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Matrix permanent and determinant from a spin system
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In contrast to the determinant, no algorithm is known for the exact determination of the permanent of a square
matrix that runs in time polynomial in its dimension. Consequently, noninteracting fermions are classically
efficiently simulatable while noninteracting bosons are not, underpinning quantum supremacy arguments for
sampling the output distribution of photon interferometer arrays. This work introduces a graph-theoretic frame-
work that bridges both the determinant and permanent. The only nonzero eigenvalues of a sparse non-Hermitian
operator M for n spin-1/2 particles are the nth roots of the permanent or determinant of an n x n matrix M,
interpreting basis states as bosonic or fermionic occupation states, respectively. This operator can be used to
design a simple and straightforward method for the classical determination of the permanent that matches the
efficiency of the best-known algorithm. Gauss-Jordan elimination for the determinant of M is then equivalent
to the successive removal of the generalized zero eigenspace of the fermionic M, equivalent to the deletion of
some nodes and reweighting of the remaining edges in the graph such that only n nodes survive after the last
step. In the bosonic case, the successive removal of generalized zero eigenspaces for M is also equivalent to node
deletion, but new edges are added during this process, which gives rise to the higher complexity of computing
the permanent. Our analysis may point the way to new strategies for classical and quantum evaluation of the

permanent.
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I. INTRODUCTION

The permanent of a square matrix M of dimension 7 is
the symmetric analog of the usual determinant, but where
the signatures of the permutations (the signs appearing in the
expansion of the function) are ignored. This quantity appears
in a wide variety of applications in pure mathematics and in
physics, among other disciplines. For example, the permanent
enumerates the number of perfect matchings of a bipartite
graph, which has applications in combinatorics [1], chemistry
[2], and physics [3]. The permanent arises in the identifi-
cation of multiple targets [4], with applications to defense.
In the context of quantum computation and information, the
permanent is central to calculating matrix elements in linear
optics for many-photon systems [5-7], and for determining
the entanglement of various permutation-invariant quantum
states [8].

Despite the fact that both the permanent and the deter-
minant yield the same exponential number of terms, n! ~
V2mrn(n/e)" for large n, the determinant is efficiently com-
putable classically, i.e., scales as a polynomial in n. The
well-known Gaussian elimination approach scales as O(n?),
and the fastest current algorithm scales as O(n**7?) [9]. In
contrast, determining the permanent of a general matrix is
#P-hard, and that of a (0,1) matrix is #P-complete [10-12].
The discovery of a classically efficient algorithm for the per-
manent would have profound consequences for the theory of
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computation, including P = PP [13], an even stronger state-
ment than the famous P = NP conjecture. The runtime of
the fastest known algorithm, namely, Ryser’s algorithm,
scales as O(n2") [14,15]. That said, the permanent P, of
matrices with non-negative entries or with vanishing mean
can be approximated in polynomial time poly(n, 1/€) us-
ing randomized algorithms [16,17], up to additive error
€P,, for arbitrary € > 0; likewise for positive semidefinite
matrices [18-20].

The #P-hardness of computing the permanent was re-
cast in the framework of linear optics [6], which motivated
the realization that quantum devices will always outperform
classical algorithms in sampling the output distribution of
photons emerging from an optical interferometer apparatus,
the so-called boson sampling problem [7]. Numerous boson
sampling experiments have been conducted since then; Refs.
[21-23] provide some recent examples. In contrast, the ease
of calculating the determinant implies that noninteracting
fermions are efficiently simulatable on a classical computer
[24-28].

It was recently shown that the permanent of the matrix M
can be computed as the determinant of a family of matrices
M of minimum dimension 2" — 1 [29-31]. These matrices
define the adjacency of a directed n-dimensional hypercube
graph, whose edge weights correspond to elements of the
matrix of interest, and with the first and last vertices sharing
the same label to form a cycle. It was subsequently noted
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that these graphs encode an algebraic branching program
[32]: the product of edge weights on each of the n! possi-
ble branches corresponds to a term in the expansion of the
permanent.

The present work builds on the above construction by iden-
tifying a key feature: the structure of the matrix M coincides
with the dynamics of n spin-1/2 particles governed by a
non-Hermitian operator. If the permanent of M is nonzero,
then the only nonzero eigenvalues of M are the nth roots of
the permanent; alternatively, M” diagonalizes into n blocks
labeled by the total spin, each of which has the permanent as
the only nonzero eigenvalue. Thus, the n-fold product of M
on a fiducial state such as |0®") immediately yields P,|0®").
The n-sparsity of M ensures that this can be effected on a
classical computer with n2" arithmetic operations, matching
the performance of Ryser’s algorithm.

Interpreting the basis states as bosonic occupation states
yields the standard expression for the permanent in terms of
products of (hard-core) bosonic operators. Interpreting these
instead with fermionic occupation states immediately yields
the determinant, with signed edge weights in the graph. If
M is a full-rank matrix, then Gaussian elimination for the
calculation of the determinant corresponds to successively
projecting out the generalized zero eigenvectors of M, so
that after n iterations the initial rank-deficient matrix of di-
mension 2" — 1 is reduced to an n-dimensional full-rank
matrix. From the perspective of the algebraic branching pro-
gram, each iteration deletes vertices and the edges incident
to them, and reweights the remaining edges, until only one
path remains in the cycle. This approach uncovers another
close connection between fermions and the determinant on
the one hand, and between bosons and the permanent on the
other.

This paper is organized as follows. The permanent and
determinant are reviewed in Sec. II, and an example is
provided for the representation of the permanent as an al-
gebraic branching program. Section III introduces the spin
model that maps the problem of computing the permanent
of an n x n matrix M to the problem of computing the
eigenvalues of a 2" x 2" matrix M, and provides a clas-
sical algorithm for computing the permanent that matches
the best current methods. The spin model is expressed in
terms of noninteracting fermions and hard-core bosons in
Sec. IV. In Sec. V, we discuss the connection between
Gaussian elimination, generalized zero eigenspaces of M,
and its visualization on the associated graph. The prospects
for the development of a quantum algorithm for comput-
ing the permanent based on our approach are discussed in
Sec. VL.

II. REVIEW
A. Permanent and determinant

Consider the n x n matrix M, defined as

Wo,0 Wo,1 Wo,n—1
w1,0 wi,1 s W1,n—1
M= ) . ) . . (1)
Wp—1,0 Wy—1,1 Wp—1,n—1

The determinant and permanent of M are respectively
defined as

n—1
D, = |M| = detM) =} (sgn(a)]"[w,-,g,. :

o€esS, i=0

n—1
P, = M|p = perm(M) = ) (]"[ w)

oeS, \i=0

where S, is the symmetric group on the list {0,1,2,...,
n — 1}, o is a function that reorders this list (effects a per-
mutation of the elements), o; is the ith entry of the list
after permutation, and sgn(c) = (—1)M©) is the signature of
the permutation, where N(o) is the number of inversions
needed. While the expansion of the determinant and perma-
nent includes the same n! terms, the signs appearing in the
determinant allow for its efficient evaluation.

