time)
using classical (i.e. non-quantum) communication between the sites where the different qubits
are held, and which succeed with non-zero probability. If two quantum states are equivalent
under SLOCC, they can be used for the same quantum information tasks, albeit potentially
with different probabilities of success. Two n-qubit states |1)) and |¢p) are equivalent under
SLOCC if and only if there exist invertible complex 2 by 2 matrices My, Mo, ..., M, such that
[y = (M1 @Me®...® M,)|d) [22, Section II.A]. In particular, SLOCC operations do not need
to be symmetric under permutations.

From now on, we will sometimes mix standard holant terminology (or notation) and quantum
terminology (or notation).

4.1 Entanglement and its classification

One major difference between quantum theory and preceding theories of physics (known as
‘classical physics’) is the possibility of entanglement in states of multiple systems.

Definition 34. A state of multiple systems is entangled if it cannot be written as a tensor
product of states of individual systems.

Example. In the case of two qubits,

|00) + |01) + |10) + [11) (11)

4Strictly speaking, vectors only describe pure quantum states: there are also mized states, which need to be
described differently; but we do not consider those here.
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is a product state — it can be written as (|0) 4 [1)) ® (|0) 4 [1)). On the other hand, consider
the state
100) + |11) . (12)

It is impossible to find single-qubit states |f),|g) € C? such that |f) ® |g) = |00) + |11). In
function notation, this can be seen by noting that if h(x,y) = f(x)g(y), then

h(0,0)h(1,1) — h(0,1)A(1,0) = £(0)g(0)f(1)g(1) — f(0)g(1)f(1)g(0) =0,

whereas for h(z,y) = EQy(x,y), we have h(0,0)h(1,1) — h(0,1)R(1,0) = 1. Thus, |00) + |11) is
entangled.

Where a state involves more than two systems, it is possible for some of the systems to be
entangled with each other and for other systems to be in a product state with respect to the
former. We sometimes use the term genuinely entangled state to refer to a state in which no
subsystem is in a product state with the others. The term multipartite entanglement refers to
entangled states in which more than two qubits are mutually entangled.

Under the bijection between functions in vectors described in Section [2.1} a state vector
is entangled if and only if the corresponding function is non-degenerate. A state is genuinely
entangled if and only if the corresponding function is non-decomposable. Finally, a state has
multipartite entanglement if and only if the corresponding function has a non-decomposable
factor of arity at least three. In other words, entangled states correspond to functions in T\ (/)
and multipartite entangled states correspond to functions in T\ (7).

Entanglement is an important resource in quantum computation, where it has been shown
that quantum speedups are impossible without the presence of unboundedly growing amounts
of entanglement [29]. Similarly, it is a resource in quantum information theory [35], featuring
in protocols such as quantum teleportation [5] and quantum key distribution [24]. Many quan-
tum information protocols have the property that two quantum states can be used to perform
the same task if one can be transformed into the other by SLOCC, motivating the following
equivalence relation.

Definition 35. Two n-qubit states are equivalent under SLOCC if one can be transformed into
the other using SLOCC. More formally: suppose |f),|g) € (C?)®™ are two n-qubit states. Then
|f) ~srocc |g) if and only if there exist invertible complex 2 by 2 matrices My, My, ..., M,
such that (M1 @ Mo ® ... @ My)|f) = |9).

The equivalence classes of this relation are called entanglement classes or SLOCC classes.
This definition is justified because SLOCC does not affect the decomposition of a state into
tensor factors. To see this, suppose |f),|g) are two n-qubit states satisfying Definition
Furthermore, suppose |f) decomposes as f{“> ® |f£+1> for some k with 1 < k < n, where ‘f{“>
is a state on the first £ qubits and ‘f£+1> is a state on the last (n — k) qubits. Then

lg) = (M1 @ My ®...® My)|f)
= (M @My ®...® M) (‘f{“>®\f,?+1>)

- ((M1 ®...® My) }f{“>) ® (M1 ® ... @ My) | i),

so |g) decomposes in the same way as |f). Since the matrices My, Ms, ..., M, are invertible,
the converse also holds. Hence |g) can be decomposed as a tensor product according to some
partition if and only if |f) can be decomposed according to the same partition. Therefore
SLOCC does not affect entanglement. Due to the correspondences between vectors and functions
outlined in the first part of the section, the same holds for holographic transformations.

For two qubits, there is only one class of entangled states: all entangled two-qubit states
are equivalent to |00) + |11) (the vector corresponding to EQ,) under SLOCC. For three qubits,
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there are two classes of genuinely entangled states, the GHZ class and the W class [22]. The
former contains states that are equivalent under SLOCC to the GHZ state:

1

IGHZ) := —(|000) + |111)), (13)

S

2

the latter those equivalent to the W state:

[W) := —(|001) + [010) + [100)). (14)

1
V3
Note that, up to scalar factor, |GHZ) is the vector corresponding to EQ; and |W) is the vector
corresponding to ONEs.

We say that a function has GHZ type if it is equivalent to the GHZ state under local
holographic transformations and that a function has W type if it is equivalent to the GHZ state
under local holographic transformations. Local holographic transformations include invertible
scaling, so non-zero scalar factors do not affect the entanglement classification. In the holant
literature, GHZ-type functions have been called the generic case and W-type functions have
been called the double-root case, cf. [I7), Section 3].

The two types of genuinely entangled ternary functions can be distinguished as follows.

Lemma 36 ([32]). Let f be a ternary function and write fim, = f(k,l,m) for all k.0, m €
{0,1}. Then f has GHZ type if the following polynomial in the function values is non-zero:

(fooofi11 — forof101 + foorfiio — for11f100) — 4(for0f100 — fooof110)(for1 fror — foorfi11)- (15)

The function f has W type if the polynomial s zero, and furthermore each of the following
three expressions is satisfied:

(fooofor1 # foorforo) V (fio1fi10 # fioofi11) (16)
(foor.f100 # fooofi01) V (for1fiio0 # forofii1) (17)
(for1fio1 # foorfi11) V (forof100 # fooof110)- (18)

If the polynomial s zero and at least one of the three expressions evaluates to false, f is
decomposable. In fact, for any decomposable f, at least two of the expressions are false.

The above lemma can be specialised to symmetric functions as follows.

Lemma 37. Let f be a ternary symmetric function and write f = [fo, f1, f2, f3]. Then f has
GHZ type if the following polynomial in the function values is non-zero:

(fofs — fife)? — 4(ff — fof2)(f3 — fifs) # 0. (19)

The function f has W type if the above polynomial is zero and furthermore

(ff # fof2) V (f§ # fifs).

If the polynomial in 1s zero and the above expression evaluates to false, f is decomposable.

For joint states of more than three qubits, there are infinitely many SLOCC classes. It is
possible to partition these into families which share similar properties. Yet, so far, there is no
consensus on how to partition the classes: there are different schemes for partitioning even the
four-qubit entanglement classes, yielding different families [38], 31} 2].

A generalised GHZ state is a vector corresponding (up to scalar factor) to EQ, for some
integer k > 3. A generalised W state is a vector corresponding (up to scalar factor) to ONE
for some integer k > 3.
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4.2 The existing results in the quantum picture

Using the correspondence between vectors and functions, several of the existing dichotomies
have straightforward descriptions in the quantum picture. The tractable cases of Theorem
can be described as follows:

e The case F C (T) corresponds to vectors with no multipartite entanglement. Unbounded
multipartite entanglement is needed for quantum computation to offer any advantage over
non-quantum computation [29], so it makes sense that its absence would lead to a holant
problem that is polynomial-time computable.

e In the cases F C (O o &) or F C (K o &), assuming F ¢ (T), there is GHZ-type multipar-
tite entanglement. To see this, note first that if f € () \ (7)) is non-decomposable, then
f must have arity at least 3 and be non-zero on exactly two complementary inputs. Sup-
pose f has arity n, and let a € {0,1}" be such that f(a) # 0. Without loss of generality,
assume a; = 0 (if a; = 1, replace a by a). Then

(@ 0 gy xan
!f>—<( o ) F®X )rEQn>,

where XY is the identity matrix; hence |f) ~srocc |[EQ,,). Further holographic transfor-
mations do not affect the equivalence under SLOCC. As formally shown in [4, Lemma 46],
the sets (Oo&) and (K o&) are already closed under taking gadgets, so every non-
decomposable function of arity n is SLOCC-equivalent to EQ,,. This means it is impossible
to realise W-type multipartite entanglement from F via gadgets, which again indicates
these cases are insufficient to describe full quantum computation.

e Finally, in the case F C (K o M) or F C (KX o M), again assuming F ¢ (T, there is
W-type multipartite entanglement. To see this, note first that if f € (M) \ (T) is non-
decomposable, then f must have arity at least 3. Suppose n := arity(f) > 3 and there
exists an index k € [n] such that f is 0 on the bit string that has a 1 only on position k and
zeroes elsewhere. Then by the definition of M, the function f is 0 whenever input & is non-
zero; hence f can be decomposed as f(x1,...,z,) = do(xk) f (X1, ..., Tk_1,Tki1,. .., Tp).
Thus, any non-decomposable f € (M) has support on all bit strings of Hamming weight
exactly 1. Now suppose f € M is a non-decomposable function of arity n, then if

f(0...0) =0, we have
5= (@ (6 f&))) ONE,),

k=1

where ey, for 1 < k < n is the n-bit string that contains a single 1 in position k& and zeroes
elsewhere. If f(0...0) # 0, then

n 1
|[f) = f(0...0) (@ (é f(’éw))) |ONE,) .

k1 0 700

In both cases |f) ~srLocc |ONE,), i.e. any non-decomposable function in M has W-type
entanglement. Further holographic transformations do not affect SLOCC-equivalence.
Again, it was shown in [4, Lemma 46] that (K o M) and (KX o M) are closed under
taking gadgets, so every non-decomposable function of arity n they contain is SLOCC-
equivalent to ONE,. In particular, it is impossible to realise GHZ-type multipartite
entanglement.
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The family of affine functions (cf. Definition also has a natural description in quantum
information theory: the quantum states corresponding to affine functions are known as stabiliser
states [20]. These states and the associated operations play an important role in the context of
quantum error-correcting codes [28] and are thus at the core of most attempts to build large-
scale quantum computers [2I]. The fragment of quantum theory consisting of stabiliser states
and operations that preserve the set of stabiliser states can be efficiently simulated on a classical
computer [28]; this result is known as the Gottesman-Knill theorem. The connection between
affine functions and stabiliser quantum mechanics has recently been independently noted and
explored in [16].

The examples in this section show that holant problems and quantum information theory
are linked not only by quantum algorithms being an inspiration for holographic ones: instead,
many of the known tractable set of functions of various holant problems correspond to state sets
that are of independent interest in quantum computation and quantum information theory. The
one exception are local affine functions, which seem not to have been described in the quantum
literature, possibly because this set does not contain any interesting unitary operations.

The restriction to algebraic numbers is not a problem from the quantum perspective, not
even when considering the question of universal quantum computation: there exist (approx-
imately) universal sets of quantum operations where each operation can be described using
algebraic complex coefficients. One such example is the Clifford+T gate set [7, 27], which is
generated by the operators

100 0
10 1 (1 1 4 (oo
(0 e”/‘l)’ \/§<1 —1)’ Mo o001

0010

4.3 Affine functions, holographic transformations, and entanglement

The lemmas in this section, like those in Section are straightforward. They will be useful in
the complexity classification proofs later.

The first results is well known in quantum theory. It is also closely related to the theory of
functional clones [9, 8] and holant clones [4], though we will not introduce the full formalisms
of those frameworks here. Instead, we give a proof in the language of gadgets.

Lemma 38. The set of affine functions is closed under taking gadgets, i.e. S(A) = A.

Proof. Suppose G = (V, E, E’) is a graph with vertices V, (normal) edges E, and dangling edges
E' ={ey,...,en}, where ENE' =0. Let I = (A, G, 7) be a gadget with effective function

g um) = Y [ Fo(6lew)

o:E—{0,1} veV

where & is the extension of o to domain E U E’ which satisfies 6(e) = yj, for all k € [n], and
|B(v) is the restriction of & to edges (both normal and dangling) which are incident on v.

We prove gr € A by induction on the number of normal edges m := |E|.

The base case m = 0 implies that all edges are dangling and gr = @,cy fo. Then by
associativity of ® and by repeated application of Lemma [1§] (1), we have gr € A.

For the inductive step, assume the desired property holds if there are m normal edges.
Consider a gadget I' = (A, G, m) with m + 1 normal edges and n dangling edges. Pick some
e = {u,v} € F and ‘cut it’, i.e. replace it by two dangling edges e,1,€nt2, Where e,41 is
incident on u and e,y is incident on v. Let E = E \ {e} and let E” = E' U {en11,en12}. The
resulting graph is G’ = (V, E, E"). Since G’ has the same vertices as G' and each vertex has
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the same degree in both graphs, IV = (A, G', 7) is a valid gadget, where 7 is the same map as

before. Then
g2 = Y [ o6 Bw)
o:E—{0,1} vV

where 6’ is the extension of o to domain E U E” which satisfies 6”(ex) = yi for all k € [n + 2].
Now I is a gadget with m normal edges, so by the inductive hypothesis, gr/(y1, ..., Ynt+2) € A.

