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Abstract: The Bose-Hubbard model is a system of interacting bosons that live on the
vertices of a graph. The particles can move between adjacent vertices and experience a
repulsive on-site interaction. The Hamiltonian is determined by a choice of graph that
specifies the geometry in which the particles move and interact. We prove that approximating
the ground energy of the Bose-Hubbard model on a graph at fixed particle number is QMA-
complete. In our QMA-hardness proof, we encode the history of an n-qubit computation in
the subspace with at most one particle per site (i. e., hard-core bosons). This feature, along
with the well-known mapping between hard-core bosons and spin systems, lets us prove a
related result for a class of 2-local Hamiltonians defined by graphs that generalizes the XY
model. By avoiding the use of perturbation theory in our analysis, we circumvent the need to
multiply terms in the Hamiltonian by large coefficients.
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1 Introduction

The problem of approximating the ground energy of a given Hamiltonian is a natural quantum analog
of classical constraint satisfaction. Many authors have considered the computational complexity of
such quantum ground state problems. For a variety of classes of Hamiltonians and a suitable notion of
approximation, this task is complete for the complexity class QMA, the quantum version of NP with
two-sided error (see reference [3] for a recent review). These results provide evidence that approximating
the ground energy of such quantum systems is intractable.

The first such example is the Local Hamiltonian problem introduced by Kitaev [21]. A k-local
Hamiltonian acts on a system of n qubits and can be written as a sum of terms, each acting nontrivially
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on at most k qubits. The k-Local Hamiltonian problem is a promise problem related to the task of
approximating the ground energy of a k-local Hamiltonian. Given such a Hamiltonian and two thresholds
a and b, one is asked to determine if the ground energy is below a or above b (promised that one of
these conditions holds). Kitaev’s original work showed that the 5-local Hamiltonian problem is QMA-
complete [21]; subsequent works proved QMA-completeness of the 3-local Hamiltonian problem [20],
the 2-local Hamiltonian problem [19], and the 2-local Hamiltonian problem with interactions between
qubits restricted to a two-dimensional lattice [28].

The complexity of similar computational problems related to other classes of Hamiltonians has also
been considered. These include Hamiltonians in one dimension [1, 14], frustration-free Hamiltonians [4,
13], and stoquastic Hamiltonians (Hamiltonians with no “sign problem”) [5, 6], among others.

The QMA-hardness of ground energy problems for local Hamiltonians acting on qubits has implica-
tions for Hamiltonians acting on indistinguishable particles (bosons or fermions) due to formal mappings
between these systems. By applying such mappings to the Local Hamiltonian problem, one can show that
certain bosonic [30] and fermionic [23] Hamiltonian problems are QMA-hard. A more restrictive class of
QMA-complete fermionic Hamiltonians was considered by Schuch and Verstraete, who showed that the
Hubbard model with a site-dependent magnetic field is QMA-complete [29]. This is a specific model of
interacting electrons (i. e., spin-1/2 fermions) on a two-dimensional lattice, with a magnetic field that
may take different values and point in different directions (in three dimensions) at distinct sites of the
lattice.

Many of the QMA-complete problems considered previously have the property that the form of the
terms in the Hamiltonian is part of the specification of the instance. For example, a 2-local Hamiltonian
is specified by a 2-local Hermitian operator for each pair of qubits. In the Hubbard model considered in
reference [29], there is a similar freedom in the choice of magnetic field at each site. A recent classification
of local Hamiltonian problems [10] likewise applies only to models with adjustable coefficients. In fact,
these results typically require coefficients that grow with the problem size.

In contrast, here we consider a system of interacting bosons with fixed hopping and interaction terms.
Specifically, we consider the Bose-Hubbard model, which has one of the simplest interactions between
particles that conserves total particle number. Although the Bose-Hubbard model is traditionally defined
on a lattice and with negative hopping strength [12], here we consider its extension to a general graph,
with positive hopping strength.

We consider undirected graphs without multiple edges and with at most one self-loop per vertex.
Any such graph G (with vertex set V') can be specified by its adjacency matrix, a symmetric 0-1 matrix
denoted A(G). The Bose-Hubbard model on G with hopping strength ., and interaction strength Jin; has
the Hamiltonian

Hg =thop Y, A(G)ijala;+Ju Y i (m—1) (1.1)
i,jev kev
where a[T creates a boson at vertex i and n; = ajai counts the number of bosons at vertex i. The precise

definitions of these operators are given in Section 2.2, where we describe the model in more detail.
Our results apply to the Bose-Hubbard model for any fixed positive hopping strength #,,, > 0 and any
fixed positive (i. e., repulsive) interaction strength Jip; > 0. Unlike in other QMA-completeness results,
in our work the coefficients #op,Jinc are not inputs to the problem; rather, each fixed choice defines a
computational problem and we prove QMA-completeness for each of them.
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Observe that the Bose-Hubbard Hamiltonian (1.1) conserves the total number of particles N = Yy ng.
We focus on the space of N-particle states, which can be identified with the symmetric subspace of
(C|V|)®N (as we discuss in more detail in Section 2). The first term in (1.1) allows particles to move
between vertices; the second term is an interaction between particles that assigns an energy penalty
for each vertex occupied by more than one particle. The Bose-Hubbard model is an example of a
multi-particle quantum walk, a generalization of quantum walk to systems with more than one walker.

Recently we showed that the Bose-Hubbard model on a graph can perform efficient universal quantum
computation [8]. Sometimes universality goes hand-in-hand with QMA-completeness, e. g., for local
Hamiltonians, whose dynamics are BQP-complete [11] and whose ground energy problem is QMA-
complete [21]. However, not all classes of Hamiltonians with universal dynamics have QMA-complete
ground energy problems. For example, the dynamics of stoquastic local Hamiltonians are BQP-complete
(as follows from [16] and time reversal), whereas the corresponding ground energy problem is in AM [5]
and hence unlikely to be QMA-hard. Similarly, the ground energy problem for a Bose-Hubbard model
with t,0p < 0 is also in AM [5], whereas the dynamics of such Hamiltonians are universal [8]. The
ferromagnetic Heisenberg model on a graph provides an even starker contrast: its dynamics are BQP-
complete (as can be inferred from [8] using a correspondence between spins and hard-core bosons) but
its ground energy problem is trivial since the ground space is the symmetric subspace.