While exceedingly simple, the n = 3 case is illustrative
and will be revisited throughout this work. The determinant
is explicitly written

M| = wo,o(w,1w22 — w1 2w2,1)
—wo,1 (W1,0Ww22 — W,2W2,0)
+wo,2(wi0W2,1 — Wi, W2,0)- 2
The Gaussian elimination algorithm uses pivoting to reduce
the matrix to row echelon form (i.e., an upper triangular ma-
trix), so that the determinant is the product of the diagonal
elements. For reasons that will become clear in Sec. IV, con-
sider instead a reduction to a lower triangular matrix. The first
reduction yields
Woo  Woi 0
M| = |wio wi; 0 (3)
W20 W21 W22

where
, Wo,2W1,0 / Wo,2W1, 1
Wy = Wo0 — — —— Wy = Wo,1 — , 4@
w2 w2
/ Wi 2W2,0 , Wi 2W2,1
Wio =Wio— — “s Wi S Wi o &)
2,2 2,2

The second and last reduction yields
wyo 0 0

/ /
M| = |wio w0 (6)
W0 W21 W22

where
/ /
wh W
" / 0,1%71,0
Woo=Woo— — -, - (7

' Wy

The determinant is then

" ! ’ / / /
IM| = wygwy yw2,2 = (Woewy = Wo 1 W )W2,2

Wo 2W1,0 Wi 2Wa 1
Woo——— J\Wi1— ——
w12 Wwz2
Wo,2W1,1 Wi2W2,0
—\ Wo,1 — Tw, Wi0 — T w22 (8)
1,2 2,2
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FIG. 1. Illustration of the algebraic branching program for the
evaluation of the permanent |M|p for n = 3.

While there are eight terms in the expansion, the
signs of the two cross terms (—-=22"22)(yw; )w,, and

wi,2
—(— %)(wl,o)wz,z cancel, leaving six unique terms in the
expansion.

The sign structure of the determinant guarantees that these
cancellations occur for all values of n, which ensures that
Gaussian elimination is classically efficient. For the evalua-
tion of the permanent, one cannot follow the same procedure
as above by simply eliminating all signs, because the cross
terms arising from expanding the final product [for example
in Eq. (8)] will now add instead of canceling. Our analysis in
Sec. V B provides insight into why this is the case.

B. Permanent as an algebraic branching program

Building on the work of Grenet and others [29-31],
Hiittenhain and Ikenmeyer [32] noted that the matrix per-
manent for n =3 can be expressed as a binary algebraic
branching program. The n! terms correspond to branches, or
routes, traversing between antipodes of the n-dimensional hy-
percube, such that the product of edge weights for each branch
corresponds to a term in the expansion of the permanent.
Figure 1 illustrates the idea for the n = 3 case, where the
three main branches from the top to bottom vertices (labeled
in red) are explicitly shown. The edge weights are chosen so
that their products for each branch correspond to a term in
the permanent, cf. Eq. (2) with signs removed. The branching
program is the analog of the expansion of the determinant by
matrix minors.

III. SPIN MODEL
A. Definition and structure

The binary algebraic branching program for the 3 x 3 per-
manent [32] suggests a general construction for arbitrary n.
Suppose one has a system of spin-1/2 particles, located on
sites j =0, 1,...,n — 1. Each particle can access states |0)
and |1), corresponding to spin down and spin up, respectively.
The spin model that is the central focus of the current work is
defined by the operator

n—1
M = Z Z wh(i)ngjﬂi) @i + l_[af, )
=0 j

[000)

000)
(b)

FIG. 2. Depictions of the spin model M (a) and its alternative
description M (b), forn = 3.

where o;" = |1)(0]; and o;” = |0)(1|; are site-dependent rais-
ing and lowering operators. The first sum is over all n-bit
strings i so that a complete and orthonormal basis of n-spin
states with dimension 2" is represented by the unit vectors
[iy = |{0, 1})®". The Hamming weight of the bit string is
denoted by h(i), coinciding with the total n-particle spin.
Evidently the last term in Eq. (9) is equivalent to |0)(1].

The operator M defined by Eq. (9) corresponds to the
adjacency matrix for a weighted directed graph that effects
transitions from the |0) state to the |1) state via all possible
single-spin raising operations, and then back to |0) again to
complete one cycle. The transition amplitudes are indexed by
two integers: the total Hamming weight of the initial state and
the target site. With o™ |1) = 0, the second index can never be
repeated as the value of the first index increases; thus, the first
term in M encodes all possible transitions from |0) to |1) with-
out repetitions. Figure 2(a) depicts M for n = 3, and includes
the vertex and state labelings for clarity. The orientation is
chosen so that each horizontal layer of the hypercube con-
tains vertices labeled by bit strings with the same Hamming
weight A.

As discussed in detail in what follows, it is convenient to
define an alternate encoding of the cyclic behavior of M by
eliminating the transition |0) (1|, and instead directly transition
from states with Hamming weight n — 1 to the state |0). The
associated operator is

n—1

n—1
M=% wi o] )il + Y w1 ;10) (1o}, (10)

i j=0 j=0

where the prime on the first term denotes that the sum is over
all bit strings but not including those with Hamming weight
h(i) = n — 1. In this case, the basis state |1) is never occupied,
and the Hilbert space dimension is reduced to 2" — 1. This
alternate operator is depicted in Fig. 2(b).

Consider next the (n 4+ 1)th (nth) power of M (M), which
will be of central importance in what follows. The derivation
is provided in Appendix, and the result for M"*! is given in
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Eq. (AS):

M= [(wo jy07) - (wasr 0 )I0)(1

(Wn-2.j,,0; DI0)(1]
X(wn L, jn—1 jz )+ -+ |0><1|(w0,joo—jt)
(W, 07 )] (11)

+
+(w0,j00j0 ) P

The expression for (M)" is identical save for the leading term
in Eq. (11).

The above expression can be seen to be of block diagonal
form as follows. Each term in the expansion above is defined
by the operators [/, a+|0 y(1] ]_[S - j , and is labeled by
the index m =0, 1, ..., n. For m = 0, the operator is only
[0)(0], i.e., a block of dimension 1 defined by a single basis
state with zero Hamming weight. The m = 1 case includes all
operators of the form

n—1

a;710)( 1|1_[0 =0;0) lll_[a o, =0;10)(0loy .

12)

which corresponds to a block spanned by the n basis vectors
defined by aj+|0), which are labeled by all bit strings with
unit Hamming weight. Evidently, each block is indexed by the
Hamming weight (or total spin) m, and has dimension given
by the binomial factor (;’l ). It is convenient to express M"*!
as the direct sum
M =My M @ &M, =P M, (13
i
where M,, corresponds to the block matrix labeled by m and
is defined as

M, = M™|0)(0]M" "+, (14)

which has the form

M, = Z (wo,joajﬁ)(wl,j,oﬁ)
Joseees Jn—1
< (Wi Ljw-10j,_ l)|0)(1|(wn 1jne1 ]+1)

x(w,l,gyj”fzo;iz) e (wm,jmajm), (15)

as proven in Eq. (A12) in Appendix. Likewise,
M,, = M™|0)(0|M" ™. (16)

B. Eigensystem

Now turn to the eigenvalues and eigenvectors of the
spin model, defined by Eq. (9) or its alternative expression
Eq. (10). A key observation is that |0) is an eigenvector of
M"™" or M". Consider the action of M"*' on the state |0),
which only involves the m = 0 block:

Mn+1|0> = Z |0)(1|(w0,j0w1’j] ...w,,_l.jnfl)
J0s s Jn—1
xa]‘:o;l’ . ..q;nillO). (17)

The action of o0 ...o;" defines all possible n spin-flip

paths from the |0) s]tate to |1) and each is weighted by the
factor wo_j,wy,j, ... Wy—1,j,,. This is precisely the algebraic
branching program discussed in Sec. 11 B; thus

M"™10) = My|0) = P,|0); (18)

the eigenvalue is of M. Likewise,
M"|0) = P,|0).
The permanent is also an eigenvalue of every other block

of M"*!. Defining the block-m state
[¥m) = M™|0), (19)

the permanent

one obtains

My |¥m) = M™|0)(0[M" "1 M™|0)

= M"™|0)(0|M"*|0) = P,M"™|0)
= Pu|¥m). (20)

The operator M"™*! therefore has n + 1 degenerate eigenvalues
corresponding to the permanent, with associated eigenvectors
|¥,,) = M™|0). Likewise, the operator M" has n degenerate
eigenvalues P, and associated eigenvectors M™|0).