But gF(yl, cee yn) = Eyn+1e{071} arr (y17 <oy Yns Ynt 1, yn+1)7 Le. ar = (9127+2:y"+1)yn+1:*.
Thus, by Lemma (18| (3) and (4), we have gr € A. O

Lemma 39. The set B4 :={L € GL2(A) | fr € A} is a group under matriz multiplication.

Proof. Closure under matrix multiplication follows directly from Lemma The identity matrix
corresponds to EQ,, which is affine, so B4 contains the identity. For closure under inverse, note
that by Definition [17] any matrix A € B4 corresponds to a function

fala,y) = i@ (1)1 (2, y),

where ¢ € A\ {0} by invertibility of A, £,q : {0,1}?> — {0,1} with ¢ being linear and ¢ being
quadratic, and x € {[1,1,1], [1,0,1], [0,1,0]} is the indicator function for an affine support.
(With support on some other affine subspace of {0,1}2, A could not be invertible.) Constant
terms in £ or ¢ can be absorbed into ¢, and for Boolean variables, 22 = z, so non-cross-
terms from ¢ can be absorbed into ¢. Thus, without loss of generality, ¢(z,y) = Az + py and
q(z,y) = kay for some A, pu € {0,1,2,3} and x € {0,1}. Let P:= (}?).

Now if x = [1,1, 1], then

A=e(3 o) =P (0 ) P

For A to be invertible, k must be 1. But then A~! = ¢7*P47# (1 1) P4~* € B4. On the other
hand, if x = [1,0,1] or x = [0, 1,0], then

1 0 0
Azc(o (—1)"%'A+”> or AZC(@"\ O>’

Again, in both cases A~! has the same form as A, so A~! € B4. Hence B4 is a group. O
Up to scaling, the unary elements of A are
5 :=[1,0], &1:=10,1], &4 :=[1,1], o_:=[1,-1], & :=[1,i], and o_;:=][1,—1].

We say the pairs {do, 01}, {0+,0_}, and {d;,d_;} are orthogonal pairsEl7 any other pair of distinct
unary functions u,v € A is called non-orthogonal. It is straightforward to see that if u, u' are
an orthogonal pair and v € A is a unary function that is not a scaling of u or u'’, then

v(r) = a-u(x) + B - ut(r) where a* = 2.

Lemma 40. Suppose M € B = {L € GLy(A) | LT 0 {EQy, 0,01} C A} and MT o6, , MTo6_ €
A. Then M € By = {L € GLy(A) | fr € A}.

Proof. The property M € B implies there are u,v € {dp,01,04,0_,8;,0_;} and \,u € A\ {0}
such that M7 o8y = A-uw and M7 o6, = p-v. But §+(x) = do(x) & 61(x), so by linearity
(MT oéL)(x) = X u(x) £ p-v(z).

First, suppose v and v are orthogonal. Then MT = M’ (6\ 2) where

wel( D06 DC D)

This is because the two corresponding vectors are orthogonal under the complex inner product.
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since this set contains all matrices that map J§y and §; to a pair of orthogonal functions in A,
including permutations. It is straightforward to check that if u and v are orthogonal, then
M7 o4y € Aif and only if A* = p*. But then M7 is a product of two matrices corresponding
to functions in A, so M € B4 by Lemma

Now suppose u and v are not orthogonal; denote by u' the function which forms an orthogo-
nal pair with u. Then there exist o, 8 € A\ {0} with a* = 84 such that v(z) = a-u(x)+B-ut(z).
Thus

(MT 06.0)(z) = (N £ pa) - u(z) £ pf - ut(x).

These two functions are in A if and only if both (A + pa)* = p?B* and (A — pa)* = p*B*. That
means
A4 pa)* =N —pa)t = IpaN+p2?®) =0 <= = fiua

Then p*p* = (1 +14)*u*a?, so since all of the numbers are non-zero, we have 3* = —4a*. This
contradicts the assumption a* = B%. Therefore this case cannot happen and we always have
M € B4 by the previous case. O

The following makes more precise some of the arguments about entanglement types in
Section [4.2] in the context of ternary functions, and extends the argument to functions in A.

Lemma 41. Suppose f € (€) is a non-decomposable ternary function, then f has GHZ type.
Similarly, suppose g € (M) is a non-decomposable ternary function, then g has W type. Finally,
suppose h € A is a non-decomposable ternary function, then h has GHZ type.

Proof. Suppose f € (£) is a non-decomposable ternary function. Non-decomposability implies
f € &, so there exists a € {0,1}? such that f(x) = 0 unless x € {a,a}. Since f is non-
decomposable, f(a) and f(a) must both be non-zero. We can thus find matrices A, B,C €
{I, X} such that (A® B® C)|f) = fa|000) + fa|111), which is clearly a GHZ-type state. But
this is an SLOCC operation, which does not affect the entanglement class, so f has GHZ type.

Now suppose g € (M) is a non-decomposable ternary function. Non-decomposability implies
g € M, hence g(x) = 0 whenever |x| > 1. The polynomial in becomes

(90009111 — go109101 + goo19110 — 90115]100)2 - 4(90109100 - 90009110)(90119101 - 90019111)
= (0 —0+40-— 0)2 — 4(90109100 - 0)(0 - 0) =0.

Yet g is non-decomposable by assumption, therefore Lemma 36]implies that g must have W type.

Finally, suppose h € A is a non-decomposable ternary function. Then by Definition
h(x) = ¢i'®)(=1)9) y gx—p(x) where ¢ € A\ {0} is a constant, [ is a linear Boolean function, ¢
is a quadratic Boolean function, and y is a 0-1 valued indicator function for an affine subspace
of {0,1}3.

By [34], for any function ' € T,, there exist matrices My,..., M, € {I, H}, where H =
(1 1) is the Hadamard matrix, such that (M; ® ... ® M,) |h') is everywhere non-zero. Both
I and H correspond to affine functions, so by Lemmas |14] and if i’ € A then the function
corresponding to (M; ®...® M,) |h') is also in A. Hence, since SLOCC operations do not affect
the entanglement class, we may assume without loss of generality that A has full support by
replacing it with the function transformed according to [34] if necessary. Then Y is the constant-
1 function and can be ignored. Now, a SLOCC transformation by P := (}9) on argument zj,
contributes a factor i** to the overall function. Thus, by such transformations, we can make [
trivial and remove all terms of the form m% from ¢ without changing the entanglement. It thus
suffices to consider the function I/ (x1, w9, x3) = (—1)712%1%2M3T1T3T7232223 where 719, 713, Vo3 €
{0,1}. Then the first term of the polynomial in becomes

(hoooh111 — hotohio1 + hoothi10 — ho11hi00)?

_ C4<<_1)'y12+’y13+723 _ (_1)713 4 (_1)’712 _ (_1)723>2
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The second term becomes

—4(ho1oh100 — hoooh110) (hot1hior — hoothiit)
— 4t (1 _ (_1)712) ((_1)’713+’y23 _ (_1)712+713+723)

= (st (1 ()
Thus, if 12 = 0, the polynomial in is equal to
A ((m1yms s — (cayms 41— (—1ys),
which is 16¢* if 413 = 723 = 1, and 0 otherwise. If 15 = 1, the polynomial becomes
A= (e - (—aym -1 - (—1)723)2 — 16ct(— 1)t

which is 0 if 713 = 23 = 0, and non-zero otherwise. Hence the function has GHZ-type if and
only if y12 + 713 + 723 > 2.

It remains to see what happens if y12 + 13 + Y23 < 2. Now, the condition , (hoooho11 #
hoorho1o) V (h1o1h110 # hioohi11), becomes

(17 # 1) v (s # (mppnetoton ),

which reduces to the single inequality o3 # 0. Similarly, becomes 13 # 0 and becomes
~v12 # 0. Hence h either has GHZ type or it decomposes. Thus, any non-decomposable ternary
function in A has GHZ type. O

5 Holant™

Before deriving the dichotomy for Holant®, we consider a new family of holant problems, called
Holant™, which fits between conservative holant problems and Holant®: It has four freely avail-
able functions, which are all unary and include the pinning functions. Using results from
quantum information theory, these four functions can be shown to be sufficient for constructing
the gadgets required to apply the dichotomies in Section Formally, for any finite 7 C T:

Holant™ (F) := Holant (F U {60, 1,64,0_}). (20)

Note that the vectors |0) and |1) corresponding to dy and d; are orthogonal to each other.
Similarly, the vectors |+) and |—) corresponding, up to scalar factor, to 4 and d_ are orthogonal
to each other. In quantum theory, the set {|+),|—)} is known as the Hadamard basis of C2, since
these vectors are related to the computational basis vectors by a Hadamard transformation:

{I+).1-)} = Ho{|0),[1)}, where H = —= (] ). Hence |+) = —5(|0) + 1)) and |-) =

% (|0y — |1)), i.e. the Hadamard basis vectors differ from the vectors corresponding to 04 and
d_ by a factor of %, which does not affect any of the following arguments.

In the next subsection, we first state and extend a result from quantum theory that is used
in the later proofs. Specifically, we prove that if F & (T), then S(F U {do, d1,04,d_}) contains
a non-decomposable ternary function. It is vital for the proof to have all four unary functions
available, e.g. if ¥ = {EQ,}, it would be impossible to produce a non-decomposable ternary
function using only pinning.

In Section [5.2] we furthermore show that, under some mild assumptions on F, the set
S(F U {dg,01,04+,0_}) actually contains a symmetric non-decomposable ternary function. In
Section [5.3] we exhibit gadget constructions for certain binary functions and show that the
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assumptions of the previous section are satisfied if F is not one of the exceptional cases of
Theorem All the gadgets in these subsections are planar. To ensure that the full complexity
classification works for planar holant problems, we next give a reduction between planar holant
problems and planar counting CSPs in Section [5.4l This is based on results sketched in the
literature, but to our knowledge the full proof has not been written out before. Finally, in
Section we combine all of the parts to prove the complexity classification for Holant™,
which holds even when restricted to the planar case.

5.1 Why these free functions?

The definition of Holant™ is motivated by the following results from quantum theory. We first
state the results in quantum terminology and translate them into holant terminology at the end
of the section.

Theorem 42 ([36, Lemma on p. 296],[26]). Let |¥) be an n-system genuinely entangled quantum
state. For any two of the n systems, there exists a projection, onto a tensor product of states
of the other (n — 2) systems, that leaves the two systems in an entangled state.

Here, ‘projection’ means a (partial) inner product between |¥) and the tensor product
of single-system states. The n systems do not have to be qubits, but for the purposes of
the following arguments, it suffices to think of them as n qubits. The original proof of this
statement in [36] was flawed but it was recently corrected [26]. The following corollary is not
stated explicitly in either paper, but can be seen to hold by inspecting the proof in [26].

Corollary 43. Let |U) be an n-qubit genuinely entangled quantum state. For any two of the
n qubits, there exists a projection, onto a tensor product of computational and Hadamard basis
states of the other (n — 2) qubits, that leaves the remaining two qubits in an entangled state.

In other words, Theorem [42] holds when the systems are restricted to qubits and the projec-
tors are restricted to products of computational and Hadamard basis states. Here, it is crucial
to have projectors taken from two bases that are linked by the Hadamard transformation: the
proof applies only in that case. Intuitively, the corollary states that if n parties share a genuinely
entangled n-qubit state, then this can be converted into an entangled 2-qubit state shared by
two of the parties using local projectionsﬁ

In holant terminology, the corollary corresponds to the following proposition about pro-
ducing binary non-decomposable functions from a higher-arity non-decomposable function via
gadgets with unary functions.

Proposition 44 (Restatement of Corollary . Let f be a non-decomposable function of arity
n > 2. Suppose j, k € [n| with j < k. Then there exist up, € {do,1,0+,0_} for allm € [n]\{j, k}
such that the following binary function is non-decomposable:

g(zj,zp) = Z fz1,...,x) H U (T
25€{0,1} for s€[n]\{j,k} men]\{j,k}
This g is the effective function of the gadget in Figure[la.

Remark. Proposition [44] can be considered an alternative definition of what it means to be
non-decomposable. To see this, suppose the function f € T,, is decomposable, i.e. there exists
1 <k < n and functions fi, fo such that:

f(xlv cee 7$n) = fl(:Ep(l)) s 7xp(k))f2($p(k+1)7 s 7$p(n))'

In the real world, these projections correspond to post-selected measurements, so without post-selection the
protocol may fail in some runs.
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Figure 1: (a) The gadget from Proposition 44| and (b) the gadget from Theorem

Choose one argument from each partition, say x,1) and x,,); the argument is analogous for
any other choice. Then for all u,, € {dy,d1,0+,0_} we have

g(xp(l)’xp(n)) = Z f(xlv"wxn) H um(xm)

2.€{0,1} for s€[n]\{p(1),p(n)} men\{p(1),p(n)}

k
= > Fi@pqys - 2oe) [T (o))
m=2

Tp(2)0 (k) €{0,1}

n—1
X Z fQ(xp(k—i—l)a---axp(n)) H um(l'p(m))

xp(k+1)7"'7Ip(n71)e{071} m=k+1

which is clearly decomposable. Thus if the conclusion of Proposition [44] holds for some f, then
f must be non-decomposable.