1.1 Overview of results

In this paper we define the Bose-Hubbard Hamiltonian problem and characterize its complexity. In this
problem one is given a graph G and a number of particles N and asked to approximate the ground energy
of the Bose-Hubbard Hamiltonian (1.1) in the N-particle sector (in a precise sense described in Section 2).
We prove that this problem is QMA-complete.

To prove QMA-hardness of the Bose-Hubbard Hamiltonian problem, we show that in fact a notable
special case of this problem, called Frustration-Free Bose Hubbard Hamiltonian, is QMA-hard. In this
problem one is asked (roughly) to determine if the ground energy of the Bose-Hubbard Hamiltonian (1.1)
in the N-particle sector is close to N times its single-particle ground energy (i. e., N times the smallest
eigenvalue of the adjacency matrix A(G)). This is always a lower bound on the N-particle energy, and
when it is achieved we say the N-particle ground states are frustration free. A frustration-free state has
the special property that it has minimal energy for both terms in (1.1), and in particular it is annihilated
by the interaction term. Frustration-free states therefore live in the subspace of hard-core bosons, with at
most one boson per vertex.

Furthermore, we prove a reduction from Frustration-Free Bose-Hubbard Hamiltonian to an eigenvalue
problem for a class of 2-local Hamiltonians defined by graphs. The two problems are related by a
well-known mapping between hard-core bosons and spin systems. Specifically, given a graph G (with
vertex set V') we consider the Hamiltonian

olo! +olo] 1-o!
Y (lon(oj+toyo1))+ Y [1){1li= Y %Jr Y - 12
A(G)ij=1 A(G)ii=1 A(G)ij=1 A(G)ii=1
i#] i#]
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Note that this Hamiltonian commutes with the magnetization operator

\4 1— Gi
M, = -
=Y
i=1
and has a sector for each of its eigenvalues M, € {0, 1,...,|V|}. We reduce Frustration-Free Bose-Hubbard

Hamiltonian (with N particles on a graph G) to the problem of approximating the smallest eigenvalue of
(1.2) within the sector with magnetization M, = N. We call this the XY Hamiltonian problem because of
its connection to the XY model from condensed matter physics. Since this problem is contained in QMA,
our reduction shows it to be QMA-complete.

We also obtain a related result that may be of independent interest. In Section 3 we give a self-
contained proof that computing the smallest eigenvalue of a sparse, efficiently row-computable [2]
symmetric 0-1 matrix (the adjacency matrix of a graph) is QMA-complete. This can alternatively be
viewed as a result about the QMA-completeness of a single-particle quantum walk on a graph with at
most one self-loop per vertex. To prove this, we use a mapping from circuits to graphs that is also used in
our main result. Note that Janzing and Wocjan used a similar construction to design a BQP-complete
problem [16].

1.2 Proof techniques

We prove our main result by direct reduction from quantum circuit satisfiability. We introduce several
new techniques in order to do this using the Bose-Hubbard model on an unweighted graph.

Kitaev’s original proof of QMA-hardness of the Local Hamiltonian problem encodes a QMA veri-
fication circuit using ideas from a computationally universal Hamiltonian proposed by Feynman [11].
This Hamiltonian uses a “clock register” to record the progress of the computation; in an appropriate
basis, the Hamiltonian can be seen as a quantum walk on a path whose vertices represent the steps of the
computation. Other proofs of QMA-hardness have used alternative encodings of the temporal structure
of a verification circuit into a quantum state. In our construction, we encode the history of an n-qubit
verification circuit in the state of n interacting particles on a graph, where each particle encodes a single
qubit.

Our construction uses a class of graphs we define called gate graphs. Gate graphs are built from a basic
subgraph whose single-particle ground states encode the history of a simple single-qubit computation.
By suitably combining copies of this basic unit, we define gadgets with other functionality. (Note that
these gadgets realize some desired behavior exactly; they are not “perturbative gadgets” in the sense
of [19, 17].) In particular, we design gadgets for two-qubit gates such that each ground state of the
two-particle Bose-Hubbard model encodes a two-qubit computation. We now give a high-level description
of how these gadgets work and how we use them to construct a graph for a QMA verification circuit.

For each two-qubit gate U from a fixed universal set, we design a graph Gy that can be divided
into four overlapping regions as shown schematically in Figure 1.1(A). (The specific graphs we use
for two-qubit gates each have 4096 vertices and are described using the gate graph formalism.) The
two-particle Bose-Hubbard model on this graph has ground states that encode the two-qubit computation.
To describe them it is helpful to first consider the single-particle ground states, i. e., the ground states
of the adjacency matrix A(Gy). This matrix has 16 orthonormal single-particle ground states | p;f{ ).
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Figure 1.1: We design graphs for two-qubit gates with overlapping regions as shown in (A). Regions
1 and 2 are associated with the first encoded qubit and regions 3 and 4 are associated with the second
encoded qubit. One could imagine designing a graph for a circuit with two-qubit gates U; followed by U,
by connecting the corresponding gadgets as in (B). In the text we describe a challenge with this approach.

Each index i € {1,2,3,4} is associated with the corresponding region in the graph, as \pZ’g ) is supported
entirely within region i. The index z € {0, 1} corresponds to the computational basis states of a single
encoded qubit. Note that, since A(Gy) is a real matrix, the complex conjugate of any eigenstate is
also an eigenstate with the same eigenvalue. The index a € {0, 1} is associated with this freedom, i.e.,
| pzlllj> = | pzlg )*. The ground space of the two-particle Bose-Hubbard model on Gy is spanned by 16
states, indexed by two choices z;1,z2 € {0, 1} of computational basis states for the encoded qubits and two
bits aj,a; € {0, 1} associated with complex conjugation. These states can be represented as symmetric
states in the Hilbert space C*0%® © C*%; they are

1 1
5(‘p211751>‘p2327gz> + ‘pZ327,[léz> ’pzll7gl>) + 5 Z U(al)xl;xLZI ZZ(‘p)%17l{ll>‘p)?lel2> + ‘p;g,lézﬂp)%l{é]))

xl,szO,l

where U (0) = U is the two-qubit gate of interest and U (1) = U™ is its elementwise complex conjugate.
Observe that each of these states is a superposition of a term where both particles are on the left-hand
side of the graph, encoding a two-qubit input state |z;)|z2), and a term where both particles are on the
right-hand side of the graph, encoding the two-qubit output state U (ay)|z1)|z2) where either U or its
complex conjugate has been applied. In other words, the particles “move together” through the graph
as the gate U (a) is applied. While we might prefer the ground states to only encode the computation
corresponding to U, we must include the possibility of U* because the Hamiltonian is real. The same
issue arises for n-qubit verification circuits. Fortunately, the complex conjugate of a circuit is equally
useful for QMA verification.