For the rest of the discussion in this section, we as-
sume that P, #0. Because M is a cycle, if A is an
eigenvalue of M"*!, then the eigenvalues A; of M must
include all (n+ 1)th roots of A (see, for example, Ref.
[33]). For the present case A = P,, one obtains A; =
Pl De=iznj/ntD) 5 = 0,1, ..., n; likewise, the eigenval-
ues of M are (P,e > /)'/" j=0,1,...,n— 1. Given that
M has degeneracy n and therefore only requires n powers to
return the state |0) to itself, it is slightly more convenient to
work with M in what follows.

The eigenvectors of M with eigenvalues corresponding to
the nth roots of P, can be written as

n—1 M J
— 87127[/{/}1 Zethjk/n<P1/n) |0®n)’ 1)
n

j=0

|pn (k)

where k, j =0, 1, ...
can be found directly:

n—1 M Jj+1
—i2rtk/n 2 jk/n pl/n Qn
e D e P! <_P‘/"> 10®™)

j=0 n

n—1 Y, Jl
— oi4nk/npl/n Zeﬂ”(ﬁl)k/”( M > |0®n>
n

1/n
j=0 Fr

.n — 1. The corresponding eigenvalues

M|, (k) =

n ) J
— e—i4ﬂk/nP1/n ZeiZij/n< Af/,,) |O®n>

j=1

n—1 v J
—z47-rk/nP1/n Z ezZn/k/n ( ) |0®n>
/n

+10%") — |0®">
= e TP My (K)). (22)
The eigenvalues are therefore

)\'k(M) — €7i2nk/n1)nl/n — (efiZNkPn)l/n. (23)
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The derivation proceeds analogously for M, and one obtains

)"k(M) — (e—iZJTkPn)l/(iH-l). (24)

The simplest case corresponds to k = 0:

n—1 M J
|6a(0)) = ) <p1 /,,> 057, (25)
=0 \'m

with eigenvalue Ao = P!/". Consequently, Ao would be the
only real eigenvalues if the elements of M were real and
positive. Remarkably, Egs. (23) and (24) constitute the only
nonzero eigenvalues of M and M, respectively.

The periodic nature of M and M gives rise to eigenvectors
that are expanded in a Fourier-like series, much like in a
translationally invariant system. In Egs. (21) and (23), the
indices j and k label position and wave vector, respectively.
In the present case, the position is the index of the block,
corresponding to the Hamming weight or total spin, while
the wave vector serves essentially the same purpose as in
uniform systems: as a canonically conjugate quantum number.
Conceptually, one can consider successive applications of M
or M as moving a walker from site |0) to site M|0) or M|0),
etc., one step (bit flip) at a time, with all states sharing a given
Hamming weight treated as equivalent, until it again reaches
its starting state (see also Fig. 2).

Given that the determination of the matrix permanent cor-
responds to an algebraic branching program from the state
|0) to itself, effecting the spin transitions in the opposite
direction (i.e., reversing the arrows in Fig. 2) corresponds to
taking the adjoint (complex conjugate transpose) of M or M.
Equation (18) then becomes

My H0y = (MT)"10) = PF|0). (26)

One can then construct Hermitian operators
Mg =M""" + M7y, 27)
My = ilM"™" — "y, (28)
satisfying the eigenvalue equations

Mg|0) = Re(P,)|0), (29)

M;10) = Im(F,)|0). (30)

Similar expressions apply to M. While the operators (27) and
(28) are arguably more physical, their experimental realization
could remain challenging given the complexity of the descrip-
tion, Eq. (11). Also, unlike the case for M"*! or M" alone, the
nonzero eigenvalues for the remaining blocks of (27) and (28)
are different from Re(P,) and Im(P,).

C. Classical algorithm for the permanent

While the result (18) is a statement about the eigenvalues,
it suggests a straightforward approach to the calculation of the
permanent without needing to determine the spectrum of M or
M. Rather, one must only compute

M"|0) = P,[1) or M"*10) = P,|0); or M"|0) = P,|0).

€29

In other words, apply M or M successively to the state |0)
until all the amplitude is again concentrated on the state |0),
and read out the result.

The algorithm for the permanent then corresponds to an
n-fold or (n — 1)-fold product of matrices with dimension
(i_';l) x (1) (i=1{0,1,...,n— 1}). Each column of the ith
matrix contains exactly n — i nonzero elements, so that the
matrices are exponentially sparse. The total number of opera-
tions (multiplications and additions) is

Xn: (';)(21') — 2", (32)

i=1

In comparison, Ryser’s algorithm requires a total of n2"*+! —
(n+ 1)% ~2n2" operations for large n [15]. The scaling of the
number of operations in the present case therefore matches
that of the fastest-known algorithm, with a straightforward
implementation, which could make it useful for practical ap-
plications.

IV. FERMIONIC AND BOSONIC REPRESENTATIONS

The spin model (9) can be naturally represented in terms of
Schwinger bosons, and fermions via the Jordan-Wigner trans-
formation. These are discussed in the next two subsections.

A. Bosons

Spin-1/2 particles can be mapped to Schwinger bosons as
follows:

o =o0f—io) = a;bj,

J J J
oy =oj+ iU’-V = bT-aj,
of =dla; —b'b;. (33)

Each spin operator therefore involves two “species” of bosons,

satisfying the relations
i, afl =85 lai, a1 =1a],aj]=0 (34)

and likewise for b-species bosons, where [x,y] = xy — yx
is the commutator. These are supplemented with the unit-
occupancy condition

dla; +blb; =1, (35)

which specifies that each site is occupied by exactly one boson
of either species. The Schwinger approach therefore maps
spins to hard-core two-species bosons at exactly unit filling.
The model (9) expressed in terms of Schwinger bosons is then

n—1

Mb = Z Z wh(i),ja;bjﬁ) (i| + l_[ bjaj, (36)
j=0 j

where the bit in the string i is unity (zero) if occupied by a
boson of species a (b), and the zero state is

n—1
=[[2}10). (37)

The graph associated with M, is indistinguishable from that
of M, ie., Fig. 2 forn = 3.
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It is instructive to write the action of the nth power of M, on
the zero state:

n—1

Mg|0> = Z w,,,z,ja';bj
Jj=0

n—1
-
E w,,,l,jajbj
j=0

X X Zwo,,aj |0). (38)

In the second line above, all operators for the b-species
bosons can be omitted because each creation of an
a-species boson must be accompanied by the annihilation of a
b-species boson, and after n powers of M, all sites have been
accounted for. Furthermore, the hard-core condition acts in the
same way as a Pauli exclusion principle: if a b-species boson
occupies site j, then the b’ operator returns zero. Expansion
of the terms in Eq. (38) then returns the permanent because
the b-species bosons all commute.