We extend this proposition as follows. Note that all gadgets are planar.

Theorem 45. Let f be a non-decomposable function of arityn > 3. Then there exist j,k, L € [n]
with j < k < £, and u,, € {0o,01,0+,0_} for allm € [n]\{J, k,{}, such that the following ternary
function is non-decomposable:

g($j,$k,$£) = Z f(xlv'-wxn) H um(xm)

z5€{0,1} for s€[n]\{j,k.¢} me[n)\{j,k,¢}
This g is the effective function of the gadget in Figure [1p.

Proof. The result is proved by induction on n. If n = 3, f itself is the desired non-decomposable
ternary function; this is the base case. Now suppose the result holds for all n satisfying 3 <
n<N.

We prove the result for n = N + 1 by contradiction, i.e. we begin by assuming that for some
non-decomposable function f of arity n = N +1 there does not exist any choice j, k, ¢ € [n] with
Jj <k <¥ and uy € {60,61,04,0_} for all m € [n]\ {j,k, £} such that the function g defined
in the theorem statement is non-decomposable. Note the function f cannot be identically zero
since such functions are trivially decomposable.

First, consider the family of gadgets that arise by composing one input of f with one of the
allowed unary functions:

hj,u(-rla-'wxj*laijrla-"73311) = Z f(l'l,,.Tn)U(.’,U])

xz;€{0,1}
where j € [n] and u € {dg, d1,9+,0_}. Note that
f@i, . mn) = hjso (@1, .o @1, Zj41, - n)00(25) + hjs (1, ..., i1, Tj11, - -, Tp)01(25)
= hj,5+ (.CCl, NS T T 7 N P ,xn)5+(xj) —+ hj,cL (:L’l, ey X1, Tty - ,xn)é_(xj)

for any j € [n|. Hence, if hj, was identically zero for some j and u, then f would be de-
composable. But we assumed f was non-decomposable, therefore the functions h;, cannot be
identically zero.
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Furthermore, if one of the functions h;, has a non-decomposable tensor factor of arity at
least 3, then we can remove the other tensor factors by Lemma [0 replace f with the resulting
function of arity between 3 and N (inclusive), and be done by the inductive hypothesis. Thus,
for all j and u, we must have hj,, € (T), i.e. hj, decomposes as a tensor product of unary and
binary functions.

Now by Proposition 44} we can find w,, € {0, 61,d4,_} for all m € [n] \ {1,2} such that

b(xy,x2) == Z f(z1,...,zn) H U (T4
z5€{0,1} for se[n]\{1,2} me[n]\{1,2}

is non-decomposable. Since b arises from h,, ,,, by contraction with unary functions, the argu-
ments z; and z2 must appear in the same tensor factor of hy, 4,,. Yet hy,, € (T) by the argu-
ment of the previous paragraph, so we must have Ay 4, (€1, .., Tn—1) = b(x1, z2)h(x3, ..., Tp_1)
for some h € (T), which is not identically zero. Similarly, by Proposition we can find
U, € {00,01,04,0_} for all m € [n] \ {2, 3} such that

V(xo,23) == Z flz1,...,xn) H U (Tm)

zs€{0,1} for s€[n]\{2,3} men]\{2,3}

is non-decomposable. Then, analogous to the above, hy y, (22, ..., z,) = b'(x2, x3)h (24, ..., Ty)
for some h’ € (T), which is not identically zero.
Now consider the gadget

f(z2, . an) = Z Fx1, . mp)vr(zr)ug (zy).

z1,2n€{0,1}

If we perform the sum over x,, first, we find

f(x2,. . &p-1) ji: Py (21, -+ Tp—1)v1(21) jg: by, x2)h(x3, ..., Tn_1)v1(21),
z1€{0,1} z1€{0,1}

(21)
which is not identically zero since h is not, and v'(z3) := > zrefo1} b(1, 32)v1(21) being iden-
tically zero would imply b is decomposable. By inspection, the arguments x2 and x3 appear in
different tensor factors of f.

If, on the other hand, we perform the sum over x; first, we find

f(z2, . 201) Z R, (T2, .oy Tp)upn (zn) = Z V(xg, w3)h (24 ...y 20 )un(xy).
2, €{0,1} zn€{0,1}
(22)
This could be identically zero if b/ (x4, cooyy) = B'(zyg,. .. ,xn_l)uﬂ;(mn) for some h”, where

the function u;- satisfies D wne{o} U H(@n)un(x,) = 0. Yet from we deduced that f’ is not
identically zero, so this cannot happen. Then, inspection of (| shows that the arguments xo
and x3 appear in the same non-decomposable tensor factor of f’ This contradicts the finding
from that they appear in different tensor factors.

Hence the assumption must have been wrong and we have hy,, ¢ (T) or hy .y, ¢ (T). Thus,
by Lemma|[J) and the induction hypothesis, we can realise the desired non-decomposable ternary
function. O

In quantum terminology, this corresponds to the following theorem.

Theorem 46 (Restatement of Theorem . Let |U) be an n-qubit genuinely entangled state
with n > 3. There exists some choice of three of the n qubits and a projection of the other
(n—3) qubits onto a tensor product of computational and Hadamard basis states that leaves the
three qubits in a genuinely entangled state.
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Figure 2: A ‘virtual gadget’ for a non-decomposable ternary function. The white vertex repre-
sents either EQ; or ONE3 and the boxes represent (not necessarily symmetric) binary functions
corresponding to the matrices A, B, and C, respectively.

This result, which was not previously known in the quantum information theory literature,
is stronger than Corollary [43]in that we construct entangled three-qubit states rather than two-
qubit ones. On the other hand, our result may not hold for arbitrary choices of three qubits:
all we show is that there exists some choice of three qubits for which it does hold.

The original proof of this theorem in an earlier version of this paper was long and involved;
this new shorter proof was suggested by Gachechiladze and Giihne [25].

5.2 Symmetrising ternary functions

The dichotomies given in Section [3.4] apply to symmetric ternary non-decomposable functions.
The functions constructed according to Theorem [45]are ternary and non-decomposable, but they
are not generally symmetric. Yet, these general ternary non-decomposable functions can be used
to realise symmetric ones, possibly with the help of an additional binary non-decomposable func-
tion. We prove this by distinguishing cases according to whether the ternary non-decomposable
function constructed using Theorem [45| is in the GHZ or the W entanglement class (cf. Sec-
tion .

Consider a function f € Y3 which is in the GHZ class. By definition, there exist matrices
A, B,C € GLy(A) such that |f) = (A® B® C) |GHZ), i.e.

f(xlvx%x?)) = Z AIl,ylBlz,yzcxg,y3EQ3(y17y2’y3)'
y1,42,y3€{0,1}

We can thus draw f as the ‘virtual gadget’ shown in Figure The ‘boxes’ denoting the
matrices are non-symmetric to indicate that A, B, C are not in general symmetric. The white
dot is assigned EQ3. This notation is not meant to imply that the binary functions associated
with A, B, C or the ternary equality function are available on their own. Instead, thinking of
the function as such a composite will simply make future arguments more straightforward.

Similarly, if f is in the W class then there exist matrices A, B,C € GLy(A) such that
|lf) =(A® B®C)|W), or equivalently,

f(xlv X2, $3) = Z A:pl,yl Bzg,yz ng,yg ONE3 (yla Y2, y3)'
y1,Y2,43€{0,1}

In this case, f can again be represented as a virtual gadget, but now the white dot in Figure
is assigned the function ONEs;.

In both the GHZ and the W case, three vertices assigned f can be connected to form the
rotationally symmetric gadget shown in Figure[3h. In fact, since f is a function over the Boolean
domain, the effective function g of that gadget is fully symmetric: its value depends only on
the Hamming weight of the inputs. On the other hand, g may be decomposable (in fact, any
symmetric decomposable function must be degenerate) and it may be the all-zero function. For
a general non-symmetric f there are three such symmetric gadgets that can be constructed by
‘rotating’ f, i.e. by replacing f(x1, xe,x3) with f(ze,xs,z1) or f(xs3,x1,x2). Rotating f in this
way does not affect the planarity of the gadget. The idea leads to the following lemmas.

Lemma 47. Suppose f € Y3 has GHZ type, i.e. |f) = (A® B® C)|GHZ) for some matrices
A,B,C € GLy(A). Then there exists a non-decomposable symmetric ternary function g €
S({f}), which is furthermore realisable by a planar gadget.
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Figure 3: (a) A symmetric gadget constructed from three copies of the ternary function from
Figure 2l (b) A simplified version of the same gadget, where M := CT B. The variable names
next to the edges are those used in (24)).

Proof. The function f can be represented by a virtual gadget as in Figure [2| where the white
vertex is assigned EQs and the matrices A, B, and C' are those appearing in the statement of the
lemma. We will realise a symmetric ternary function by using the triangle gadget in Figure Bh.
Note that there are three different planar versions of this gadget by cyclically permuting the
inputs of f (and thus the roles of A, B, and C) in the gadget. The desired result will follow from
arguing that either at least one of these three gadgets is non-decomposable and therefore yields
the desired function g, or f is already symmetric. In the latter case, we simply take g := f.

Consider the gadget in Figure [Bp. To simplify the argument, we will not parameterise each
of the three matrices A, B, and C individually; instead we let

AT _[a b
M:=C B(C d)’ (23)

yielding the gadget in Figure Bp. The effective function of that gadget, which we will denote
h(z1, z2,23) is equal to

Z Awl,w Am,yz A$37y3EQ3 (yh 21, wl)EQS (y27 22, w2)EQ3 (93’ 23, w3)M21,w2 MZz,w:s MZ37w1
= Z Aivl,yl sz,yg Aws,ys Myhszy%yS MyS:yl’ (24)
Y1,y2,43€{0,1}
where the first sum is over all y1, y2, ys3, 21, 22, 23, w1, w2, w3 € {0,1}. Let the function A’ be such
that h = A o A/, then, by invertibility of A,
W (y1,y2,y3) = My, g Moy s My o, -

Plugging in the values from , we find that b’ = [a®, abe, bed, d3]. Since h and k' are connected
by a holographic transformation, they must be in the same entanglement class: in particular, A
is non-decomposable if and only if &’ is non-decomposable. Hence we may work with A’ instead
of h for the remainder of the proof.

Recall from Section that a symmetric ternary function is non-decomposable if and only
if it has either GHZ type or W type. By Lemma R’ has GHZ type if and only if:

Py := a?d*(ad + 3bc)(ad — be)3 # 0.
It has W type if Py = 0 and furthermore
((abe)? # a’bed) v ((bed)? # abed?) . (25)

If neither of these conditions is satisfied, h’ is decomposable (and in fact degenerate).
Now, as M is invertible, we have ad — bc # 0. Thus, A’ fails to have GHZ type only if at
least one of a, d, or (ad + 3bc) is zero. We consider the cases individually.
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e Suppose a¢ = 0. Then P, = 0 and becomes (0 # 0) V (bed # 0). Hence h' has W type
if bed # 0 and is degenerate otherwise. Since M is invertible, a = 0 implies bc # 0. Thus,
B’ is degenerate (in fact, it is identically zero) if a = d = 0 and it has W type otherwise.

e Suppose a # 0 and d = 0. Then P, = 0 and becomes (abe # 0) V (0 # 0). Hence b’
has W type if abc # 0. But invertibility of M together with d = 0 implies that bc # 0, so
in this case a, b, ¢ are all guaranteed to be non-zero. Therefore h’' always has W type.

e Suppose a,d # 0 and ad + 3bc = 0, i.e. bc = —%ad. Then Py, = 0 and by substituting for

be, (25) becomes
1 1 1 1
<9a4d2 7é —3a4d2) V <9a2d4 7é —3a2d4) s

which is true for all a,d # 0. Therefore h’ always has W type.

By combining the three cases, we find that h’ is degenerate if and only if a = d = 0, or
equivalently if and only if (CT B)gy = (CTB)11 = 0.

As noted before, there are three different planar gadgets that can be constructed from the
same non-symmetric ternary function, by ‘rotating’ it. Assume that all three gadget construc-
tions yield a decomposable function. For the original gadget, this means that (CTB)gy =
(CTB)11 = 0. For the rotated versions of the gadget, the assumption furthermore implies that

(BTA)OQ =0= (BTA)H and (ATC)O() =0= (ATC)H.

These equalities indicate that CTB, BT A, and ATC are purely off-diagonal matrices. Addi-
tionally, since A, B, C are invertible, CT B, BT A, and AT C must also be invertible. Hence there
exist invertible diagonal matrices D1, Do, D3 € GL2(A) such that:

BTA = XDy, CTB=XD,, and ATC = XDs. (26)

By rearranging the second equation of , we find B = (CT)71X D,. Now, by transposing,
rearranging, and then inverting, the third equation of is equivalent to

CTA=D3X <+ CT'=D3XxA"' — (0T)'=AXxD;!,

so B=AXDgy 'X D,. Similarly, transposing and then rearranging the second equation of
yields C = (BT)"'DyX. By rearranging and inverting, the first equation of is equivalent
to

BT =XD;A™' «— (BT)"!'=AD{'X,

so C = AD; ' XD X.
Both Dy Ix Dy X and XDy lx D5 are diagonal matrices; write them as

Do = D' XDy X = (700 $1> and Dp= XD;'XDy= <ﬁ00 501> 27)

for some [y, 51,70,71 € A\ {0}. Then B= ADp and C = AD¢, so:
|f) = (A®@ B C)|GHZ) = A**(I ® Dp ® D¢) |GHZ) = A%’ (By70[000) + B171 [111)), (28)

where I is the 2 by 2 identity matrix. Hence the assumption that all three gadgets are de-
composable implies that f = A o [By70,0,0, 8171, i.e. the assumption implies that f is already
symmetric.