It is natural to attempt to construct a graph for an n-qubit verification circuit by combining gadgets
for each of the two-qubit gates. However, there is an obstacle to this approach, as illustrated by the
example of a two-qubit circuit consisting of only two gates U; and U,. One could construct a graph for
such a circuit as shown schematically in Figure 1.1(B), where the two-qubit gadgets for U; and U, are
connected in some unspecified way in the middle. However, not every ground state of the two-particle
Bose-Hubbard model on such a graph encodes a computation. For example, there could be a ground state
where one of the particles is in the single-particle state |pzléj') localized on the left side of the graph and
the other particle is in the state |pz2 ’aU2> with support on a disjoint region of the graph on the right-hand
side. To eliminate such spurious ground states, we develop a method to enforce occupancy constraints on
the locations of particles in gate graphs using the Bose-Hubbard interaction. Although this interaction
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only directly penalizes simultaneous occupation of the same vertex, we show how to simulate terms that
penalize simultaneous occupation of different regions of the graph. We formalize this method by proving
an “Occupancy Constraints Lemma” for gate graphs.

In summary, our construction of the graph for an n-qubit verification circuit proceeds in two steps. We
first construct a graph G by connecting two-qubit gadgets for each of the gates in the circuit. As discussed
above, the ground space of the n-particle Bose-Hubbard model on G includes a subspace of states that
encode computations and a subspace of states that do not. We construct a set of occupancy constraints
that are only satisfied by states in the former subspace. We then apply the Occupancy Constraints Lemma
to obtain a gate graph G- where each n-particle ground state encodes a computation. (Note that the
particles are somewhat dilute in this graph: the “filling fraction,” or number of particles n divided by the
size of the graph, approaches 0 as n — o.)

Unlike many previous works, we do not use perturbation theory in our analysis. Instead, we use a
“Nullspace Projection Lemma” that characterizes the smallest nonzero eigenvalue of a sum of two positive
semidefinite matrices Hy 4+ Hp in terms of the smallest nonzero eigenvalue of Hy and the smallest nonzero
eigenvalue of Hp restricted to the nullspace of H4. This lemma allows us to establish an eigenvalue
promise gap (i.e., to bound the ground energies of yes instances away from those of no instances)
without having to multiply terms in the Hamiltonian by large coefficients, something that is not allowed
in the setting of the Bose-Hubbard model on a graph. Whereas QMA-hardness proofs such as those
of [20, 19, 28, 29] require multiplying terms in the Hamiltonian by unphysical, problem-size dependent
coefficients, our approach avoids this. To the best of our knowledge, our proof would not be much simpler
if we only demanded constant-size coefficients; the further restriction that the model is defined entirely
by a graph is an extra benefit with little additional cost.

Note that the Nullspace Projection Lemma was used implicitly in [25], which claimed to give a
simple proof of the computational universality of adiabatic evolution. That paper encoded a circuit into
the multi-particle ground state of a fermionic Hamiltonian in a way that shares some features with our
approach. Unfortunately, although the encoding from [25] is novel and interesting, the analysis of the
resulting Hamiltonian appears to lack details that are crucial to proving the stated result. (For related
approaches with more complete analysis, see [15, 7].)

1.3 Extensions and open questions

Our result shows that approximating the ground energy of the Bose-Hubbard model on a graph at fixed
particle number is likely intractable. In showing this, we introduce techniques that we expect will be
useful in other contexts. Here we briefly discuss some related questions for future work.

One might consider the complexity of variants of the Bose-Hubbard Hamiltonian problem. For
example, one could consider the problem with negative hopping (i. €., fhop < 0), with attractive interactions
(i.e., Jint < 0), or both. For negative hopping, the results of [5] show that the problem is in AM; we do
not know if it is AM-hard. Containment in AM suggests that the problem is easier with f,, < 0 than
with fhop, Jine > 0. For attractive interactions, the problem is clearly in QMA (the verification procedure
described in Section 4 applies independent of the signs of #,op, Jine), but again we do not know the true
complexity. Figure 1.2 summarizes our knowledge of the complexity of the Bose-Hubbard Hamiltonian
problem with different choices of #op and Jjy.
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thop

€ QMA

Ji int

Figure 1.2: Each choice for the coefficients #,o, and Jiy defines a computational problem. We prove the
problem is QMA-complete for any positive hopping strength o, > 0 and repulsive interaction strength
Jing > 0. For t,0p < 0 the problem is contained in AM [5]. For any values of Jiy and #,0p the problem is
contained in QMA (see Section 4).

One can define other variants of the Bose-Hubbard Hamiltonian problem by lifting the restriction to
fixed particle number.

One could also consider other classes of graphs. The graphs we consider in this paper are described
by symmetric 0-1 matrices and have at most one self-loop per vertex. We do not know if the model
remains QMA-hard on simple graphs, i. e., without any self-loops. Our reduction from Frustration-Free
Bose-Hubbard Hamiltonian to the ground energy problem for the spin model (1.2) gives a stronger
result for simple graphs, in which case the second term in (1.2) vanishes. Thus, if the Frustration-Free
Bose-Hubbard Hamiltonian problem for simple graphs is QMA-hard, then approximating the ground
energy of the XY model on a (simple) graph at fixed magnetization is QMA-complete.

There are many open questions concerning the complexity of the ground energy problem for other
quantum systems defined by graphs. For example, one could consider fermions or bosons on a graph
with nearest-neighbor interactions. One could also consider quantum spin models such as the XY model
or the antiferromagnetic Heisenberg model defined on graphs. Both of these examples correspond to
Hamiltonians that conserve magnetization, so one could consider the ground energy problem with or
without a restriction to a fixed-magnetization sector. This would complement existing results about the
complexity of computing the lowest-energy configuration of classical spin models defined by graphs (for
example, the antiferromagnetic Ising model on a graph is NP-complete, as it is equivalent to Max Cut).