B. Fermions

The Jordan-Wigner transformation corresponds to map-
ping the spin operators to “spinless” fermions:

n—1
of =exp|in Z £l fe ik

k=j+1
n—1
O’; =exp|in Z f,jfk fis
k=j+1
af:ij‘fj—l, 39

where the site-dependent fermionic creation ( fji") and
annihilation (f;) operators satisfy the anticommutation
relations

U flY=8y Ui Y =1 fj}=0, @0

and {x, y} = xy + yx. The first of these automatically ensures
the Pauli condition forbidding double occupancy of sites; thus,
basis states can again be indexed by bit strings i, but now
where 0 (1) signifies the absence (presence) of a fermion
at position j. Canonical ordering is assumed, where cre-
ation operators appear with indices in descending order; for
example,

11010) = £, £110), (41)

where |O) denotes the particle vacuum.

\Wo,2
wp,y AN
|001)  [100) 010) “4/001)
Wi, WO

,
—Win wy,

Y 7 N N |
|011) |110) “e[101) '»|011)
| 7/

4,
y—W21 ¢ W20

|000)

wp, :
w:),l
100) 010)
1

wi 1,
110)

who X

1000) 1000)

(c) (d)

FIG. 3. Depictions of the fermionic model M f.alts EqQ. (45) with
[111) — |000), for n = 3. Its original form is shown in (a), while
various stages of row reduction are shown in (b)—(d).

The phases appearing in Eq. (39) ensure that the fermions
anticommute on all sites; alternatively, they ensure the normal
or canonical ordering of basis states. For example,

f11010) = £ £ 110y = 0,
o0y = £ £ 1oy = — £ £ oy = =110,
£111010) = £ £ £710) = [1011). (42)

The Jordan-Wigner transformation (39) counts the number of
fermions to the right of (i.e., with index greater than) where
the spin is flipped or a fermion is created, and multiplies the
transition amplitude by —1 if this number is odd. In this way,
the negative signs arising from the fermionic anticommutation
are canceled and the transition amplitudes all remain positive.
The model (9) expressed in terms of fermions then becomes

n—1

My =Y wiasipfi G+ ] @3)
i j=0 j

where the function s; ; incorporates the Jordan-Wigner phases

for creation of a fermion at position j on a basis state with

occupation indexed by occupation state |i) defined by bit

string i.

An explicit example is shown for the n =3 case in
Fig. 3(a). Consider the [100) — |110) and |010) — |110)
transitions. For the former transition, a fermion is created
in site 1, to the right of a fermion already in site 0, so
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there is no additional Jordan-Wigner phase; likewise, the final
state |110) = ff fJ |O) is already normal ordered. Thus, the
edge weight w; ; remains unchanged. For the latter transition,
the fermion created in site O is to the left of a fermion al-
ready in site 1, which yields a negative contribution from the
Jordan-Wigner transformation, reflected in the signed edge
weight —w; o in Fig. 3(a). At the same time, the final state
[110) = fg flT |O) requires one fermionic anticommutation to
bring it back to normal ordering, which cancels the negative
sign and effectively restores the total edge weight to its orig-
inal value in the spin representation. Thus, within the context
of a binary branching process, the sum of the path weights of
Fig. 3(a) still constitute the permanent, despite the appearance
of signed edge weights.

To construct an algebraic branching program for true
fermions one either must maintain all edge weights and keep
track of the fermionic anticommutation relations defining the
occupation states, in which case the model is

n—1
Mp=Y " wi i fi0G+]] 5
j=0 J

(44)

and |i) represent occupation states, or one must account for all
Jordan-Wigner phases to appropriately sign all edge weights
but treat the states |i) instead as ordinary bit strings, in which
case the model is instead

n—1
Mpao=Y Y wiajsijo; il +[[o;. 45
i j=0 j

and now the o* are interpreted as classical bit-flip oper-

ators. When expressing the fermionic model in terms of
creation and annihilation operators, Eq. (44) is preferable,
but Eq. (45) is more convenient in the graph adjacency ma-
trix representation. Now, Fig. 3(a) depicts a truly signed
binary branching process, and the sum of the path weights
constitute the determinant, rather than the permanent, of M
for n = 3. The woow; 1wz path serves as the reference,
where the second indices for the weights in this product
constitute the integer list {012}. All other paths are char-
acterized by an overall minus (plus) sign if the integer
list derived from the second index of the weights for that
path corresponds to an even (odd) number of inversions of
the reference list; for example, the odd permutations {021},
{102}, and {210} correspond to paths with negative total
weights —wo ow1 W2 1, —Wo,1W1,0W2,2, and —wg w1, 1wW2,0,
respectively. Thus, one expects that the eigenvalues of the
operator (44) are the determinant, as will be discussed further
below.

Another noteworthy property of the fermionic graph is that
it is unbalanced: there is no vertex sign switching that can
remove all of the minus signs [34]; alternatively expressed,
there is no diagonal matrix whose entries are {1, —1} that
can map Eq. (44) to a form without any s; ; factors. (This is
another way of stating that the determinant derived in this way
cannot be mapped to the permanent by a local unitary, though
this is already obvious as unitary transformations preserve
the eigenvalues.) There remains the intriguing possibility that
there is a nonunitary operator that can effect the map, but this
is not explored in the present work.

Similarly, it is not possible to map existing weights to their
negatives in order to map the determinant to the permanent.
For the n = 3 case, one could reassign w;, — —w;, and
wy,1 — —Ws, to remove the negative signs on all edges with
these labels in Fig. 3(a), but this still leaves signs on edges
labeled by w;,; which cannot be removed.

As in the bosonic case, it is worthwhile to express the
action of the nth power of A7I f,alt ON the vacuum state:

n—1 n—1
- ¥
M}|0) = E wn—l,jf; E Wn—2,;f;
Jj=0 j=0

n—1
xoox [ wo i ff 10D, (46)
j=0

This simple and apparently separable representation for the
output state, as products of similar terms, is possible because
of the Pauli principle and the anticommutation relations: any
attempted creation of a fermion in an already occupied site
is zero, and the signs of the final many-fermion states will
reflect the number of permutations required to express them
in normal ordering. Furthermore, the result is clearly the de-
terminant D,, (or its negative) rather than the permanent. The
states (46) and (38) reveal a close connection between the
determinant and the permanent expressed in terms of indis-
tinguishable particles.
Consider explicitly the n = 3 case:

M}10) = (waofy +warf] +waaf;)

x(wiofy +wiiff +wiaf))
x (wo,0fg + wo,1 f] + wo2f)O).

= wyafs (Wi f, woofy + wiofgworf))
Fwa i ff (Wi o fwoofy + wiofyworfs)
+wa o fy (Wi fiwonfy + wiafywe i f)IO)

= [wz2(w1,1w0,0 — Wi 0Wo,1)-
+wa, 1 (—w12wo,0 + W1,0Wo.2)
+wao(—wi 1 wo 2 + wi2wo, )1 £ £y 10)

= D3/, f{ f310).

Recapitulating the arguments of Sec. III B but for M instead
of M or M, one obtains that the only nonzero eigenvalues of
M are given by the (n + 1)th roots of D,,.

(47)

V. ROW REDUCTIONS

The exponentially small rank of the matrices M and M,
discussed in Sec. III B, suggests that it might be possible to
apply row reductions to reduce their dimension without af-
fecting the nonzero eigenvalues. Just as Gaussian elimination
reduces a matrix to upper (or lower) triangular form, so that
the determinant (which would otherwise require summing 7!
terms) can be evaluated by a product of the diagonal elements,
row reduction of M or M reduces the n! paths of the algebraic
branching program to a single path by deleting vertices and
reweighting edges. As shown below, row reductions in the
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fermionic model correspond precisely to the Gaussian elim-
ination approach to evaluating the determinant. The bosonic
version provides a road map for row reductions to evaluate the
permanent, but does not appear to provide a speedup over the
direct matrix multiplication method discussed in Sec. III C.