We have shown that either one of the three possible planar triangle gadgets yields a sym-
metric non-degenerate function, or f itself is already symmetric. Thus there always exists a
non-degenerate symmetric ternary function in S({ f}) which is realisable by a planar gadget. [
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Figure 4: (a) The symmetrisation gadget after the matrix C7 B has been converted into LDU
decomposition, where L is lower triangular, D is diagonal (and hence symmetric), and U is
upper triangular. (b) If the white vertices are assigned the function ONEg, the triangular
matrices can be replaced by a different matrix on the outer leg, which is absorbed into A to
form A’.

Lemma 48. Suppose f € T3 has W type, i.e. |f) = (A® B® C)|W) for some matrices

A,B,C € GLg(A). If f ¢ (Ko M)U (KX o M), there exists a non-degenerate symmetric
ternary function g € S({f}). The function g has GHZ type and is realisable by a planar gadget.

Proof. Since f has W type, we can write |f) = (A® B ® C)|W): i.e. the function f can be
thought of as the ‘virtual gadget’ given in Figure [2] where the white dot is now assigned ONEg.
We can therefore combine three copies of f into the triangle gadget given in Figure [Bh, analogous
to the previous lemma. By basic linear algebra, we can apply the LDU decomposition to CT B:

_— /1 0\ (b 0\ /(1 d
CB_LDU_((L 1)(0 c) (O 1)’

where a,b,c,d € A with b,c # 0 and L = (19) is lower triangular, D = (%) is diagonal, and
U= (é il) is upper triangular. This is illustrated in Figure .

Now, note that each of the white dots assigned ONEg3 is connected to a copy of U and a
transposed copy of L. It is straightforward to show that

(I®U®LT)|[W) = (a+ d)|000) + W) = ((é “Td> ®1®1> W),

so the diagram can be transformed to the one of Figure , where A’ := A ((1) “J{d).
The effective function of the gadget in Figure , which we will denote g(z1, z2, z3), equals

Z ALy Ay o Aty 4 ONE3(y1, 21, w1 ) ONE3 (2, 22, w2 ) ONE3 (3, 23, w3) D2y g Dy s Dzs w5
where the sum is over all y1,v2, 3, 21, 22, 23, w1, w2, w3 € {0,1}. Let ¢’ := (A’)"1 o g, then

g (1. y2.ys) = > ONEs(y1,21,23)ONEs(ya, 22, 1) ONE3(y3, 23, 22) Dz, 2y Dzy.zy Dg 25
21,22,23€{0,1}

where we have used the property that D is diagonal.

Recall that ONEj3 is the ‘perfect matchings’ constraint. This means the gadget for ¢’ is
a symmetric matchgate on three vertices, where every internal edge that is in the matching
contributes a factor ¢ to the weight, and every internal edge that is not in the matching con-
tributes a factor b to the weight. Clearly, ¢/(1,1,1) = b? since if the three external edges are
in the matching, there can be no internal edges in the matching. As a matchgate, ¢’ must
satisfy a parity condition: in particular, given the odd number of vertices, it is 0 on inputs
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b\i/

Figure 5: Gadget for constructing a ternary function that is not in K o M (or KX o M). The
degree-3 vertex is assigned the function f and the degree-2 vertex is assigned the function h,
with the second input of h connected to the first input of f.

of even Hamming weight. The remaining value on inputs of Hamming weight 1, having one
external edge and thus one internal edge to make a matching, is b>c. Combining these, we have
g =0, bc, 0, b3]. Note that |g) and |¢') are by definition equivalent under SLOCC, i.e. g and
¢’ are in the same entanglement class. We may therefore reason about ¢’ instead of g.

By Lemma ¢’ has GHZ type if and only if

0# (0-0)2—4((b?c)* —0) (0—b*cb*) = 4b°¢>.
Yet b, c # 0, so ¢’ always has GHZ type. The gadget is planar. O

The following lemma shows an analogous result for the case where the ternary function
feKoMor fe KX oM. In that case, some additional support from a binary function
outside the respective set is needed; we will show in the next section that such a binary function
can be realised unless all functions are in (K o M) or (KX o M).

Lemma 49. Let M’ be one of KoM and KX o M. Suppose f € TsNM' and h € T\ (M),
then there exists a non-degenerate symmetric ternary function g € S({f,h}). In both cases, g
has GHZ type and is realisable by a planar gadget.

Proof. Note that by Lemma 41| and the property that holographic transformations do not affect
the entanglement class, f has W type in both cases, i.e. |f) = (A B®C) |W) for some matrices
A, B,C € GLy(A).

Now first suppose f € K oM and h ¢ (K o M). Note that any binary function i with
this property is non-degenerate (and thus non-decomposable), since T1 C K o M. Let f/' :=
KlofeMandh := K 1oh¢ M, then we can write

/ fooo foor foio 0) / <hoo h01>
_ d H= :
f <f100 o o o ™ hio hn

where foo1 fo10/f100 # 0 by non-decomposability of f’, hoohi1 — ho1hio # 0 by non-decomposa-
bility of 1/, and hi; # 0 because h' ¢ M.

Consider the gadget in Figure [5] where the second input of h is connected to the first input
of f. The effective function associated with this gadget is

[y, w0, w3) = Y (w1, y) f(y, w2, 73)

ye{0,1}
/ /
= g le,z1 Ky,ZQh (Zl, Z2)Ky,Z3Kx2,Z4Kxg,Z5f (23, 24, 25)

Y,21,5--,25€{0,1}
/ /
= § Kx1,Zle2,Z4K$37Z5h (ZlaZZ)f (23724725) E : Ky,zzKy,Z:&

21,-.,25€4{0,1} y€{0,1}
= Z Kml,lezz,Z4Krg,z5 Z 2. h/(Zl,ZQ)f/(Zg,Z4,Z5)NEQ(22,23).
z1,%24,25€{0,1} 22,23€{0,1}

Let " := J(K~=1 o f") or equivalently f” = 2(K o f), then

1
2

f///:<f000h01+f100h00 foorhot  forohot 0)
foooh11 + fioohio  foorhit  foroh11i 0/ °

34



Note that f” € K o M if and only if f”/ € M, and f” € KX o M if and only if f” € X o M.
We now show [ ¢ (K o M)U (KX oM).

Assume for a contradiction that f” € K o M, ie. f/ € M. This implies that 0 =
7(1,0,1) = foorh11 and 0 = f”(1,1,0) = foioh11. But, as stated above, f being non-
decomposable and h not being in K o M imply that foo1, foro and hi1; must be non-zero.
Therefore f”' ¢ M and f"” ¢ K o M.

Similarly, assume for a contradiction that f” € KX o M, i.e. f/ € X o M. This implies

0= f"(0,0,0) = foooho1 + fioohoo

0= f"(0,0,1) = foo1hot
0= f"(0,1,0) = foioho1
0= f"(1,0,0) = foooh11 + fiooh1o-

Now, the condition foo1ho1 = 0 implies hg; = 0 since fgp1 # 0 by non-decomposability of f.
Then the first equality reduces to 0 = figohgo, which implies hgg = 0 since figg # 0 by non-
decomposability of f. Yet hgy = hgo = 0 would imply that h is degenerate, contradicting the
assumption of the lemma. Thus [/ ¢ X o M and f” ¢ KX o M.

Hence, we may replace f by f” and proceed as in Lemmal[d8] Since f” € S({f,h}) and f” is
realisable by a planar gadget, the function g € S({f”}) that results from applying this lemma
to f” isin S({f,h}) and g is again realisable by a planar gadget.

Now suppose f € KXoM and h ¢ (KX o M). As before, let f' :== K~'of and b/ := K~ 1oh,
then f' € X o M and I/ ¢ (X o M). The properties of these functions differ from the ones in
the previous case by bit flips on all inputs. Otherwise the argument is the same. O

5.3 Realising binary functions

We have shown in the previous section that it is possible to realise a non-decomposable ternary
symmetric function from an arbitrary non-decomposable ternary function under some mild
further assumptions. Now, we show that if the full set of functions F is not a subset of
(K o M), there exists a planar gadget in S(F U {do,d1,04+,0_}) whose effective function g
is binary, symmetric, non-decomposable and satisfies g ¢ (K o M). An analogous result holds
with KX instead of K.

Lemma 50. Suppose f € Y, satisfies f(1,1,as,...,a,) # 0 for some as,...,a, € {0,1}.
Suppose furthermore that there exist functions ug,...,u, € U such that setting

f/(xla'IQ) = Z .'El,..., H

z3,...,xn €{0,1}
implies f'(0,0)f(1,1) — f/(0,1)f(1,0) # 0. Then f ¢ (M). Conversely, if f € Ty, \ (M), then
there exists some permutation p : [n] — [n] such that f, satisfies the above properties.

Proof. Consider the first part of the lemma and assume for a contradiction that f € (M).
Then there exists a decomposition of f where each factor is in M. In particular, the first and
second arguments of f must belong to different factors: if they belonged to the same factor,
that factor would be a function which is non-zero on an input of Hamming weight at least 2,
so it could not be in M. Hence there exists some permutation p: {3,4,...,n} — {3,4,...,n}
and k € {3,4,...,n} such that

folxe, ... xn) = fi(z1, Tpg1, .-, 2n) fo(xe, ... 2p),

where f1, fo may be further decomposable. But then

f’(xl,xg) = Z fl(.%'l,.%'k+1,...,l’n)fg(xg,...,xk)HUj(:Cj) = wl(xl)wg(xg),
7=3

z3,...,2n€{0,1}
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where

wy(xy) = Z fi(z1, Trg1, -5 T0) H uj(2;)

Tht1se-,n€{0,1} j=k+1

k
’wg(l’g) = Z fg(l’g,...,xk)HUj(.Tj).
7=3

z3,...,0,€{0,1}

This implies that f/(0,0)f'(1,1) — f/(0,1)f'(1,0) = 0, contradicting the assumption in the
lemma. Thus f cannot be in (M).

For the second part of the lemma, assume f € T, \ (M). In particular, f is not the all-
zero function, so it has a decomposition. If all the factors in the decomposition of f are in
M, then f € (M). Hence there exists a non-decomposable factor g of f which is not in M.
Without loss of generality, assume that g contains exactly the first & arguments of f for some
k € [n], otherwise permute the arguments. As M contains all unaries, g must be a function
of arity k > 2. Furthermore, there must exist some bit string a € {0, 1}* of Hamming weight
at least 2 such that g(a) # 0. Without loss of generality, assume a; = ag = 1, otherwise
permute the arguments. Then [ satisfies the first property. If f = g, i.e. f itself is non-
decomposable, the second property is satisfied by Proposition [#4] Otherwise, by Lemma [9]
there exist ugi1,...,un € {0, 01} such that

g(x1,...,xk) = Z fz1,...,20) H uj(x;).

Zpy1,--,2n€{0,1} j=k+1

We then find that the second property is satisfied by combining this equation with an application
of Proposition [44] to g. O

Lemma 51. Let M’ be one of K o M and KX o M. Suppose f € T\ (M'). Then there
exists g € S({f,d0,01,0+,0_}) which is binary, non-decomposable, and satisfies g ¢ (M').
Furthermore, this function is realised by a planar gadget.

Proof. First, suppose M’ = K o M. Note that T1 C KoM C (KoM), so f ¢ (KoM)
implies arity(f) > 2. Furthermore, (Y1) C (K o M), thus any binary function which is not in
(K o M) must be non-decomposable.

We will show that we can realise a gadget like that in Figure [Th, whose effective function g
is non-decomposable and satisfies g ¢ (K o M). As the gadget consists of a number of unary
functions connected to one larger-arity function, planarity is assured even if we arbitrarily
permute the arguments of f at intermediate stages of the proof.

The result will be proved by induction on the arity of f.

The base case is arity(f) = 2, in which case we may take g = f. This function is binary,
non-decomposable, a gadget in S({f, do, 01, 0+,0_}) and it is not in (K o M). Furthermore, the
gadget is trivially planar, so g has all the required properties.

Now suppose the desired result has been proved for functions of arity at most n, and suppose
arity(f) = n + 1. We distinguish cases according to the decomposability of f.

Case 1: Suppose f is decomposable and consider some decomposition of f. If all factors
are in (K o M), then f is in (K o M), so there must be a factor f’ ¢ (K o M). By Lemma [9]
e SH{[f,d0,01,04,9_}). Thus, we are done by the inductive hypothesis.