As emphasized previously, the Hamiltonians we consider are determined entirely by a choice of graph,
with the same type of hopping and interaction terms applied throughout the graph. It might be interesting
to find other QMA-complete problems with similar features, such as a version of Local Hamiltonian with
only one type of local term. Analogous classical constraint satisfaction problems with a fixed type of
constraint are well known (e. g., Exact Cover and Not-All-Equal SAT) and have been widely studied.
Along similar lines, it might be interesting to understand when local Hamiltonian problems remain
QMA-hard with constant-size coefficients. Nagaj and Mozes have shown that the 3-local Hamiltonian
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problem has this property [27], but whether the same holds for the 2-local Hamiltonian problem remains
open.

1.4 Outline of the paper

The remainder of this paper is organized as follows. In Section 2 we define the class QMA, introduce the
Bose-Hubbard model, and formally state our results. As a warm-up, in Section 3 we prove that computing
the smallest eigenvalue of a (succinctly specified) graph is QMA-complete. In Section 4 we explain why
the ground state problem for the Bose-Hubbard model is contained in QMA. In Section 5 we define the
notion of gate graphs, analyze frustration-free ground states of gate graphs, and introduce the idea of
occupancy constraints. In Section 6 we design and analyze gadgets for implementing gates. In Section 7
we construct the graph that we use to show QMA-hardness of the Bose-Hubbard model. In Section 8 we
perform the spectral analysis needed to prove our main result. In Section 9 we reduce Frustration-Free
Bose-Hubbard Hamiltonian to XY Hamiltonian. In Section 10 we prove the Occupancy Constraints
Lemma. Finally, in Appendix A we provide various necessary technical results, including the Nullspace
Projection Lemma.
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2 Definitions and results

In this section we define the complexity class QMA, introduce the Bose-Hubbard model and a related
spin model, and formally state our results.

2.1 Quantum Merlin-Arthur

Quantum Merlin-Arthur, or QMA, is a class of promise problems. Informally, a promise problem is in
QMA if, for any yes instance X, there exists a quantum state | Yiyi;) (with a number of qubits polynomial
in the input size |X|) that “proves” X is a yes instance. We imagine that all-powerful Merlin prepares the
quantum proof |yy;) and hands it to polynomially-bounded Arthur, who checks it using his quantum
computer.

Arthur checks Merlin’s proof using a verification circuit Cy that is uniformly generated: Cy is
computed from X using a deterministic polynomial-time (as a function of |X|) classical algorithm. The
circuit Cx has an nj,-qubit input register, n — ny, ancilla qubits initialized to |0), and one of the n qubits
designated as an output qubit. The number of qubits n and the number of gates in the circuit are upper
bounded by a polynomial function of |X|. We write Ug, for the unitary operation that the verification
circuit implements.

The acceptance probability of Cx given some n;,-qubit input state |@) is the probability of measuring
the output qubit to be in the state |1) after the circuit is applied, namely

AP(GX’ ‘¢>) = H|1><1‘OUIU@X‘¢>‘O>®’1_”“‘ 2 '

Arthur applies the verification circuit to the input state | Yyi). If he measures the output qubit to be |1), he
concludes X is a yes instance. QMA is the class of problems for which reliable verification circuits exist,
so that Arthur can trust this conclusion with reasonable probability. In other words, if X is a yes instance
then there exists a state | y;) that Cx accepts with high probability, whereas if X is a no instance then any
state |¢) has low probability of being accepted. To define the class we must specify which probabilities
are considered “high” and which are “low.” A standard choice uses thresholds of 2/3 and 1/3 (called
completeness and soundness, respectively).

Definition 2.1 (QMA). A promise problem Lyes ULy, C {0,1}* is contained in QMA if there exists a
uniform polynomial-size circuit family Cx with the following two properties. If X € Ly, there exists an
input state | W) such that

2
AP(Cyx, |Wwit)) > 3 (completeness).
If X € Ly, then all input states |@) satisfy
1
AP(Cyx,|9)) < 3 (soundness).

It is a nontrivial fact that many other choices for the completeness and soundness thresholds lead to
equivalent definitions of QMA [21, 24]. In particular, we obtain the same class QMA if we change the
completeness threshold 2/3 in the above definition to 1 — (1/2/X]).
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2.2 The Bose-Hubbard model on a graph

As discussed in Section 1, we consider the Bose-Hubbard model on a graph G, with Hamiltonian

Hg = Thop Z A(G)ija;raj + Jint Z ny (I/lk — 1) 2.1
i,jev kev
where aiT creates a boson at vertex i and n; = alTai counts the number of particles at vertex i. In this

second-quantized formulation of the Bose-Hubbard model, the Hamiltonian Hg acts on the Fock space
with orthonormal basis vectors

|l],lz, e al|V|>
where [; € {0,1,2,...} specifies the number of bosons at vertex j € V. The operator g; is defined by its
action in this basis:
ailli, by iy Ly = VI by =1Ly (2.2)
The Hamiltonian (2.1) conserves the total particle number N = n; +ny +---+nyy|. In the N-particle
sector, the Bose-Hubbard model acts on the finite-dimensional Hilbert space

span{|l1,...,Ly): Y.I;=N}. (2.3)
J
The dimension of this space is
N+|V|—1
Dy = . 24
=) 24

Our results apply to the Bose-Hubbard model for any strictly positive hopping and interaction
strengths. Henceforth we set fpop, = Jine = 1 for convenience, but all our complexity-theoretic results hold
for any fixed thop,Jine > 0.