As shown in Sec. III B, the blocks M,, of M"*! and M"
have dimension (:"1) but are all unit rank, so that the ranks
of M"*! and M" are n+ 1 and n, respectively. In contrast,
the matrices M and M are not block diagonal, and their
eigenvectors are no longer given by M™|0) and M™|0), re-
spectively. Consider M for concreteness. While the 7 nonzero
eigenvalues correspond to the nth roots of the permanent,
the zero eigenvalues have multiplicity 2"~' — n; thus, the
kernel of M is comprised of generalized zero eigenvectors of
rank 1 up to n — 1. The set of linearly independent vectors
spanning these defective matrices must therefore be obtained
sequentially. The standard procedure 1s to obtain the set of
rn generalized zero rank-m vectors |v ) 1 <i<ry, such
that M ’”|vfm)) = |O). The rank-nullity theorem ensures that
nt Y =21

In practice there is a more efficient iterative proce-
dure to obtain the kernel. First generate the reduced row
echelon form (also known as the pivot matrix) B; for M,
via Gauss-Jordan elimination. For any rank-deficient matrix
such as M, the deviation of B; from the identity is driven
entirely by the r| rank-1 zero eigenvectors; thus, the (2" — 1 —
r1) X (2" — 1) matrix B; annihilates the null space: Bl|v( )) =
0. One can then find an n x (2" — 1 — r;) matrix A; such
that M = A,By; its matrix elements coincide with those of
M but with 7| columns removed whose indices correspond
to the location of the first nonzero element of each |v ))
The (2" — 1 — r) x (2" — 1 — 1) matrix M® = B,A; there-
fore has the same eigenvalues as M but now with r| fewer
ZEeros.

The rank-2 generalized eigenvectors are the solutions of

M?[v?) = A1B1A B, |v”) = |0), (48)
r2, which can be rewritten as

AMP B v?)) = 0. (49)

forl <i<

At the same time, the zero eigenvectors of M are the solu-
tions of

M(2)|~(2)) 0. (50)

Thus, with the identification |5>) = B;[v®), Eq. (49) is au-
tomatically satisfied by Eq. (50), and solving the latter is more
efficient than the former due to the smaller matrix dimension.
It is straightforward to verify that the nonzero eigenstates of
interest from Eq. (21),

n—1 M J
e*i2nk/n Z ei27'rjk/n ( . ) |O®n> 51)
P n

J=0

o) =

are transformed into

J
|¢(2)(k) —z2rrk/n Z ezZn}k/rl( 1/;1) |0®n)

l‘l

=B, |¢,§1>(k)). (52)

The procedure is then repeated for M® = A,B,. After n —
1 iterations, the original rank-deficient (2" — 1)-dimensional
matrix M is reduced to a full-rank n-dimensional matrix
M®=D with eigenvectors ]_[;:11 B,_i|¢,(k)) and correspond-
ing eigenvalues P!/". As shown below, this procedure is
equivalent to Gaussian elimination of M for the evaluation of
the determinant, and also provides an equivalent systematic
approach to the evaluation of the permanent.

A. Example: Three fermions
Consider row reductions of M r,alt» EQ. (45), for the specific
case n = 3, depicted in Fig. 3. The (unnormalized) rank-1
generalized zero eigenvectors can be written as

[v{P) = [001) + &|01o> + Z10100),
wi w2

[usP) = |011) — $201110y,

w22

[ui") = 1101) + 221110y, (53)
w32

so that one may eliminate vertices labeled by the bit strings

001, 011, and 101. The matrix B; must satisfy B, |vl.(1)) =0;a

sufficient construction is

By =1 —|v{"){001] — [vi")o11] — [v{")(101]

1 0 0 0 0 0 0

0 -2 1 0 0 0 0
“fo -2 0 o 1 o o ©¥

0 0 0 oo -y

where row and column indices are labeled by bit strings with
the least significant bit on the right. Here, B; is expressed
in the somewhat unconventional lower-triangular reduced row
echelon form. Likewise,

A1 = Mya\{(001], (O11], {101]}

0 0 0 wy2
wo,2 0 0 0
Wo,1 0 0 0
=l 0o w, o0 0 (55)
Wo,0 0 0 0
0 0 Wi 0
0 —wl,o w11 O

It is straightforward to verify that A;B; = M r.ali- One then

obtains
0 0 0 wr 2
@ . wf)’l 0 0 0
Mf alt — B]A] —_ w(/),o O O 0 ’ (56)
0 —wi, Wi, 0

where wy o, wy > W} o, and wy ; coincide with the reweighted
terms in M derived from a first round of Gaussian elimination,
defined in Egs. (4) and (5).

It is illuminating to view this first round as an operation
on the graph representing the binary branching process, as
depicted in Figs. 3(b) and 3(c). Vertices labeled by bit strings
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001, 011, and 101 are deleted, reducing the total number of
branches from six to two. The contributions to the determinant
of the branches through the deleted vertices are incorporated
by reweighting remaining edges. For example, the weight
—wj wy,; of the path from [100) to |000) through vertex
[101) is incorporated into the new path weight w) ;w» »; sim-
ilarly, the path from |010) to |000) through deleted vertex
|011) is incorporated in w} . Perhaps surprisingly, these edge
reweightings can also compensate for both of the deleted paths
from |001) to |000) through the two deleted vertices |011)
and [101). Crucially, for fermions, the total path weights after
the transformation are products of revised edge weights; as
discussed in Sec. IT A, cancellation of signed terms ensure
that the total weights for the reduced branching process still
coincide with the determinant.

The remaining (unnormalized) rank-2 generalized zero
eigenvector can now be efficiently written as

u)/
1v@) =1010) + —21100),
1,1

(57)

so that one may eliminate the vertex labeled by the bit string
010. The matrix B, must satisfy B,[v®) = |O):

B, =1 — [v®)(010]

1 0 0 0
=|0 -2 1 0 (58)
1,1
0 0 0 1
Likewise,
Ay = M2} \(010]
0 0 w32
| woa 0 0
=luwls 0 o (59)
0 wj; O

Again, it is straightforward to verify that A;B, = M}Z;h. One
then obtains

O 0 wr 2
M;?e)m =BAy=|ws, O 0 ], (60)
0 wj, O

where w(] , coincides with Eq. (7). The eigenvalues of M are
the cube roots of D3 = w( yw] ;w22 In this example, the sec-
ond and final round of Gauss-Jordan elimination corresponds
to deleting the vertex labeled by bit string 010, as depicted in
Fig. 3(d), yielding only one path from |000) to |000) and the
rescaled weight wy ,. The product of the edge weights for this
path, wg qw} w22 is precisely the product of diagonal terms
of M in lowe7r-triangular form, Eq. (6).