Case 2: Suppose f is non-decomposable. We will show that there exists u € {dg, d1,04,9_}
and k € [n + 1] such that 3., o1y f(@1,. .., Zng1)u(zg) is not in (K o M). It is simpler to
work with (M) than (K oM), so let h = K=o f; then h ¢ (M). Thus, by Lemma
there exists a permutation p : [n + 1] = [n + 1] such that h,(1,1,as,...,an41) # 0 for some
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as,...,an+1 € {0,1} and there exist functions ug, ..., uy4+1 € U such that letting
n+1

W (21, 22) = S hpenwag) [ wiz)) (29)
j=3

3,...,Ln+1€{0,1}
implies A/(0,0)R'(1,1) — A'(0,1)h'(1,0) # 0. Note that

n+1

Wna) = Y (K o fo)(@n,. ) [[ wie))
j=3

z3,...,en+1€{0,1}

n+1
=K 'o > Fo@rs ) [TAK T o uy) ()
a:g,.‘.,:pn+1€{0,1} 7=3

and holographic transformations do not affect whether a function is decomposable. Thus, by
applying Proposition @ to fp, we find that it suffices to take

(Kﬁl)T OU]' € {50751754-76—} = u_] € {5+75—75i75—i},

where &; := [1,4] and §_; := [1, —i] and we have ignored some scalar factors which, by Lemma [3]
do not affect the complexity.
For each v € {04,0_,0;,0_;} define

ho(@r, . ywn) = > (@1, Tp1)0(@ng1).
zn+1€4{0,1}

We now argue that for at least one v € {d4,9_,0;,0_;}, the function h, is not in (M). Write
v =[1,a], where a € {1, —1,4, —i}.

First, consider the value h,(1,1,as,...,a,), where as, ..., a, are the above values resulting
from applying Lemma [50| to . Then
ho(1,1,a3,...,a,) = hp(1,1,as,...,a,,0) + ah,(1,1,as3,...,an,1) (30)

is a linear polynomial in the variable o. Furthermore, this polynomial is not identically zero
since h,(1,1,as,...,ans1) # 0. Hence, this expression vanishes for at most one value of «, i.e.
one of the h,.

Secondly, let

hl(z1,22) = Z ho(21, ... Tpg1)0(Tpg1) H uj(xj),

3,...,Ln+1€{0,1} Jj=3

where u; € {04,0_,0;,0_;} are the unary functions determined by applying Lemma [50| to h as

in . Then

is a quadratic polynomial in « which is not identically zero. Thus this polynomial vanishes for
at most two distinct values of «, i.e. two of the h,.

Therefore, there must be at least one h, such that both and are non-zero. By
Lemma |50} this h, is not in (M). Furthermore,

(Kohy)(z1,...oxn) = > fol@1, o @)V (@ny1),
Tn+1€{0,1}
where v/ = (KT ov € {d9,61,01,6_}. Thus, K oh, € S({f,80,01,64,0_})\ (K o M) and we
are done by the inductive hypothesis.

Now suppose M’ = KX o M. The argument of Case 1 is the same as before, with KX o M
instead of K oM. In Case 2, again define h := K ~'o f, then the properties of this function differ
from the ones written out above by a bit flip on all inputs. Note that, up to scalar factor, the
set {04,0_,0;,0_;} is invariant under bit flip. Thus, the argument is analogous to before. [
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5.4 Interreducing planar holant problems and planar counting CSPs

The interreducibility of certain bipartite holant problems and counting CSPs, as in Theorem
will be a crucial ingredient in our hardness proof. We therefore need to ensure this result holds
in the planar case.

Recall that #R3-CSP (F) =r Holant (F | {EQ;,EQ,,EQ3}). The following lemma will be
useful.

Lemma 52 ([I8, Lemma 6.1]). Let g € Yo be a non-degenerate binary function. Then, for any
finite F C Y containing g, we have #R3-CSP (F U{EQs}) <1 #R3-CSP (F).

In fact, this result can straightforwardly be extended to the following.

Lemma 53. Let g € Ty be a non-degenerate binary function. Suppose G1,Ga C Y are finite,
then

Pl-Holant (G1 U {g, EQs} | G2 U{EQ;,EQ,, EQ3})
<7 Pl-Holant (G U {g} | G2 U{EQ;,EQ,,EQ3}).

Proof. The proof is analogous to that of [I8, Lemma 6.1], noting that the constructions used
in gadgets and in polynomial interpolation are planar, and that adding more functions on the
RHS does not affect the argument. O

The following result about a polynomial-time reduction from any counting CSP to some
problem in #P is known, see e.g. [I3 p. 212]. Nevertheless, we have not been able to find an
explicit proof, so we give one here for completeness. This proof is based on a similar reduction
for graph homomorphism problems [10, Lemma 7.1].

First, we define the field within which we will be working, and the computational problem
to which the counting CSP will be reduced. For any finite 7 C T, let Ax be the set of algebraic
complex numbers that appear as a value of some function in F:

Ar = {z €A ’ df € F and x € {0, 1}amy<f) such that f(x) = z} . (32)

Since F is fixed and finite, the set Ar is also fixed and finite. Let Q(Ar) be the algebraic
extension of the field of rational numbers by the numbers in Ar. Note that, given an instance
(V,C) of #CSP(F), the weight wt(y,(§) associated with any assignment £ : V' — {0,1} is in
Q(AF), as is the total weight Z(y,c). We may thus define the following counting problem:

Name COUNT(F)

Instance A tuple ((V,C),z), where V is a finite set of variables, C' is a finite set of constraints
over F, and = € Q(Ax).

Output #x((V,C),x) = ‘{assignments §:V = {0,1} | wty,c)(§) = z}.

COUNT(F) is the problem of counting the number of accepting paths of a Turing machine
that accepts an input ((V,C),z,§) if and only if wt(y,cy(§) = z. Here, £ : V' — {0,1} has to be
an assignment of values to the variables V', otherwise the input is rejected. Given an assignment
&, computing the associated weight in the fixed algebraic extension field Q(Ax) can be done in
time polynomial in the size of (V). Furthermore, numbers within Q(Ax) can be compared
efficiently. Therefore the Turing machine runs in time polynomial in the size of its input, and
COUNT(F) is in #P.

Lemma 54. Let F C T be finite. Then #CSP(F) <r COUNT(F).
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Proof. Consider an instance (V,C) of #CSP(F), where V is a finite set of variables and C'is a
finite set of constraints over F. Since F is a fixed finite set, its elements can be enumerated in
some order fi,..., fm, where m := |F| is a constant. For each j € [m], define a; := arity(f;)
as a short-hand. Let n := |C| be the number of constraints, and define the following set of
algebraic complex numbers:

=9 II II (™ | kix; €Zzoand Y D" kjx, =n

j€lm] x;€{0,1}% j€lm] x;€{0,1}%

Each element of & is uniquely determined by the integers kjx,, and there are M := ) jem] 24
such integers. Thus, the elements of X are in bijection with the M-tuples of non-negative
integers satisfying the property that the sum of all elements of the tuple is n. The set of all
such M-tuples is exactly the support set of a multinomial distribution with n trials and M
possible outcomes for each trial; therefore

— _1\M-1
x| = n+M-—1 S(n—i—M 1) ’
M-1 (M —1)!

where the inequality uses the straightforward-to-derive bound (Z) < %If on binomial coefficients.
Now the parameter (M — 1) is constant (it depends only on the properties of the fixed finite set
F), so |X] is polynomial in n and thus polynomial in the instance size.

Note that X C Q(Arx). Consider an element of X" of the form

I I eyt

j€lm] x,;€{0,1}%

The condition on the sum of the integers k;x;, together with non-negativity, implies that at
most n of these integers are non-zero. Thus, each element of X can be computed in time
polynomial in n. Since the size of X" is also polynomial in n, this means the elements of X' can
be enumerated in time polynomial in n.

Recall from Section that, for any assignment £ : V' — {0,1}, we have wty,c(§) =
[L.co fe(&le), where fe is the function associated with the constraint ¢ and | is the restriction
of the assignment § to the scope of c. Now, for any j € [m] and x; € {0,1}%, define rjx; :=
|{c € C such that f. = f; and &|. = x;}|, then

Wt(V,C)(g) = H fe(€le) = H H (fj(Xj))Hj’xj

ceC J€[m] x;€{0,1}%

Z Z Kix; = |C| =n.

jelm) x;€{0,1)%

and

Hence wt () (§) € X. This in turn implies that
Zr(V,C)=> z-#5((V,C),x). (33)
reX

Recall that |X| is polynomial in the instance size, and that the elements of X are generated by
a straightforward procedure. Therefore, the elements of X can be enumerated in polynomial
time. Multiplication and addition within Q(A) are also efficient, hence (33)) gives the desired
reduction #CSP(F) <7y COUNT(F). O

We are now ready to prove the planar version of Theorem [28]
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Theorem 55. Let G1,Go C Y be finite. Let [yo,y1,y2] € Yo be an w-normalised and non-
degenerate function. In the case yo = yo = 0, further assume that G1 contains a unary function
[a,b] which is w-normalised and satisfies ab # 0. Then:

Pl-Holant ({[y0, y1,y2]} U G1 | {EQ3} U G2) =1 PI-#CSP({[y0, y1,%2]} U G1 U Ga).

Proof. First, consider the reduction from the holant problem to the counting CSP. We have

Pl-Holant ({[yo, y1, 92|} U G1 | {EQz} U G2) <7 Pl-Holant ({[y0, y1, y2]} U G1 U{EQ3} U Ga)
ST Pl'#CSP({[yOa Y1, yQ]} U gl U g2)7

where the first step is by forgetting the bipartition and the second step is by Definition

The reduction from the counting CSP to the holant problem is more complicated and sep-
arates into multiple cases.

Case 1: Assume Pl-Holant ({[vo, y1, 2]} | {EQ3}) is #P-hard.

Then the more general counting problem Pl-Holant ({[yo, y1,¥2]} U G1 | {EQ3} U Ga) is also
#P-hard. The set {[yo,y1,¥y2]} U G1 UG is finite, hence COUNT ({[yo,y1,92]} U G1 U Gs) is in
#P. Therefore,

COUNT({[yo, y1, 2]} U G1 U Ga) <r Pl-Holant ({[yo, y1, 5]} UG1 | {EQ3} U G2) .
Furthermore, by Lemma |54 with F = {[yo,y1, y2]} U G1 U Ga,

PI-#CSP({[v0, y1,%2]} U G1 U G2) <1 COUNT ({[y0, y1, 92|} U G1 U Ga).

Combining the two reductions yields the desired result.
Case 2: Assume Pl-Holant ({[v0, y1,¥2]} | {EQ3}) is not #P-hard. By Corollary this
implies at least one of the following properties holds:

1. [3/07?/1,.@2] € <g>7 or
2. [y07y1’y2] € Aa or

3. Yo, y1,y2 # 0 and y§ = y3.

We have dropped the holographic transformation from Subcase 2 because [yo, Y1, y2] is required
to be w-normalised, which forces the holographic transformation to be trivial.

For Properties 1 and 2, the desired reduction follows from Lemmas 24 of [17] since all the
gadget constructions in those proofs are planar.

For Property 3, note that the equation y3 = y3 implies that yo = e yo for some k €
{0,1,2}. Since [yo, Y1, y2] is w-normalised, we must have k£ = 0 and thus y2 = yo. We will now
prove the following chain of reductions, where ¢ := [yo, y1, yol:

2ikm/3

PI-#CSP ({g} U G1 U Ga) <7 Pl-Holant ({g,EQz} U G1 U Go)
<7 Pl-Holant ({g,EQ5} UG1 | {EQ,, EQ3} U G2)
<7 Pl-Holant ({9, EQ,} U G1 | {EQ,, EQ,, EQ3} U G2)
<7 Pl-Holant ({g} U G | {EQ;, EQ,, EQ3} U Go)
<7 Pl-Holant ({g} U G1 | {EQ3} U G2).

The first reduction is the definition of PI-#CSP, the second step is by Proposition [5, and the
third step is because adding an additional function on the RHS cannot make the problem easier.
The fourth reduction step is by Lemma

The first three reduction steps do not use any of the specific properties of g, and the fourth
step only uses its property of being non-degenerate. It is only the fifth (and last) reduction step
— which we will now prove — that uses the specific symmetry properties of g.
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(a) é) (b)

Figure 6: (a) A gadget for yo - EQ; and (b) a gadget for yo(yo + y1) - EQq, where each black
degree-2 vertex is assigned [yo, y1, yo] and each white degree-3 vertex is assigned EQj.

Consider the gadgets in Figure [0 which can both be used on the RHS of the problem
Pl-Holant ({g} U G1 | {EQ3} U Ga). The first gadget has effective function yo-EQ; and the second
gadget has effective function yo(yo + y1) - EQ,. Recall that, yo # 0 by the assumption of the
subcase and y(z) = yoy2 # y> by non-degeneracy of g. The latter implies that yo + y1 # 0.

We thus have non-zero scalings of EQ, and EQ, on the RHS. Therefore, by Lemmas [3|and [§]

Pl-Holant ({g} UG1 | {EQ,,EQy, EQ3} U Gs) <7 Pl-Holant ({g} UG1 | {EQs} UGs).