An equivalent (first-quantized) formulation of the Bose-Hubbard model is as follows. Consider the
Hilbert space

(CVNEN — span{|i1, iz, ...,iN): i1,i2,...,iy €V} (2.5)

where each basis state corresponds to an N-tuple of vertices in the graph. Define the linear operator Sym
that symmetrizes over all N! permutations of the N particles:

1 ) . .
\/ﬁn;zv (1) i) -l

Note that Sym does not in general preserve the norm (for example, any antisymmetric state is mapped to
zero). Every state in the Hilbert space (2.3) can be identified with a state in

Sym(li1)]i2) ... |in)) =

ZN(G) = span{Sym(]il,iz,. . .,iN>)I il,iz,. .. ,iN € V}

and vice versa since the two spaces have the same dimension. It is natural to identify states in the two
Hilbert spaces by the following linear mapping, defined by its action on basis states. We identify each
basis state |/1,...,ly|) with the normalized state

1 l!Sym<|1>|1>~--|1>|2>|2>~~-|2>~--|V|>HV|>-~-|IVI>)- (2.6)

L. 1y
I 3 Ly
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The Hamiltonian of the Bose-Hubbard model in the N-particle sector acts as an operator Hé;v on the
space Zn(G) (see for example [22, §64]):

N
HY = ZIA(G)(W) +kzvﬁk (A —1) (2.7)
w= €

(recall we set thop = Jing = 1) where the number operator is

N
A=Y i)™, (2.8)
w=1

Here (and throughout the paper) we use the notation
M(w) — (ow-1 M [&N-w

to indicate that the operator M acts on subsystem w.
While HY is defined as a [V |V x |[V|V matrix in the space (2.5), we consider its restriction

Y = HY
¢ 0l
to the bosonic N-particle subspace Zy(G) (throughout the paper we write H |y for the restriction of a
Hermitian operator H to a subspace W, which can be written as a dim W x dim W matrix). It is convenient
to add a term proportional to the identity to obtain a positive semidefinite operator. Letting 1 (G) denote
the smallest eigenvalue of the adjacency matrix A(G), we consider

H(G,N)=HY —Nu(G).

Clearly H(G,N) > 0 since the interaction term is positive semidefinite. Also note that, given the
graph G, the smallest eigenvalue 1 (G) of its adjacency matrix can be efficiently approximated using a
classical polynomial-time algorithm, so the complexity of approximating the ground energy of H(G,N)
is equivalent to the complexity of approximating Flg . (Note that here the graph is specified explicitly
by its adjacency matrix. In other contexts one might consider a graph specified compactly, e. g., by a
circuit that computes rows of its adjacency matrix. Then the situation is more complex since the input
size can be much smaller than the number of vertices in the graph. Indeed, we prove in Section 3 that
approximating the smallest eigenvalue of such a graph is QMA-complete.)
We write
0 <A (G) <ARG) < ... <A(G)

for the eigenvalues of H(G,N) and {MX,(G))} for the corresponding normalized eigenvectors.

When A4, (G) = 0, the ground energy of the N-particle Bose-Hubbard model AY is equal to N times
the one-particle energy p(G). In this case we say that the N-particle Bose-Hubbard model is frustration
free. We also define frustration freeness for N-particle states.

Definition 2.2. If |y) € Zy(G) satisfies H(G,N)|y) = 0 then we say |y) is an N-particle frustration-free
state for G.
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We now present two basic properties of H(G,N). The following lemma states that the ground energy
is non-decreasing as a function of the number of particles N.

Lemma 2.3. ForallN > 1, A}, ,(G) > A3(G).

Proof. Let ?lf.v be the number operator (2.8) defined in the N-particle space and let W“ be the corre-
sponding operator in the (N + 1)-particle space. Note that

At =A@ 1+ 1) > e 1.
Using this and the fact that A(G) > u(G), we get

HY™ = (N+ 1) u(G) > (H —Nu(G)) @ 1.

Hence
Awv1(G) = min HYY — (N+1)u(G
Y@= min o (WIHY = (N DRG) W)
> min HY _Nu(G)) o1
|w>eZN(G)®<c\w;<‘,,W>:1<W|( ¢ —Nuw(@)) ®1|y)
= Ay(G)
(using the fact that Zy .1 (G) C Zy(G) @ CIV)). -

In this paper we will encounter disconnected graphs G. In the cases of interest, the smallest eigenvalue
of the adjacency matrix for each component is the same. The following lemma shows that the eigenvalues
of H(G,N) on such a graph can be written as sums of eigenvalues for the components. In this lemma
(and throughout the paper), we let [k] = {1,2,...,k}.

Lemma 2.4. Suppose G =J*_, G; with u(G1) = u(G,) = --- = u(Gy). The eigenvalues of H(G,N) are
2(G)
iE[k} : Ni#0

where Ny,...,N; € {0,1,2,...} with Y ;N; = N and y; € [Dy,]. The corresponding eigenvectors are (up to
normalization)

Sym( X Ik}v’ﬁ.(Gi»)- (2.9)

iE[k] : Ni#0

Proof. Recall that the action of H; — Nu(G) on the Hilbert space (2.3) is the same as the action of

H(G,N) on the Hilbert space Zy(G). States in these Hilbert spaces are identified via the mapping

described in equation (2.6). It is convenient to prove the lemma by working with the second-quantized

Hamiltonian Hg. We then translate our results into the first-quantized picture to obtain the stated claims.
For a graph with k components, equation (2.1) gives

Hg = ZHGi (2.10)
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where [Hg,, Hg,] = 0. Label each vertex of G by (a,b) where b € [k| and a € [|V},|], where V}, is the vertex
set of the component G,. An occupation number basis state (2.3) can be written

s Dy a2, o g 2) e koo vy ) 2.11)

The Hamiltonian Hg — N (G) conserves the number of particles N, in each component b. Within the
sector corresponding to a given set Ny, ..., Ny with } ;i N; = N, we have

(Ho = Np(G) 15y i) hzs - Dvag2) - Tk -5 Qv )
= (Hg, = N1 (G|l 1s - Dy ) s D 2) - ks -5 Ly i)
1015 1) (He, = Natt(Go) g, D 2)) - Wik -5 Ly i)+
0ty 2s - D) 2) - - (He, = Nid (Gi) D ges - - Ly k) )

where we used the fact that (G;) = u(G) for i € [k]. From this equation we see that the eigenstates of
Hg can be obtained as product states with k factors in the basis (2.11). In each such product state, the
i-th factor is an eigenstate of Hg, — N;it(G;) = Hg, — N;it(G) in the N;-particle sector, with eigenvalue
A3 (G;). Rewriting this result in the “first-quantized” language, we obtain the lemma. O

2.3 Complexity of the Bose-Hubbard model

Given a K-vertex graph G and a number of particles N, how hard is it to approximate the ground energy
of the N-particle Bose-Hubbard model HY on G? We consider the following decision version of this
computational problem.