It is instructive to write the consequences of row reduction
for the fermionic representation of the eigenstate, Eq. (47), for
the example considered above. After the first round, the state

(b)

FIG. 4. Round 1 (a) and 2 (b) of row reduction for the original
spin model, equivalent to Schwinger bosons, for n = 3.

becomes
MRI0) = w2 fi (W] ofy + wi fDWgofy +wo1 f)IO),
(61)
using the Pauli principle. After the second round, one obtains
M}10) = waofs wi  fiwg o ff10) = Dsfy f{ f310). (62)

Thus, for fermions, no explicit expansion of the state (47)
is required; rather, the initial product of factors with three
terms is reduced to a product of factors with two terms,
and finally a product of single terms. The general strategy
is the same for all n. This reduction of the evaluation of the
determinant to a product of n terms is at the heart of its
efficiency.

B. Example: Three bosons

Consider next row reductions for the bosonic case, again
using n = 3 as an example to illustrate the procedure for
general n. The procedure works in much the same way as
for fermions, and is depicted in Fig. 4. The initial graph is
equivalent to that for the original spin model, and is shown in
Fig. 2.

The (unnormalized) rank-1 generalized zero eigenvectors
of My, Eq. (10), can be written as

) = j011) — =221110), [vi") = |101) — Z2L|110).
w32 w2
(63)

When compared with Eq. (53), one notices the similarity with
|v§l)) and |v§1)) in the fermionic case, and also that there is no
rank-1 zero eigenvector involving & = 1 states. The vertices
labeled by the bit strings 011 and 101 can be eliminated
choosing the projector

By =1 — |v{")011] — [v3")(101]
1 00 0 0 0 0
010 0 0 0 0
=lo o1 0o 0 0o o (64)
000 O 1 0 0
0 0 0 2 0 2 |
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and

Ay = Mp\{{011], (101}
0

0 0 0 wr 2
wo,2 0 0 0 0
wor 0 0 0 0
= 0 Wi, wi,2 0 0 (65)
wo,0 0 0 0 0
0 w1,0 0 w12 0
0 0 w1,0 wi,1 0

Again, it is straightforward to verify that A|B; = M. One then
obtains

0 0 0 0 w22
Wo,2 0 0 0 0
wo.0 0 0 0 0

0 xowiy o w 0

where w ; and wj | coincide with the expressions in Eq. (5)
but with minus signs replaced with plus signs, and a new term
is introduced,

Wi owa 1 + Wi 1W20

(67)
w22

The first round of row reductions, shown in Fig. 4(a), corre-
sponds to deleting two vertices in the 7 = 2 layer but none in
the i = 1 layer, in contrast with the fermionic case. Deleting
vertices in only a single layer avoids generating paths with
rescaled weights on two adjacent edges, which would yield
unphysical cross terms in their product (cf. the discussion
in Sec. IT A). But this comes at a high cost: vertices cannot
be deleted in an adjacent layer simultaneously if they share
edges with vertices in the first layer, as is possible in the
fermionic case. This clearly decreases the efficiency of the
reduction. Furthermore, deleting vertices in one layer requires
adding new edges from the remaining vertex in that layer to
all vertices in the next layer that had (now deleted) edges; in
this case, the additional edge has weight x.

The second and final round of row reductions in this exam-
ple is governed by the rank-2 generalized zero eigenvectors:

X
[v®) = j001) — ——1100),

1,1

w/
|v$?) = [010) — —1100). (68)
w

1,1

As shown in Fig. 4(b), the vertices labeled by the bit strings
001 and 010 are eliminated:

By =1 — [v{?){001| — [v$?)(010]

1 0 0 0 0
=lo 5— 1 0 (69)
0 0 0 0 1

and
0 0 wr 2
Wo,2 0 0
Ar = MP\{(001], (010]} = | wo1 O 0 |. (70
wo,0 0 0
0wy, 0
One then obtains
0 0 w2
M(3) = BzA2 = w(,)’o 0 0 y (71)
0 wj, 0
where
Wo W) o + Wp 2X
wh o = wo,0 + 010 T 027 (72)

/
Wy

As is shown in Fig. 4(b), two vertices in the 7 = 1 layer are
now deleted, requiring a rescaling of the wy o weight, and
one obtains a single path from |000) to |000), as desired. The
permanent is then

Py = wg qw) w22, (73)

which is expressed as a product of three single terms, much
like the expression of the determinant in Eq. (2).

C. Example: Four bosons

Given the superficial similarities between row reductions
for the bosonic and fermionic cases when n = 3, it is instruc-
tive to discuss the n = 4 case to gather a better understanding
of why the permanent is nevertheless exponentially more dif-
ficult to compute with this method. The rank-1 generalized
zero eigenvectors are

b)) = 10011) — 22110110y — 220|1001) 4 2021
w23 w22 W2 2W2 3

= (|01> = @um) (|01> - %um) ,
w32 0,2 w23 1.3

0") = 10101) — 22210110) — —22{1001) 4 022
w23 wo, 1 w2, W23

= <|01> = @|10>) (|01> - %um) ,
Wy, 1 0.1 w3 3 2.3

[v{") = j0111) — 2221110
w33

= <|01> - @um) 1)1,
0,3

w33

[v{") = 11011) — =2L11110)
w33
- <|01> - @nm) 11)0.,
w3 3 1.3
v{) = [1101) — 222 11110)
w3,3

w32
= <|01) - —|10)) [11)0,1. (74)
w33 2.3
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The eigenvectors can all be written in explicitly separable
forms, where the indices outside the parentheses denote the
label partitions; note that these also match the second in-
dices in the weight ratios. Evidently the generalized zero
eigenvectors for n = 3, Egs. (63) and (68), can be written
in a similar product form. This is due to the fact that the
Hamiltonian (10) itself can be written as a sum of permuta-
tions of separable terms. For example, the terms in the n = 4
Hamiltonian that map # = 2 states to h = 3 states can be
expressed as

Mp=r—3) = %[()0,112,3 + 10,1023 + Qo213+ 12013

+0o0,301,2 + 10,301,2], (75)
where
Oi,j = 111); j(w2,;(01] + w2 ;{10]); ;,
I;,; = (101)(01] + [10){10]); ;. (76)

The “identity” operator is the sum of all idempotents with
h =1, enumerated by the 1/2 prefactor in Eq. (75). Thus,
M(h=2%3) has the form of Cartesian products of operators
over all four-site bipartitions restricted to states with specific
Hamming weight. It is straightforward to verify that the |vil))

and |v§1)) in Eq. (74) are zero eigenvectors of the first and
second Cartesian product, respectively, and have no support
on the third. Similar expressions can be obtained for the other
terms in the Hamiltonian.

Construction of A; and B; proceeds analogously to the
n =23 case, and generates M® = BjA, with basis states
(graph vertices) {|0011),|0101), |0111), [1011), |1101)} re-
moved. However, all but one of the 23 nonzero terms in
the resulting matrix is unique. From the graph perspective,
only five edges are reweighted, nine edges have unchanged
weights, and nine new edges with unique weights must
be added. Generically, in the bosonic case, the number of
unique terms that need to be evaluated during the row re-
duction procedure grows exponentially with n. There does
not appear to be any way to exploit the separable na-
ture of the generalized zero eigenvectors to simplify the
calculation.

VI. DISCUSSION: PROSPECTS FOR A QUANTUM
ALGORITHM

As discussed in Sec. III B, the permanent of an n x n ma-
trix M relates to the eigenvalues of another 2"-dimensional
matrix M or M (the dimension of the latter is one smaller
so that one basis state is unused). This matrix has several
attributes that would appear to favor the development of an
efficient quantum algorithm for the evaluation of the perma-
nent: the dimension of M is a power of two, which would be
the case for an n-qubit operator; matrix elements of M are
easily indexed by address, which corresponds to their original
positions in M; M is n-sparse (no row or column has more than
n — 1 elements); and the permanent is the maximal eigenvalue
of M™. Despite these nice features, however, the construction
of an efficient algorithm for the permanent using this approach
is not straightforward for one principal reason: neither M nor
M is Hermitian or unitary.