This establishes the desired result. O

5.5 Proof of the Holant™ dichotomy theorem

Theorem 56. Let F C Y be finite. Holant™ (F) can be computed in polynomial time if F
satisfies one of the following conditions:

o FC(T), or
e there exists O € O such that F C (0o &), or
e FC(Ko&)=(KXoE&), or
e FC(KoM)orFC(KXoM), or
o FCA
In all other cases, the problem is #P-hard. The same dichotomy holds for Pl-Holant™ (F).

Proof. Define F' := FU{do, d1,0+,0_}. The tractability part of the theorem follows by reduction
to a conservative holant problem or to #CSP, respectively: if F is a subset of one of the tractable
sets of Theorem [15] then F” is also a subset of one of the tractable sets of Theorem [15] and thus
Holant™ (F) can be solved in polynomial time. Similarly, if 7 C A, then 7’ C A. Furthermore,

Holant™ (F) = Holant (F') <¢ Holant (F' U{EQ3}) <7 #CSP(F),

where the first reduction holds because adding a function cannot make the problem easier, and
the second reduction is Proposition Now, by Theorem F' C A implies that #CSP(F")
can be solved in polynomial time. Thus, by the above reduction, Holant™ (F) can be solved in
polynomial time.

Hence from now on we may assume that we are not in one of the known tractable cases.
We will then prove the hardness of Holant™ (F) via Theorem 28| (or Theorem [55|in the planar
case), which requires ternary and binary symmetric non-decomposable functions.

Not being in one of the known tractable cases implies in particular that F Z (7), i.e. there
is some function f € F having at least one factor which is a non-decomposable function of
arity > 3. Thus, we can apply Theorem to realise a non-decomposable ternary function
e S({f,d0,01,0+,6_}) via a planar gadget. This function has either W or GHZ type, we
distinguish cases accordingly.

1. Suppose f' has W type. There are several subcases.
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o If f/ ¢ (KoM)U(KXoM), then there exists a non-decomposable symmetric ternary
function h € S({f’}) by Lemma [4§|

o If f' € KoM, since F ¢ (K o M), there exists g € F \ (K o M). We can realise a
non-decomposable binary function ¢’ € S({g, do,1,+,0_}) \ (K o M) via a planar
gadget by Lemma |51} Then Lemma [49] can be applied, yielding a non-decomposable
symmetric ternary function h € S({f’,¢'}).

e If f// € KX o M, the process is analogous to the subcase f’ € K o M.

In each subcase, by Lemma or Lemma the gadget for h is planar, the non-
decomposable symmetric ternary function h is in S(F’), and h has GHZ type.

2. Suppose f’ has GHZ type. Again, there are several subcases.

o If f/ is already symmetric, let h := f’.
e If f/ is not symmetric, we can realise a non-decomposable symmetric ternary function
f" € SHEf',b0,61,04,0-}) by Lemma[47] The gadget for f” is planar.
— If f” has GHZ type, let h := f”.
— If f” has W type, go back to Case [I| with f” in place of f’ and apply the

symmetrisation procedure for W-type functions to get a symmetric GHZ-type
function.

To summarise, if F is not one of the tractable sets, then there exists a non-decomposable
symmetric ternary function h € S(F’) which can be realised via a planar gadget and which has
GHZ type.

Recall from Section that this means there exists M € GL3(A) such that h = M o EQg
and either M7 0 EQ, is w-normalised, or MT o EQ, = ¢-NEQ for some ¢ € A\ {0}. In the latter
case, since (§ 9) o NEQ = X\ NEQ for any ), recall that we can choose M such that M7 o dy is
w-normalised. We may thus apply the following chain of interreductions:

Holant™ (F) = Holant (F)
=7 Holant (F' U {h})
=7 Holant (F' U{EQ,} | {h, EQ,})
=7 Holant (M o (F'U{EQ,}) | {EQs, M1 0 EQ,})
=1 #CSP (M" o (F' U{EQy}) U{M ! 0 EQ,})

where the first step is the definition of Holant™, the second step is by Lemma the third step is
by Proposition [5| with G = F" and Go = {h}, the fourth step is by Theorem |§|, and the last step
is by Theorem To prove Holant™ (F) is hard, it therefore suffices to show that the counting
CSP is hard whenever F is not one of the tractable families of Theorem [G6l

We show the contrapositive: if the counting CSP is polynomial-time computable according
to Theorem then F is one of the tractable families of Theorem The argument is split
into cases according to the tractable cases of Theorem

e Suppose M7 o (FU{EQs,d0,01,64+,6_}) U{M1oEQ,} C A.

The condition M7 o {EQ,, &y, 81} C A is equivalent to M € B by . The remaining
conditions of the case are MT o 6,, MT 0 §_, M~ 0o EQ, € A. Denote by fr, the binary
function corresponding to a matrix L € GLa(A). By Lemma M € Band M7 o
8, MT o 5_ € A together imply that M € By := {L € GLa(A) | fr € A}, ie. M
is a matrix corresponding to a binary function in A. Furthermore, by Lemma Ba
is a group, so M~ € B4. Now, by Lemma A is closed under taking gadgets, so
by Lemma M~'0oEQ, € A. Transposition of a matrix permutes the inputs of the
corresponding function, so M € B4 also implies MT,(MT)~! € B4. Thus, MT o F C A
implies that 7 C (MT)~! o A C A, one of the known tractable cases.
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e Suppose M1 o (FU{EQ,,d0,61,01,6_}) U{M~toEQ,} C (£).

Now, MT 0 EQ, and M~! o EQ, are non-decomposable symmetric binary functions with
matrices M7 M and M~—*(M~1)T. All non-decomposable symmetric binary functions in
(&) take the form [\, 0, u] or [0, A, 0] for some A\, p € A\ {0}.

~IfMTM = ({)\ 0 ), then M = QD for some Q € O and some invertible diagonal matrix
D by Lemma (12, Now (QD)" o F C (€) implies F C ((QD ') 0 &) = (Q o &), which
is one of the known tractable families.

— Similarly, if MTM = AX, then M = KD or M = K XD for some invertible diagonal
matrix D by Lemma Now KT = XK' so (KD)' o F C (&) implies F C
((KXD™1)o&) = (K o&), which is another of the known tractable families.

An analogous argument holds for K X instead of K.

We have shown that if #CSP (M7 o (F/ U{EQy}) U{M ' 0 EQ,}) can be solved in poly-
nomial time, this implies that F is one of the tractable families listed in the Theorem By
Theorem the counting CSP is #P-hard in all other cases. Thus, if F is not one of the
tractable families listed in the theorem, then Holant™® (F) is #P-hard. This completes the proof
of the theorem for the non-planar case.

As all gadgets used in this proof are planar, the above constructions also work in the pla-
nar case. The only difference is that, when considering planar holant problems, we need to
use Theorem instead of Theorem and apply the planar #CSP dichotomy from Theo-
rem instead of Theorem In addition to the tractable cases from the general #CSP
dichotomy, which we have already excluded, Theorem contains one additional tractable
family: PI-#CSP (MT o (F'U{EQ,}) U{M ' 0EQ,}) can be solved in polynomial time if
M7 o(F U{EQy})U{M 1 oEQ,} C ({ 1) oH, where H is the set of matchgate functions. All
other cases remain #P-hard. By Lemma[24] the only unary matchgate functions are scalings of
the pinning functions &y and 8y, so the only unary functions in (1 %) o H are ({ 1) 0do =44
and (% _11) 061 = §_ (up to scaling). Yet MT o F' contains at least the four unary functions
M7T 0{6y,01,6,,5_} and, by invertibility of M, these four functions have to be mapped to four
pairwise linearly-independent functions. Thus, M T o (F' U{EQ,}) U{M !0 EQ,} cannot be a
subset of (1 ') o . Therefore, the Holant™ dichotomy remains unchanged when restricted to
planar instances. O

6 The full Holant® dichotomy

We now combine the techniques developed in deriving the Holant™ dichotomy with techniques
from the real-valued Holant® dichotomy [19] to get a full complexity classification for complex-
valued Holant®.

As in the Holant™ case, the general proof strategy is to realise a non-decomposable ternary
function and then a non-decomposable symmetric ternary function. Without d and 6_, we
can no longer use Theorem Instead, we employ a technique using &y, §; and self-loops from
the proof of Theorem 5.1 in [19] with some slight modifications. Self-loops reduce the arity of
a function in steps of 2, so sometimes this technique fails to yield a non-decomposable ternary
function. When not yielding a ternary function, the process instead yields a non-decomposable
arity-4 function with specific properties. The complexity classification for the latter case was
resolved in [19] even for complex values.

The symmetrisation constructions for binary and ternary functions, as well as the subsequent
hardness proofs, occasionally require a little extra work in the Holant® setting as compared to
the Holant™ setting; we deal with those issues before proving the main theorem.
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6.1 Hardness proofs involving a non-decomposable ternary function

First, we prove several lemmas that give a complexity classification for Holant® problems in the
presence of a non-decomposable ternary function. These results adapt techniques used in the
Holant™ complexity classification to the Holant® setting. They also replace Lemmas 5.1, 5.3,
and 5.5-5.7 of [19]. Whereas the last three of those only apply to real-valued functions, our new
results work for complex values.

Lemma 57. Suppose F C Y is finite and f € F is a non-decomposable ternary function. If
fe€KoMand F ¢ (K oM), then Holant® (F) is #P-hard. Similarly, if f € KX o M and
F ¢ (KX o M), then Holant® (F) is #P-hard.

Proof. We consider the case f € K o M and F ¢ (K o M), the proof for the second case is
analogous since X o M differs from M only by a bit flip on all function inputs.

As F ¢ (KoM), we can find h € F\ (K o M). Then h has arity at least 2 and is non-
degenerate because all unary functions are in K o M. We distinguish cases according to the
arity and decomposability properties of h.

Case 1: Suppose h has arity 2, then non-degeneracy implies h is non-decomposable. Thus,
by Lemma[49] there exists a non-decomposable symmetric ternary function g € S({f, h}). This
function g is guaranteed to have GHZ type by the same lemma. We thus have

Holant® (F) = Holant (F U {dp, d1}) = Holant (F U {do, 01,9})
=7 Holant (’FU {507 517EQ2} ’ {g7EQ2})

where the equality is the definition of Holant®, the first reduction is by Lemmalg], and the second
reduction is by Proposition [5| Furthermore, there exists M € GLa(A) such that g = M o EQs
and either M7 o EQ, is w-normalised or M7 0 EQ, = c¢-NEQ for some ¢ € A\ {0}. In the latter
case, we can choose M such that M7 o §y is w-normalised. Therefore,

Holant® (F) = Holant (F U {dp, 01, EQy} | {9, EQy})
=1 Holant (M7 o (F U {00,61,EQ,}) | {EQ3, M ' 0 EQ,})
=r #CSP (MT o (FU{do,d1,EQup)U{M o EQ2})

where the first step is from above, the second step is Theorem [0 and the third step is by
Theorem Now, f € FN K o M is a non-decomposable ternary function. By Lemma
any non-decomposable ternary function in M has W type, and holographic transformations by
definition do not affect the entanglement class. Thus, M” o f has W type. But Lemma [41|also
shows that any non-decomposable ternary function in () or in A has GHZ type. Therefore
MTof¢ (€)and MT o f ¢ A, hence the counting CSP is #P-hard.

Case 2: Suppose h is an n-ary function with n > 2, and h is non-decomposable.

Write the ternary function f as K o f’, where f' € M means that it takes the form [’ =
(a,b,¢,0,d,0,0,0) for some a,b,c,d € A. Non-decomposability of f implies bed # 0. Consider
the three different gadgets that consist of a vertex assigned function f with a self-loop (where
the three gadgets differ in which argument of f corresponds to the dangling edge). The gadget
where the first edge is dangling has effective function

Z f(:v,y,y) = Z K:vleyngyz;),f/(Zl,ZQyZ?))

ye{ovl} y,Z1722,23€{0,1}

=2 Z Ky, NEQ(22, 23) f' (21, 22, 23)

z1,22,23€{0,1}

=2 > Koz (f/(21,0,1) + f'(21,1,0))

z1€4{0,1}
— 2(b + ¢)(K o 6)(x)
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% \o 5, NEQ NEQ
(a) 5i;B> (b) M (c) v \/‘\
+ K K

Figure 7: (a) The gadget for k, where we denote f by a non-symmetric box to indicate that it
is not generally a symmetric function. (b) The gadget for &/, which is symmetric. (¢) A family
of gadgets for producing unary functions.

Using a self loop on a vertex assigned function f, we can therefore realise the unary function
2(b+¢)(K 0dg) = 2(b+ ¢)[1,1i], where i is the imaginary unit. The other two gadgets similarly
yield 2(b + d)[1,4] and 2(c + d)[1,4]. Since bed # 0, at least one of those gadgets is non-zero.
Thus we can realise §; = [1,i] up to irrelevant scaling.