Problem 2.5 (Bose-Hubbard Hamiltonian). We are given a K-vertex graph G, a number of particles
N, a real number ¢, and a precision parameter € = 1/7T. The positive integers N and T are provided in
unary; the graph is specified by its adjacency matrix, which can be any K x K symmetric 0-1 matrix.
We are promised that either the smallest eigenvalue of Hg is at most ¢ (yes instance) or is at least c+ &
(no instance) and we are asked to decide which is the case.

Here and elsewhere in this paper, we require inputs such as € and 7 to be provided in unary so that the
input size is measured accordingly. The parameter c is provided in a straightforward manner, with enough
precision to resolve &, i. e., using O(log|c| +log T) bits. The input size is therefore @ (K2 +T +N +-log|c|)
bits. We prove that this problem is QMA-complete, providing evidence that approximating the ground
energy of the N-particle Bose-Hubbard model on a graph G is intractable.

Theorem 2.6. Bose-Hubbard Hamiltonian is QMA-complete.

The proof of this theorem has two parts.

The easy part is to show that Bose-Hubbard Hamiltonian is contained in QMA. The basic strategy of
Arthur’s verification protocol is to measure the energy of the Bose-Hubbard Hamiltonian in the state |¢)
given to him by Merlin, using phase estimation and Hamiltonian simulation. Arthur accepts if the energy
is small enough and rejects otherwise. We give a more detailed description of the verification procedure
in Section 4.
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The more involved part is to show that Bose-Hubbard Hamiltonian is QMA-hard. For this we show
that any instance of a QMA problem can be converted (in deterministic polynomial time on a classical
computer) into an equivalent instance of Bose-Hubbard Hamiltonian. In fact, our reduction proves a
slightly stronger result, namely that a notable extremal case of Bose-Hubbard Hamiltonian is already
QMA-hard. We now discuss this special case.

Recall from the previous section that the ground energy of the N-particle Bose-Hubbard model is at
least N times the single-particle ground energy 1 (G), i.e., A} (G) > 0. We can ask if this inequality is
close to equality, i. e., is the N-particle Bose-Hubbard model close to being frustration free?

Problem 2.7 (Frustration-Free Bose-Hubbard Hamiltonian). We are given a K-vertex graph G, a
number of particles N < K, and a precision parameter € = 1 /7. The integer T > 4K is provided in
unary; the graph is specified by its adjacency matrix, which can be any K x K symmetric 0-1 matrix.
We are promised that either 1),(G) < € (yes instance) or A} (G) > €+ &* (no instance) and we are
asked to decide which is the case.

For concreteness, we have made some specific choices in defining this problem. Our proof that it is
QMA-hard also applies, for example, to variants of the problem where & is replaced (in both places it
appears) by €% for any constant o € {1,2,3,...}. In Section 2.4, we use the version with & = 3 as stated
above to facilitate a reduction to the XY Hamiltonian problem.

The requirement 7 > 4K ensures that € is small so that, for a yes instance, the system is very close to
being frustration free. We choose the specific threshold 4K for concreteness.

The restriction N < K is without loss of generality since the problem is trivial otherwise. To see this,
note that any state with more than K particles is orthogonal to the nullspace of the interaction term since
there are always two or more particles located at one vertex; hence A\ (G) > 2 whenever N > K + 1.

Frustration-Free Bose-Hubbard Hamiltonian is a special case of Bose-Hubbard Hamiltonian with
¢ = Nu(G)+ €. To prove that Bose-Hubbard Hamiltonian is QMA-hard, it therefore suffices to prove
that Frustration-Free Bose-Hubbard Hamiltonian is QMA-hard. The bulk of this paper is concerned with
the proof of this fact.

2.4 Complexity of the XY Hamiltonian problem

We reduce Frustration-Free Bose-Hubbard Hamiltonian to an eigenvalue problem for a class of 2-local
Hamiltonians defined by graphs. The reduction is based on a well-known mapping between hard-core
bosons and spin systems, which we now review.

We define the subspace Wy (G) C Zn(G) of N hard-core bosons on a graph G to consist of the states
where each vertex of G is occupied by either O or 1 particle, i. e.,

Wn(G) = span{Sym(|i1,iz,...,in)): i1,...,in €V, ij # i for distinct j, k € [N]}.

A basis for Wy(G) is the subset of occupation-number states (2.6) labeled by bit strings /; ...y| €
{0,1}VI with Hamming weight ¥ jevlj = N. The space Wy(G) can thus be identified with the weight-N

subspace
\4

WtN(G) = Span{|zlv-"7Z\V\> HFARS {071}7 Zzi :N}
i=1
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of a |V/|-qubit Hilbert space. We consider the restriction of HY to the space Wy (G), which can equivalently
be written as a |V |-qubit Hamiltonian Og restricted to the space Wty (G). In particular,

N
Hg |WN(G) = OG‘WtN(G) (2.12)

where

Oc= 3, (l01)(10]+[10)(01]),;+ Y. [1){1]

A(G);=1 A(G)i=1

i

il +oic) 1-o!

- ¥ R Y %

AG = 2 2

(G)l]_l A(G)ll_l

i)

Note that the Hamiltonian O¢ conserves the total magnetization

iy el
Z

along the z axis.
We define Oy (G) to be the smallest eigenvalue of (2.12), i. e., the ground energy of Og in the sector
with magnetization N. We show that approximating this quantity is QMA-complete.

Problem 2.8 (XY Hamiltonian). We are given a K-vertex graph G, an integer N < K, a real number c,
and a precision parameter € = 1/T. The positive integer T is provided in unary; the graph is specified
by its adjacency matrix, which can be any K x K symmetric 0-1 matrix. We are promised that either
On(G) < c (yes instance) or else Oy(G) > ¢ + € (no instance) and we are asked to decide which is the
case.

Theorem 2.9. XY Hamiltonian is QMA-complete.

We prove QMA-hardness of XY Hamiltonian by reduction from Frustration-Free Bose-Hubbard
Hamiltonian. The proof of Theorem 2.9 appears in Section 9.