As a first attempt at a quantum algorithm, one might lever-
age the relation P, = (0|M”"|0), Eq. (31). The quantity on the
right-hand side can be computed using any of the known
algorithms for evaluating expectation values [35,36]. Unfor-
tunately, such algorithms have O(1/€) or worse dependence
on additive error [37], and thus an even worse dependence
on the multiplicative error. Moreover, the operator norm of
M" is not polynomially bounded in general. Consequently,
this approach fails to suggest an avenue toward an efficient
quantum algorithm.

A more lucrative approach might be to make use of the
fact that all nonzero eigenvalues of M have absolute value
|P,|'/", Eq. (23). Thus, if there exists an efficient procedure
to generate one of the corresponding eigenstates, then |P,|'/"
can be computed efficiently to constant or polynomially small
additive error. Note that an additive approximation of |P,|'/"
provides significantly more resolution, at least for the unitary
matrices M that would be relevant to boson sampling, in
contrast to an additive approximation of |P,|. As noted by
Aaronson and Arkhipov [7], since |P,| is typically exponen-
tially small for unitary matrices sampled from a Haar random
distribution, an additive approximation of |P,| to polynomial
accuracy would almost always return zero. On the other hand,
the average of |P,|!/" is in Q(1) for unitary matrices sampled
from a Haar random distribution, and therefore an approxima-
tion of |P,|!/" to polynomially small or even constant additive
error provides more resolution.

Unfortunately, generating any eigenstates of M, Eq. (21), is
not straightforward. The coefficients in the linear combination
depend on the value of P,, which is unknown and in fact the
goal of the computation. Even if one could obtain a suffi-
ciently good approximation of P, (via randomized classical
algorithms), taking appropriate linear combinations using the
techniques developed in Ref. [38] would only generate the tar-
geted eigenstate with exponentially small probability, limiting
the runtime of the algorithm. Specifically, it is not obvious
how to adapt block-encoding techniques [39] to generate, with
high probability, the state M"~'|0)/||[M"~'|0)|, which is one
of the terms in the desired linear combination.

Consider instead leveraging the useful property that
the state |0) is an equal superposition of all eigenstates
corresponding to nonzero eigenvalues of M. If M were uni-
tary, this fact would have been sufficient for computing
all eigenvalues of M efficiently using repeated application
of the phase estimation algorithm [40]. Unfortunately, the
extension of phase estimation to nonunitary operators is
generally inefficient [41]. For the present problem, we ex-
pect phase estimation to take an exponentially long time,
as the eigenvalues being estimated lie well inside the unit
circle.

A more sophisticated approach to computing the eigen-
values of M is based on quantum linear-system solvers [42].
The complexity of this approach is limited by the condition
number of the eigenvectors, however. We have verified nu-
merically that the condition number is exponentially large for
typical real and complex matrices M.

To summarize, mapping the problem of computing the
permanent of M to calculating the eigenvalues of M would
seem to suggest new routes for designing an efficient quan-
tum algorithm to obtain a multiplicative approximation of the
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permanent. Yet, such an algorithm does not follow from the if such an algorithm exists, it would rely on more subtle
immediate application of the currently available algorithmic properties of the permanent than are made apparent by the
tools for linear algebra in a quantum setting. In all likelihood, present mapping.

J
APPENDIX: BLOCK-DIAGONAL REPRESENTATION

This section derives the expression for M"*+!, where M is defined by Eq. (9). Consider first M?:

n—1
M2 = | D7 iy 0 lio) (ol + 10)(1] Zthm o lin)(ir| + 10)(1]

io Jjo=0 i ji=0
=D Wiy, v0 3 o) o wagi,y.jy o T al + Y Y 10V Awagyy 05 ) il + DY w05 o) (0l0) (1] (A1)
io,i1 Jjo,J1 i 5 o Jo

For the evaluation of the (ip|wp,), 7o, Tiy) factor in first term of Eq. (A1), there are three possibilities: cr+|11) =0, o; i, lig) =0, or

].T|11) = |ig) (equivalently |i;) = o lip) or (ij| = <10|G]T) and the first two possibilities contribute nothlng to the sum Similar
arguments apply to the second and third terms, and one obtains

=D wijwae-1.j,0; i) il +Z wa-1.j,10) (Lo + wo j,0 ;5 10)(1]). (A2)

i Jjo.ji

Next, consider M>. After elementary algebra along the same lines as above, one obtains

=) Wi DI i Waey-1.7,05) Whiy-2.5,07) + Y (wo j,07 ) (wi 0710y (1]

i Jo.jij2 JosJn
+ D 10 (wamr 05 Y Waa g0 )+ D (wo o) 0 A (a0 ) (A3)
Jn—1>Jn-2 JosJn—1

The form of leading term in "+ should now be evident:

30 i)W Gl Wagy-15,07) -+ Wiy, 07). (A4)

In the above expression, the (i Hk * term is zero unless i = 1, but then o 0| i) = 0, so that the leading term vanishes. The
remaining terms are straightforward generallzatlons of those found in Egs. (A2) and (A3), and one obtains

Mn-H = Z [(wO,joO'jo) (wn 1, jn—1 j, )|0) <1| + (UJQ joajo) (wn—Z,j,,,gO';;z)w)<1|(wn—l,jn,101;;|)

o oo IOV LIy o) - (w07 ) + 10V (LI (w0 07 ) -+ (w07t )] (AS)

A corollary is that the expression for arbitrary powers p is

MP =" Y (w0 ) Whay-1,,07) -+ Wiy pr1,j,, 07 )

i Josedpet
+ Z [(wo.j,05) -+ - (Wp2.j,,07 INOY(A| + (wo j,03) -+ (wp73,j,,7301;;2)|0)(1|(wp72,jp720']‘_;2)
Jos-esJp—2
+o A 0 A (Wa1jy0 ) (Was i 07, (A6)
which can be used to prove Eq. (14), i.e., that
M, = M™|0)(0|M" "+, (A7)
First,
MP10) =" Y (Wi 0l Whiy-1,1,07) -+ Whiy—pr1 j, 0710 (A8)

i Jjoss Jp—1

Only bit strings i with Hamming weight p — 1 will contribute, so

P10y = Y (wo o) w07 (wpr 07 )I0). (A9)

JoseeesJp—1
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Second, following similar reasoning,

0M? = Z Z (Olwi, joo ) D) Al (Whi)-1,j,07) - - - (Why—g+1,j,, 07 )+ Z U(wn-1,3,078) -+ Wa—ge1,j, 207 )

i jOan-qjq—l

D (MWt j,070) - (Wagi1, 507 )-

Joseesjg—2

Putting these results together,

Mml()) <0|Mn7m+1 —

JOs s im—1
0+ kn—m—1

J0s-ees i

Comparison with the terms in Eq. (11) immediately yields

M, = M™|0)(0|M" "+,

> oo )i go) s W, 0 O Wae k0 ) Wa2k, 0 ) -+ (Wi, O

joq---,jqu

(A10)

+
kn—m—1 )

> oo ) w0 Wi, 05 IO (a0 ) Wi 05 ) (Wi, 07 )
Jn—1

(Al1)

(A12)

[1] A. Bjorklund, T. Husfeldt, and M. Koivisto, SIAM J. Comput.
39, 546 (2009).