We can now prove the following chain of interreductions:

Holant® (F) = Holant (F U {do, d1})
=1 Holant (F U {0o, 01, d;, f, h})
=p Holant (FU {f, h,EQs} | {00, d1,0:;, EQs})
=7 Holant (K_1 o (FU{f,h,EQs}) | KTo {50,51,51',EQ2})

Here, the equality is the definition of Holant®. The first reduction is by Lemma [§|and the above
gadget constructions. The second reduction is by Proposition [5| and the third reduction is by
Theorem [6l

Recall that K = (} 1,),s0 KT 08y =64, KTod; =6_, KT 0d; = 6 and KT 0o EQ, = NEQ.
Let ' :== K~!oh and recall from above that f' = K=o f = (a,b,¢,0,d,0,0,0). Thus, the
effective function of the gadget in Figure = is k(x,y) = Zze{o,l} f'(x,y,2)0+(z). Thisis a LHS
gadget and k = (a £ b, ¢, d,0). Since b # 0, there is a choice of sign such that (0, 0) # 0.

Then the gadget in Figure [7p has effective function

k/(ﬁ,y) = Z k(xazl)NEQ(Zlsz)k(ya 22)'
z1,22€{0,1}

It is a symmetric LHS gadget, and &’ = (2d(a +b), cd, cd, 0) = [2(a £ b),1,0]. Note that with
the above choice of sign, z := £’(0,0) # 0.

A chain of £ of these symmetric gadgets, connected to §+ at one end and connected by copies
of NEQ, as shown in Figure [T, gives a RHS gadget with function [1, £z £ 1]. Thus, since z # 0,
we can realise polynomially many different unary functions on the RHS.

Since b’ = K~' o h ¢ M, there exists a bit string a € {0,1}" of Hamming weight at least
2 such that h(a) # 0. Without loss of generality, assume a; = ag = 1. Otherwise permute the
argument of h, the resulting function is in S({h}) so it can be added to the LHS of our holant
problem without affecting the complexity. Let vy, = d,,, for m € {3,4,...,n} and define

n

g1(z1,z2) == Z B (z1,...,20) H U (Tm)-

z3,...,n €{0,1} m=3
Then
g1(1,1) # 0. (34)
Furthermore, by Proposition we know that there exist u,, € {do,d1,04,0_} for all m €
{3,4,...,n} such that the following function is non-decomposable:

n

92(71,12) 1= Z W(21,... o) H U (Zm)-

z3,...,tn€{0,1} m=3
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The non-decomposability condition for binary functions is

92(0,0)g2(1,1) — g2(0,1)g2(1,0) # 0. (35)

Now consider a third function

g3(x1, ) = Z B (z1,...,2n) H Wi (Tm,)
m=3

1‘3,...,.’17,16{0,1}

where w,,, = [1,1 4+ £,,2] for each m € {3,4,...,n}, with the ¢,, being integer variables whose
values are yet to be determined. Define
p(l3,, ..., ln) = g3(1,1)(g3(0,0)g3(1,1) — g3(0,1)g3(1,0)).

Then p is a multivariate polynomial where the maximum exponent of any variable is 3. By
and , this polynomial is not identically zero.

Now since the variable /3 has degree at most 3 in p, there exists a value A3 € {0, 1,2, 3} such
that p(As, l4, ..., Ly) is not identically zero. We may repeat this argument for ¢y, ..., ¢, until
we have found values Ay, ..., A, for all the variables such that p(\s, ..., Ay, ) # 0. Each resulting
wy, is realisable by a RHS gadget. Thus, g3 is realisable by a LHS gadget. The function g3 is
binary, non-decomposable, and not in K o M. Therefore we can proceed as in the case where
h is binary.

Case 3: Suppose h is an n-ary function with n > 2, and h is decomposable. Since h ¢
(K o M), in any decomposition of h there must be one factor h’ which is not in (K o M). This
factor has arity at least 2 since all unary functions are in (K o M), and its arity is strictly
smaller than that of h. Furthermore, by Lemma @ h' € S({h,dp,01}). We may thus apply the
argument to A’ instead of h.

If h satisfies the conditions of Case 1, we are immediately done. Case 2 straightforwardly
reduces to Case 1. Finally, Case 3 yields a function of smaller arity than the original one, to
which the case distinction can then be applied. Because the arity decreases every time we hit
Case 3, the argument terminates. Thus the proof is complete. ]

Lemma 58. Suppose F C T is finite and contains a non-decomposable ternary function f.
Then Holant® (F) is #P-hard unless:

1. There exists O € O such that F C (O o &), or
2. FC(Ko&)=(KXoE&), or
3. FC(KoM) or FC (KX oM), or
4. FC MoA for some M € B, as defined in .
In all the exceptional cases, the problem Holant® (F) can be solved in polynomial time.

Remark. The case F C (7) does not appear here because f is a non-decomposable ternary
function and f € F, which implies F € (T).

Proof. We distinguish two cases according to whether the ternary function f is symmetric.
Case 1: Suppose f is symmetric. By the entanglement classification (cf. Section, f has
either GHZ type or W type. We treat these two subcases separately.
Subcase a: Suppose f is of GHZ type. Given an instance of Holant® (F), by Proposition

Holant® (F) = Holant (F U {(50, 51}) =7 Holant (F U {50, (51} ‘ {EQQ}) .
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Furthermore, we have
Holant (F U {(5(), (51} | {EQQ}) =7 Holant (F U {(50, (51} | {EQQ, do, (51}) .

The <p direction is immediate; for the other direction, note that any occurrence of g or d; on
the RHS can be replaced by a gadget consisting of a LHS copy of the unary function connected
to EQ,.

By Theorem |§|7 for any M € GLo(A),

Holant (.F U {50, (51} ‘ {EQQ, oo, (51})
=7 Holant (M ™' o (F U {d0,01}) | M" o {EQy,d0,61}) . (36)
In the following, we aim to identify a matrix M such that Theorem [28| can be applied to show

that the RHS of is equivalent to a counting CSP. To apply the theorem, the following three
properties must hold for M and F:

L] EQ3 € ]\4_1 o f,

e M7 o EQ, is w-normalised, and

o if MT 0 EQ, = [0,),0] for some A € A\ {0}, then there must exist an w-normalised
function in M7 o {3y, 61} which is not a pinning function

We now show that it is always possible to choose M so these conditions are satisfied.
As f has GHZ type, there exists A € GLa(A) such that f = A o EQ3. The matrix A is
not unique (cf. Section [3.4)); for now we pick an arbitrary one among all matrices that satisfy

f=A0EQ;.

e Suppose AToEQ, # A-NEQ for any A € A. If AToEQ, is w-normalised, let M := A. Oth-
erwise, by the argument in Section there exists D, := (} ) with w € {e2™/3, e%m/3}
such that (D,AT) 0 EQ, is w-normalised. Let M := AD,,, then f = M o EQ,. Now, since
EQ; € M~!o F and MT o0 EQ, is an w-normalised symmetric binary function, Theorem
can be applied.

e Suppose AT 0 EQ, = X - NEQ for some A € A, then ATA = X. Thus, by Lemma
A =KD or A= KXD for some invertible diagonal matrix D. In either of these cases,
all entries of A are non-zero, so AT o &y = [a, b] for some a,b, € A\ {0}. Thus there exists
M := AD,, for some w® = 1 such that f = M o EQg and MT 0§y is w-normalised, i.e. the
conditions of Theorem [28] are satisfied.

In either case, Theorem 2§ yields
Holant® (F) =¢ #CSP (M ™' o (F U {6,61}) U MT 0 {EQy, 6, 61}) (37)

where EQ; € M~! o F. The matrix M may still not be uniquely defined, but the remaining
ambiguity does not affect any of the subsequent arguments.
By and Theorem 20 Holant® (F) is #P-hard unless

Fi= Mo (FU{do,d1}) UMT o {EQy, b0, 61}
is a subset of either (£) or A. Again, we treat these two cases separately.

e Suppose F' C (€). All non-decomposable binary functions in (£) are of the form

G5 o GO

for some o, 3 € A\ {0}. Note that M”T o EQ, corresponds to the matrix MTM. As
M7T o EQ, € F/, there are two subcases.
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— Suppose MTM = (8 g;) Then by Lemma M = QD for some orthogonal 2
by 2 matrix @ and some invertible diagonal matrix D. Now, F' C (&) implies
M~1oF C (€), which is equivalent to F C (M o &) since holographic transformations
and closure under tensor products commute. But Do€ = & for any invertible diagonal
matrix D. Hence F C (Q o &), where @ is orthogonal, i.e. F satisfies Item (1] of this
lemma.

— Suppose MTM = (g%‘) Then by Lemma M = KD or M = KXD for some
invertible diagonal matrix D. As in the previous case, ' C (£) implies F C (M o £).
Since £ is invariant under holographic transformations by diagonal matrices and
under bit flips, this is the same as F C (K o). Hence F satisfies Item [2| of this
lemma.

This completes the analysis of the subcase F' C (£).

e Suppose F' C A. This implies in particular
M7T 0 {EQ,, 00,01} C A, (38)

which is the definition of M € B, cf. .

The assumption F’ € A also implies M ~! o0 {g, 61} C A. This does not yield any further
restrictions on M = (‘Z g). To see this, note we already know that M7 o {6y, 61} C A, i.e.
[a,b],[c,d] € A. Now, up to an irrelevant scalar factor, M ! o {dg, 61} is {[d, —c], [~b,a]}.
Note that [—b,a] = — ( ° §)ola,b] and [d, —c] = ( % §)o[c, d]. The function corresponding
to ( 0 (1)) is affine and A is closed under taking gadgets (cf. Lemma and under scalings.
Hence, by Lemma [a,b],[c,d] € A implies [d, —c],[-b,a] € A.

Thus F' C A implies M € B. Furthermore, 7/ C A implies M ~! o F C A, or equivalently
F C MoA,ie. F satisfies Item [4 of this lemma.

To summarise, if f has GHZ type, the problem is tractable if 7 C (Q o &) for some orthogonal
2 by 2 matrix Q, if F C (K o &), or if there exists M € B such that ¥ C M o A. In all other
cases, the problem is #P-hard by reduction from #CSP.

Subcase b: Suppose f is of W type, then:

o If f ¢ (KoM)U(KX oM), Holant (f) is #P-hard by Theorem [29]

o If 7 C (KoM) or F C (KX oM), the problem is polynomial-time computable by
Theorem [T5} this is Item [3] of this lemma.

o If fe KoM but F ¢ (K o M), the problem is #P-hard by Lemma and analogously
with K X instead of K.

Case 2: Suppose f is not symmetric.

o If f ¢ (KoM)U(KXoM), we can realise a non-decomposable symmetric ternary function
by Lemmas [47] and 48] and then proceed as in Case 1.

o If F C (KoM) or F C (KX oM), the problem is polynomial-time computable by
Theorem [15} this is Item [3] of the lemma.

e Finally, if f € KoM but F € (KoM), or f € KX oM but F ¢ (KX o M), the
problem is #P-hard by Lemma

This covers all cases. O
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6.2 Main theorem

We now have all the components required to prove the main dichotomy for Holant®. The
following theorem generalises Theorem 5.1 of [19], which applies only to real-valued functions.
The proof follows the one in [I9, Theorem 5.1] fairly closely.

Theorem 59. Let F C Y be finite. Then Holant® (F) is #P-hard unless:

o FC(T), or

there exists O € O such that F C (O o &), or
o FC(Ko&)=(KXo0o&), or
e FC(KoM)or FC(KXoM), or
e there exists B € B such that F C Bo A, or
e FCL.
In all of the exceptional cases, Holant® (F) is polynomial-time computable.

Proof. If F is in one of the first four exceptional cases, then polynomial-time computability
follows from Theorem In the penultimate exceptional case, let 7' := B~ o F C A, then

Holant® (F) <7 Holant® (F | {EQ,})
<7 Holant® (F' | {BT 0 EQ,})
<7 Holant® (F' U {BT 0 EQ,})
<7 Holant® (F' U {B” 0 EQ,,EQs})
<p #CSP(F U {BT 0 EQ,})

where the first reduction is Propositionand the second reduction is Theorem@with M =B~ L
The third and fourth reductions hold because dropping the bipartite restriction and adding a
function cannot make the problem easier. The final reduction combines Proposition 16| and
Lemma Now, BT 0 EQ, € A by . A counting CSP with affine constraint functions is
polynomial-time computable by Theorem

In the final exceptional case, we have

Holant® (F) < Holant® (F U{EQ,}) <1 #CSP$(F)

where the final reduction can be proved analogously to Proposition Polynomial-time com-
putability thus follows from Theorem

From now on, assume F does not satisfy any of the tractability conditions. In particular,
this implies that F Z (7), i.e. F has multipartite entanglement.

By Lemma [ without loss of generality, we may focus on non-decomposable functions. So
assume that there is some non-decomposable function f € S(F U {dy,d1}) of arity n > 3. If the
function has arity 3, we are done by Lemma [58 Hence assume n > 4.

Now if there was a bit string a € {0,1}" such that f(x) = 0 for all x € {0,1}"\ {a},
then f would be a scaling of some function in ({dg,d;}), so it would be degenerate and thus
decomposable. Hence, f being non-decomposable implies that there exist two distinct n-bit
strings a, b € {0,1}" such that f(a)f(b) # 0.

As in the proof of [19, Theorem 5.1], let:

Do = min{d(x,y) | x #y, f(x) # 0, f(y) # 0}, (39)
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where d(-,-) is the Hamming distance. By the above argument, Dy exists. We now distinguish
cases according to the values of Dy.