2.5 Complexity of approximating the smallest eigenvalue of a graph

How hard is it to compute the smallest eigenvalue of a symmetric 0-1 matrix (i. e., the adjacency matrix
of a graph)? If the matrix is given explicitly then this can be done in time polynomial in the input
size. Instead, we consider adjacency matrices A specified by a (classical) circuit that takes as input the
index r of a row and outputs the indices {j: A,; = 1} of the nonzero entries in that row. Note that the
circuit describing a D x D matrix A must have size Q(log(D)) since it takes as input a row index r € [D].
Efficiently row-computable matrices are those described by circuits of size polynomial in log D [2]. We
consider the following promise problem.
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Problem 2.10 (Minimum Graph Eigenvalue). We are given a D x D symmetric 0-1 matrix A, speci-
fied by a classical deterministic circuit that takes as input a row r € [D] and computes the locations of
the nonzero entries in that row. We are also given a real number a and a precision parameter € = 1 /N,
where N € N is specified in unary. We are promised that either the smallest eigenvalue of A is at most a
(yes instance), or else it is at least a + € (no instance), and asked to decide which is the case.

The input size of this problem is the size of the circuit that describes A, plus the description size of a,
plus N bits. The interesting set of instances are those for which A is efficiently row-computable, so that
the input size is poly(logD, 1/€).

Theorem 2.11. Minimum Graph Eigenvalue is QMA-complete.

In the next section we prove this theorem.

3 Minimum Graph Eigenvalue is QM A-complete

The fact that Minimum Graph Eigenvalue is contained in QMA follows from standard techniques
(applying phase estimation to the adjacency matrix) since a Hamiltonian that is a symmetric 0-1 matrix
can be simulated efficiently as a function of the size of the circuit computing its rows [2].

To prove that Minimum Graph Eigenvalue is QMA-hard, we show that an instance of any problem
in QMA can be converted (in deterministic polynomial time on a classical computer) into an equivalent
instance of Minimum Graph Eigenvalue.

Recall that an instance x of a problem in QMA has a verification circuit C, with n qubits and M
gates, both upper bounded by a polynomial function of |x|. Here we assume that the verification circuit
C, satisfies a modified version of Definition 2.1 where the completeness parameter 2/3 is replaced by
1-1/ 21 (modifying the definition in this way still gives the same class QMA [21, 24]). In Section 3.1
we map C, to a row-sparse and efficiently row-computable symmetric 0-1 matrix A,. The mapping we
exhibit has the following two properties (shown in Section 3.2 and Section 3.3, respectively):

1 1
1. If x is a yes instance then the smallest eigenvalue of A, is at most —1 — 3V2+ M
2. If x is a no instance then the smallest eigenvalue of A, is at least —1 — V24—
120M*n

Note that if |x| is larger than some constant, then

1 1 1
—_ <
2M 21X = 240M*n

since M and n are both upper bounded by a polynomial in |x|. We assume without loss of generality that
this holds. For any such instance x, we associate an instance of Minimum Graph Eigenvalue defined by
the matrix A, along with the number

1
— 1324
“ V24 240M°n
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and precision parameter
1

€= 2a0m%n
Using the two claimed properties of the circuit-to-graph mapping, we see that if x is a yes instance then
the smallest eigenvalue of A, is at most a, and if it is a no instance then this eigenvalue is at least a + €.
This shows that Minimum Graph Eigenvalue is QMA-hard.

3.1 Circuit-to-graph mapping

We suppose C, implements a unitary
Ue, =Uy ... UbU, 3.

where each U; is from the universal gate set

G={H,HT, (HT)", (H®1)CNOT}

with
1 000
1 /1 1 1 0 0100
H_\@<1 —1)’ T‘(o ei1>’ CNOT=14 0 0 1
010

The verification circuit C, has an nj,-qubit input register and n — ny, ancilla qubits initialized to |0) at the
beginning of the computation. One of these n qubits serves as an output qubit.
It will be convenient to consider

Ug Ue, = Way ... WaW

where

{U, 1<t<M
V‘/l: ¥
Ul M+1<t<2M.

As in Section 5.1 we start with a version of the Feynman-Kitaev Hamiltonian [11, 21]
oM '
He=—V2Y (W o+ 1]+ W e+ 1)) (3.2)
t=1

acting on the Hilbert space Hcomp ® Helock Where Heomp = ((CZ) “is an n-qubit computational register
and Hgjoek = C*M is a 2M-level register with periodic boundary conditions (i. e., we let |2M + 1) = |1)).
Note that

VTHXV:—\ﬁ%(l@\t>(t+l|+l®\t+1)<t!) (3.3)
=1
where o |
v=3 ([T w)ent

=1 \j=r—1
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and Wy = 1. Since V is unitary, the eigenvalues of H, are the same as the eigenvalues of (3.3), namely

—2v2cos <Zj>

for £=0,...,2M — 1. The ground energy of (3.3) is —2v/2 and its ground space is spanned by

| ™
‘¢>ﬁj§1 t), [¢9) €A,

where A is any orthonormal basis for Hcomp. A basis for the ground space of H, is therefore

1 2M 1 2M
V(“’”m?_:l'”) — 7 LW Wil

where |@) € A. The first excited energy of Hy is
T
n V2cos

and the gap between ground and first excited energies is lower bounded as

71.2
n+2v2> \@W (3.4)

(using the fact that 1 — cos(x) < x?/2).

Now we modify (3.2) to give a symmetric 0-1 matrix. The trick we use is a variant of one used in
references [16, 18] for similar purposes.