[2] D. Cvetkovié, I. Gutman, and N. Trinajsti¢, Chem. Phys. Lett.
16, 614 (1972).

[3] O. J. Heilmann and E. H. Lieb, Commun. Math. Phys. 25, 190
(1972).

[4] D. Schaub, J. Adv. Inf. Fusion 12, 20 (2017).

[51 S. Scheel and S. Y. Buhmann, Acta Phys. Slovaca 58, 675
(2008).

[6] S. Aaronson, Proc. R. Soc. A. 467, 3393 (2011).

[7] S. Aaronson and A. Arkhipov, in Proceedings of the Forty-
Third Annual ACM Symposium on Theory of Computing,
STOC 11 (Association for Computing Machinery, New York,
2011), pp. 333-342.

[8] T.-C. Wei and S. Severini, J. Math. Phys. 51, 092203 (2010).

[9] V. Fisikopoulos and L. Pefiaranda, Comput. Geom. 54, 1 (2016).

[10] L. G. Valiant, SIAM J. Comput. 8, 410 (1979).

[11] L. Valiant, Theor. Comput. Sci. 8, 189 (1979).

[12] A. Ben-Dor and S. Halevi, in The 2nd Israel Symposium on
Theory and Computing Systems (IEEE, Piscatawy, NJ, 1993),
pp.- 108-117.

[13] S. Toda, SIAM J. Comput. 20, 865 (1991).

[14] D. G. Glynn, Eur. J. Comb. 31, 1887 (2010).

[15] X. Niu, S. Su, and J. Zheng, IOP Conf. Ser.: Mater. Sci. Eng.
790, 012057 (2020).

[16] M. Jerrum, A. Sinclair, and E. Vigoda, J. ACM 51, 671
(2004).

[17] L. Eldar and S. Mehraban, in 2018 IEEE 59th Annual
Symposium on Foundations of Computer Science (FOCS) Paris,
France (IEEE, Piscataway, NJ, 2008), pp. 23-34.

[18] A. Barvinok, Discrete Comput. Geom. 18, 205 (1997).

[19] L. Gurvits and A. Samorodnitsky, Discrete Comput. Geom. 27,
531 (2002).

[20] L. Gurvits, in Mathematical Foundations of Computer Science
2005, edited by J. Jedrzejowicz and A. Szepietowski (Springer,
Berlin, Heidelberg, 2005), pp. 447—458.

[21] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R.
Barends, R. Biswas, S. Boixo, F. G. S. L. Brandao, D. A. Buell
et al., Nature (London) 574, 505 (2019).

[22] H.-S. Zhong, H. Wang, Y.-H. Deng, M.-C. Chen, L.-C. Peng,
Y.-H. Luo, J. Qin, D. Wu, X. Ding, Y. Hu et al., Science 370,
1460 (2020).

[23] L. S. Madsen, F. Laudenbach, M. F. Askarani, F. Rortais, T.
Vincent, J. F. F. Bulmer, F. M. Miatto, L. Neuhaus, L. G. Helt,
M. J. Collins et al., Nature (London) 606, 75 (2022).

[24] E. Knill, arXiv:quant-ph/0108033.

[25] B. M. Terhal and D. P. DiVincenzo, Phys. Rev. A 65, 032325
(2002).

[26] L. Valiant, SIAM J. Comput. 31, 1229 (2002).

[27] D. P. DiVincenzo and B. M. Terhal, Found. Phys. 35, 1967
(2005).

[28] R. Jozsa and A. Miyake, Proc. R. Soc. A. 464, 3089 (2008).

[29] B. Grenet, An Upper Bound for the Permanent Versus Deter-
minant Problem (2012), https://www.lirmm.fr/~grenet/publis/
Grel 1.pdf

[30] P. Biirgisser, Séminaire Lotharingien de Combinatoire 75, B75a
(2016).

[31] J. M. Landsberg and N. Ressayre, in Proceedings of the 2016
ACM Conference on Innovations in Theoretical Computer
Science (Association for Computing Machinery, New York,
2016), pp. 29-35.

[32] J. Hiittenhain and C. Ikenmeyer, Linear Algebra Appl. 504, 559
(2016).

[33] D. S. Watkins, SIAM Rev. 47, 3 (2005).

[34] T. Zaslavsky, Discrete Appl. Math. 4, 47 (1982).

[35] E. Knill, G. Ortiz, and R. D. Somma, Phys. Rev. A 75, 012328
(2007).

[36] P. Rall, Phys. Rev. A 102, 022408 (2020).

[37] A. Alase, R. R. Nerem, M. Bagherimehrab, P. Hgyer, and B. C.
Sanders, Phys. Rev. Res. 4, 023237 (2022).

[38] D. W. Berry, A. M. Childs, and R. Kothari, in 2015 IEEE 56th
Annual Symposium on Foundations of Computer Science (IEEE,
New York, 2015), pp. 792-809.

[39] G. H. Low and I. L. Chuang, Quantum 3, 163 (2019).

[40] D. S. Abrams and S. Lloyd, Phys. Rev. Lett. 83, 5162 (1999).

[41] H. Wang, L.-A. Wu, Y.-x. Liu, and F. Nori, Phys. Rev. A 82,
062303 (2010).

[42] C. Shao, ACM Trans. on Quant. Comp. 3, 1 (2022).

012207-13


https://doi.org/10.1137/070683933
https://doi.org/10.1016/0009-2614(72)80438-X
https://doi.org/10.1007/BF01877590
https://confcats_isif.s3.amazonaws.com/web-files/journals/entries/JAIF_Vol12_1_complete_170828_2.pdf
http://www.physics.sk/aps/pub.php?y=2008&pub=aps-08-05
https://doi.org/10.1098/rspa.2011.0232
https://dl.acm.org/doi/10.1145/1993636.1993682
https://doi.org/10.1063/1.3464263
https://doi.org/10.1016/j.comgeo.2015.12.001
https://doi.org/10.1137/0208032
https://doi.org/10.1016/0304-3975(79)90044-6
https://doi.org/10.1137/0220053
https://doi.org/10.1016/j.ejc.2010.01.010
https://doi.org/10.1088/1757-899X/790/1/012057
https://doi.org/10.1145/1008731.1008738
https://ieeexplore.ieee.org/abstract/document/8555090
https://doi.org/10.1007/PL00009316
https://doi.org/10.1007/s00454-001-0083-2
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1126/science.abe8770
https://doi.org/10.1038/s41586-022-04725-x
http://arxiv.org/abs/arXiv:quant-ph/0108033
https://doi.org/10.1103/PhysRevA.65.032325
https://doi.org/10.1137/S0097539700377025
https://doi.org/10.1007/s10701-005-8657-0
https://doi.org/10.1098/rspa.2008.0189
https://www.lirmm.fr/~grenet/publis/Gre11.pdf
https://www.elibm.org/issue?q=se:2248+in:356893
https://doi.org/10.1016/j.laa.2016.04.027
https://doi.org/10.1137/S0036144504443110
https://doi.org/10.1016/0166-218X(82)90033-6
https://doi.org/10.1103/PhysRevA.75.012328
https://doi.org/10.1103/PhysRevA.102.022408
https://doi.org/10.1103/PhysRevResearch.4.023237
https://doi.org/10.22331/q-2019-07-12-163
https://doi.org/10.1103/PhysRevLett.83.5162
https://doi.org/10.1103/PhysRevA.82.062303
https://doi.org/10.1145/3527845