Case Dy > 4 and Dy is even: Pick a pair of bit strings a, b such that f(a)f(b) # 0 with
minimum Hamming distance d(a,b). Pin all inputs where the two bit strings agree (without
loss of generality, we always assume bit strings agree on the last n — Dg bits; otherwise permute
the arguments). This realises a function f’ € Tp, of the form

a if zj =a;j for all j € [Dy
f(x)=<p if xzj = a; for all j € [Dy] (40)

0 otherwise,

where af # 0. If Dy = 4, this is a generalised equality of arity 4. If Dy > 4, there must
exist j,k € [Do] with j # k but a;j = a;. Via a self-loop, we can realise the function
ij@ke{O,l} EQq(xj, xy) f(x), which has arity (Do — 2) and still satisfies a property like (40))
for the remaining arguments. This process can be repeated, reducing the arity in steps of 2, to
finally realise an arity-4 generalised equality function. Then #P-hardness follows by Lemma

Case Dy > 3 and Dy is odd: Pin and use self-loops analogously to the previous case to
realise a function of the form with arity 3. Then #P-hardness follows by Lemma

Case Dy = 2: We can realise by pinning either a function ¢ = [«,0, ] or a function
g = (g 8‘) (up to permutation of the arguments), i.e. a generalised equality or a generalised
disequality. In the second subcase, suppose the indices of f that were not pinned in order to
realise g are j and k. Replace f by the gadget Zze{o,l} g(xj, 2)f(x1, ..., 51,2, Zj41, ..., Tp).
The new function has the same entanglement and the same Dy as the old one, but pinning all
inputs except j and k now gives rise to a generalised equality function as in the first subcase.
If necessary, redefine «, 8 according to this new function. In the following, we assume j = 1,
k = 2; this is without loss of generality as permuting arguments is a gadget operation.

Following the proof of [I9, Theorem 5.1], define fx(z1, 22) := f(21, 29,%) for any x € {0,1}"2
and let

Ay = {x € {0,1}"?| fx(z1,22) = c[a,0, 8] for some ¢ € A\ {0}},
By := {x € {0,1}"7?| fx(21,22) # c[a,0, §] for any c € A}.

Note that A is non-empty since we can realise g by pinning. The set B; must then be non-empty
since otherwise f would be decomposable as f(z1,22,%x) = g(z1, 22)f/'(x) for some [’ € T, _o.
Furthermore, note that A; N By = 0 and that if fy is identically 0, then y is not in A; U Bj.
Thus we can define:

Dy = min{d(x,y) | x € A1,y € B1}.

Pick a pair a € Ay,b € By with minimum Hamming distance and pin wherever they are equal,
as in the cases where Dy > 3. This realises a function

D1 Dl
(@1, wpyta) = g(@1, ) [ [ Gay (@ri2) + o' (21, 22) [ | dar (@rs2),
k=1 k=1

where ¢'(z1,22) = fp(x1,22). Note that the assumption Dy = 2 implies that either fy(0,1) =
fy(1,0) = 0 or fy(0,0) = fy(1,1) = 0 for all y € By. (Assume otherwise, i.e. each of the
sets {fy(0,1), fy(1,0)} and {fy(0,0), fy(1,1)} contains at least one non-zero value. Then it is
straightforward to see that there are two inputs for which f is non-zero and whose Hamming
distance is 1, so by we should have Dy = 1, a contradiction.) Thus, ¢’ is either (6‘ 2) or
(2 6\) for some A\, € A such that A, u are not both zero. If ¢ = (6\ 2), then the definition of
By furthermore implies ap — SA # 0.

We now distinguish cases according to the values of D;.
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e If Dy > 3, then arity(h) = D; + 2 > 5. Distinguish cases according to ¢'.

— Suppose ¢’ = (6\ 2) If A\ # 0, we can pin the first two inputs of A to 00 to get

a function oz(HkD:l1 dap (Try2)) + )\(H,?:ll da, (r42)). The resulting function still has
arity at least 3, so we can proceed as in the cases Do > 4 or Dy > 3. If A =0
then y # 0 and we can pin to 11 instead to get the function B([Tr", day (Thi2)) +

,u, H,?:ll da, (zr42)), and proceed analogously.

— Suppose ¢’ = (2 6\) If A # 0, we can pin the first input of h to 0 to realise:

D1 Dl
ado(wa) [ [ Ga (zh12) + Mo1(22) [ ] dap (r12)
i1 k=1

at which point we again proceed as in the cases Dy > 4 or Dy > 3. If A = 0 then
1 # 0 and we can pin the first input to 1 instead to get the function

D1 Dl
B01(w2) [ [ Gar (zh12) + ndo(w2) [ | day (wry2),
k=1 k=1

and proceed analogously.

e If D; = 2, there are eight subcases, depending on the form of ¢’ and the value of a. They
can be considered pairwise, grouping a with a.

—Ifg = (6‘ 2) and a = 00, the function after pinning is

™o o
oo oo
oo oo

o O >

1
with a8 # 0 and ap — S # 0. In this case, apply Lemma [32] to show

Holant“(F U {EQ,}) <r Holant®(F).

Now by Lemma 33 #CSPS(FU{EQ4}) <r Holant®(FU{EQ,}). Therefore hardness
follows by Theorem Here, the original proof in [19] used a different technique
requiring real values. If a = 11, the argument is analogous with the first and last
columns swapped.

—Ifg = (6\ 2) and a = 01, the function after pinning is

o O O O

A
0
0
1

o O OO
D o o9

where again a8 # 0 and ap — B\ # 0. Call this function h’. Then the gadget
Zy,ze{(],l} B (x1,x2,y, 2)h (23, 24,y, 2) corresponds to taking the product of the above
matrix with its transpose; it takes values

>+ 0 0 aB+
0 0 0 0
0 0 0 0
af+ip 0 0 B2+p2
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det (“2 X af+ A“) — (ap— BN £0,

af + A B2+ p?
which means Lemma 32 can be applied again. Thus hardness follows as in the first
subcase.

If a = 10, the middle two columns of the first matrix are swapped, but the argument
is analogous.

- If g = (2 0) and a = 00, the function after pinning is

= o0 o R
coc oo
oo oo
oOT" > O

If A # 0, pin the first input of h to 0 to get the function [«,0,0,\]. If A = 0 then

1 #£ 0, so pin the first input of A to 1 to get the function <ﬂ 000 >

If a = 11, then the first and last columns are swapped, the argument is otherwise
analogous. In each case, the resulting function has arity 3 and is non-decomposable
(in fact, it is a generalised equality), so we can show hardness via Lemma

- Ifg = (2 0) and a = 01, the function after pinning is

oo oo
o O Q9
(=
oo oo

and we can pin as in the previous subcase. If a = 10, the middle columns are
swapped and the process is analogous. All resulting functions have arity 3 and are
non-decomposable (in fact, they are generalised equalities), so we can show hardness
via Lemma

o If Dy =1, then h(z1,x2,x3) = g(1,22)da, (x3) + ¢' (21, 22)d5, (23) is a non-decomposable
ternary function since g and ¢’ are linearly independent. Thus, we can apply Lemma
to show hardness.

Case Dy = 1: By pinning, we can realise g = [«, ] for some «, 8 # 0. Without loss of
generality, assume this function arises by pinning the last (n—1) inputs of f; otherwise permute
the arguments. Define fx(2) := f(2,x) for any x € {0,1}"! and let

Ag = {x € {0,1}" | fx(2) = c[a, B] for some c € A\ {0}},
By :={x € {0,1}"1 | fx(2) # c[a, B] for any ¢ € A}.

Analogously to A; and By, these two sets are non-empty, do not intersect, and do not contain
any x such that fx(z) is identically zero. Then let:

D2 = mln{d(X,y) | X € A2>y € B2}7

which is well-defined. By pinning we can realise a function

D2 D2
h(xla oo 71'D2+1) = g(xl) H 5% (karl) + g/(xl) H 56_% (karl)?
k=1 k=1

where ¢’ = [\, ] with ap — A # 0.
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e If Dy > 3, then h has arity greater than 3. If A # 0, pin the first input of A to 0, which
yields a generalised equality function of arity at least 3, and then proceed as in the cases
Dy >4or Dy > 3. If A =0 then p # 0, so we can pin to 1 instead for an analogous result.

e If Dy =2, his a non-decomposable ternary function so we are done by Lemma This
is another change compared to the proof in [19], where hardness was only shown for a
real-valued function of the given form.

e If Dy =1, h is a non-decomposable binary function (?\‘ ﬁ ) (possibly up to a bit flip of the

second argument, which does not affect the proof). Unlike in [I9], we do not attempt to
use this binary function for interpolation. Instead we immediately proceed to defining As,
Bj, and D3 analogous to before. Without loss of generality, assume that the two variables
of h correspond to the first two variables of f (otherwise permute arguments). Let

Az = {x € {0,172 | fx(21,22) = ¢ h(21, 22) for some ¢ € A\ {0}},

By :={x € {0,1}"? | fx(z1,22) # ¢ h(21, 22) for any ¢ € A},
then A3 and Bs are non-empty, they do not intersect, and they do not contain any fx
which is identically zero. Thus we may define D3 = min{d(x,y) | x € A3,y € Bs}. Let

a € A3 be such that there exists b € Bg with d(a,b) = Ds3. By pinning in all places that
a and b agree, we realise a function

D3 D3
h(wr, @) [ [ 0y (wrg2) + 1 (21, 2) [ | 0ay (s2) (41)
k=1 k=1

where h/(z1,x2) := fp(x1,22) is not a scaling of h. Suppose h' = (‘;\‘: 5;) Distinguish

cases according to Ds. It will be useful to consider these in ascending order since the case
D3 = 2 follows straightforwardly from D3 = 1.

— If D3 =1, the function in is ternary. Note that the case a; = 1 differs from the
case a; = 0 only by a bit flip on the third input, which is a SLOCC transformation
by (I ® I ® X) and thus does not affect entanglement. So it suffices to consider
a1 = 0; the function then takes values

a o BB

AN o)
Recall that «, 8 # 0, the unprimed variables satisfy ay — S\ # 0, and (o/, 8/, N, i')
is not a scaling of («a, 8, A, ).

By Lemma the ternary function is non-decomposable unless at least two of the
following three expressions are false:

(af’ # Ba) v (uXN # M)
(A" # aXN) Vv (uB # Bu')
(BN # o) V (BN # ap)
Now, the third expression is always true since au — A # 0 implies S\ # au. So
the function being decomposable would imply a8’ = o/, uN = A/, Ada/ = a)\ and
upB' = Bu’. But the first of these equations implies 5/ = Sa//a since o # 0. Similarly,
the third equation implies ' = Ao/ /a. Also, since 8 # 0, the fourth equation implies

w = pp' /B = pa’/a. Thus,
r_ o B _g, a B _g,
h_<)\’ u’>_a Au_ah’
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which is a contradiction since h’ is not a scaling of h. Thus, the ternary function
must be non-decomposable, and hardness follows by Lemma,

This is a change compared to the proof in [19], where multiple cases were distin-
guished and the hardness lemmas only applied to real-valued functions.

— If D3 = 2, the function in has arity 4. By connecting [«, 5] to the last input, we
get one of the functions

o - h(x1,22)0a, (x3) + B - B (21, 2)0a, (x3)
B h(x1,22)0q, (x3) + - B (21, 22)05, (x3)

depending on whether as is 0 or 1. Note that these functions differ from the function
considered in the previous subcase — h(z1,x2)dq, (x3) + I/ (21, 22)05, (x3) — only by a
SLOCC with (8‘ g) or (fg g) on the third input (depending on whether a; = ag).
Hence they must be in the same entanglement class and hardness follows as in the
previous subcase.

This is another change compared to [19], where the hardness lemma only applied to
real values and the construction did not employ the function [a, 3].

— If D3 > 3, we consider different cases according to the relationships between the
values of h and h'.
If ad/ = BB = AN = pp’ = 0, then o/ = 8/ = 0 since a, are non-zero by
assumption. Thus, at least one of M and y' must be non-zero because h’ is not
identically zero. Also, at least one of A and p must be non-zero because h is non-
decomposable. Therefore we have either A = p/ =0 and X, u # 0, or N = = 0 and
A, 1/ # 0. In the first case, A = ¢/ = 0 and X, u # 0, pin the first input to 1 to get:

D3 D3
161 (x2) [ | ax (r12) + Noo(w2) [ ar (r12):
k=1 f=1

This is a generalised equality function of arity at least 4, so we can proceed as before.
In the second case, N = u = 0 and Ay’ # 0, pinning the first input to 1 works again,
albeit resulting in a different generalised equality function.

Otherwise, there exists a pair of primed and unprimed coefficients of the same label
that are both non-zero. If these are o and o/, pin the first two inputs to 00 to get a
generalised equality of arity at least 3. If the non-zero pair are 8 and ', pin to 01,
and so on. Given the generalised equality function, we may proceed as in the cases
Do > 4 or Dy > 3, depending on whether the arity of this function is even or odd.

We have covered all cases, hence the proof is complete. ]
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