The universal set G is chosen so that each gate has nonzero entries that are integer powers of @ = ¢’ i
Correspondingly, the nonzero standard basis matrix elements of H, are also integer powers of @ = ¢’ i
We consider the 8 x 8 shift operator

S:

7
|j+ 1 mod 8)(j| (3.5)

Jj=0

and note that @ is an eigenvalue of S with eigenvector
1 &
0)=—7) 0. 3.6
@) =% ,;o 1) (3.6)

We modify H, as follows. For each operator —/2H, —2HT, —/2(HT)*, or —/2(H ® 1) CNOT
appearing in equation (3.2), define another operator that acts on C> ® C® or C* ® C? (as appropriate) by
replacing nonzero matrix elements with powers of the operator S:

o — k.
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Matrix elements that are zero are mapped to the 8 x 8 all-zeroes matrix. Write B(W) for the operators
obtained by making this replacement, e. g.,

—V2HT = <w4 0;:) — B(HT) = <S4 SS) .

w* st S
Adjoining an 8-level ancilla as a third register and making this replacement in equation (3.2) gives

wm
Hprop = Z (B(Wt)h @)t + 12+ BW)13 @t + 1><f‘2) (3.7)

=1

which is a symmetric 0-1 matrix (the subscripts indicate which registers the operators act on). Note that
Hyrop commutes with S (acting on the 8-level ancilla) and therefore is block diagonal with eight sectors.
In the sector where § has eigenvalue @, H,rop is identical to the Hamiltonian H, that we started with (see
equation (3.2)). There is also a sector (where S has eigenvalue ®*) where the Hamiltonian is the complex
conjugate of H,. We will add a term to Hyop that introduces an energy penalty for states in any of the
other six sectors, ensuring that none of these states lie in the ground space.

To see what kind of energy penalty is needed, we lower bound the eigenvalues of Hpop. Note that for
each W € G, B(W) contains at most 2 ones in each row or column. Looking at equation (3.7) and using
this fact, we see that each row and each column of Hp contains at most four ones (with the remaining
entries all zero). Therefore ||Hprop || < 4, so every eigenvalue of Hpyp is at least —4.

The matrix A, associated with the circuit C, acts on the Hilbert space

}Ccomp ® }Cclock & g{anc

where H,ne = C3 holds the 8-level ancilla. We define
Ax = Hprop + Hpenalty + Hinput + Houtput (3-8)
where
Hyenaiy = 10 1® (S° + 5+ 5°) (3.9)
is the penalty ensuring that the ancilla register holds either |®) or |®*) and the terms
n

Hupuw = Y, [D(1;@[1)(1]@1
J=nin+1

Houtput = |O> <O’0ut® |M+ 1><M+ 1| ®1

ensure that the ancilla qubits are initialized in the state |0) when # = 1 and that the output qubit is in the
state |1) (1| when the circuit C, has been applied (i. e., at time t = M + 1). Observe that A, is a symmetric
0-1 matrix.

Now consider the ground space of the first two terms Hpyop + Hpenalry in (3.8). Note that

[Hprop ) Hpenalty] =0 )
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so these operators can be simultaneously diagonalized. Furthermore, Hpenaiy has smallest eigenvalue
—1— /2, with eigenspace spanned by |@) and |@*). One can also easily confirm that the first excited
energy of Hpepairy 18 —1.

The ground space of Hpop + Hpenalty lives in the sector where Hpepairy has minimal eigenvalue —1 — V2.
To see this, note that within this sector Hy,op has the same eigenvalues as H,, and therefore has lowest
eigenvalue —2+/2. The minimum eigenvalue e; of Hpop + Hpenalty 1n this sector is

e1:—2\f2+(—1—\f2>=—1—3\f2=—5.24..., (3.10)

whereas in any other sector Hyenaiy has eigenvalue at least —1 and (using the fact that Hp,rop > —4) the
minimum eigenvalue of Hpop + Hpenalty 18 at least —5. Thus, an orthonormal basis for the ground space
of Hyrop + Hpenalty 1s furnished by the states

1 2M

rZWz Wia . Wi6))|0) (3.11)

(Vthle—z---Wl)*|¢*>‘t>|w*> (3.12)

u[\’]N )

F
where |¢) ranges over the basis A for Hcomp and * denotes (elementwise) complex conjugation.

3.2 Upper bound on the smallest eigenvalue for yes instances

Suppose x is a yes instance; then there exists some nj,-qubit state |y;,) satisfying AP (Cy, |Win)) >
1—(1/2M). Let
2M

: 1 n—n;
i) = e YW W W () 0)°7 ) ) )

and note that this state is in the e;-energy ground space of Hyrop + Hpenalty (since it has the form (3.11)).
One can also directly verify that |wit) has zero energy for Hjnpy. Thus

(Wit|A|wit) = e1 + (Wit|Hougpue|Wit)
1
=ert o <1l/m\<0\®" "nUg [0)(0louUe, | Win)[0) ="

1
1 1
=T Mo

3.3 Lower bound on the smallest eigenvalue for no instances

Now suppose x is a no instance. Then the verification circuit C, has acceptance probability AP (C,,|y)) <
1/3 for all nj,-qubit input states |y).

We backtrack slightly to obtain bounds on the eigenvalue gaps of the Hamiltonians Hyrop + Hpenalty
and Hprop + Hpenatty + Hinput- We begin by showing that the energy gap of Hprop + Hpenaity 1 at least an
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inverse polynomial function of M. Subtracting a constant equal to the ground energy times the identity
matrix sets the smallest eigenvalue to zero, and the smallest nonzero eigenvalue satisfies

2
. /4 1
Y(Hprop +Hpenalty —€r: 1) > min {\/va —5—e; } > m (3.13)
since —5 —e; &~ 0.24... > 1/5. The first inequality above follows from the fact that every eigenvalue of
Hpypop in the range [e1,—35) is also an eigenvalue of H, (as discussed above) and the bound (3.4) on the
energy gap of H,.
Now use the Nullspace Projection Lemma (Lemma 8.1) with

Hy = Hprop +Hpenalty —ep-1, Hp = Hinput .

Note that H4 and Hp are positive semidefinite. Let S4 be the ground space of H4 and consider the
restriction Hp|s,. Here it is convenient to use the basis for S4 given by (3.11) and (3.12) with |¢) ranging
over the computational basis states of n qubits. In this basis, Hp|s, is diagonal with all diagonal entries
equal to 1/(2M) times an integer, so ¥(Hgls,) > 1/(2M). We also have y(H4) > 1/(5M?) from equation
(3.13), and clearly ||Hg|| < n. Thus Lemma 8.1 gives
1 1
Y(Hprop +Hpenalty +Hinput —€r: 1) 2 (ISW) SW) sl 3 Z 3 -

(3.14)

Now consider adding the final term Hoypy. We use Lemma 8.1 again, now setting
Hy = Hprop +Hpena]ty +Hinput —ep-1 ) Hp = Houtput .

Let S4 be the ground space of Hs. Note that it is spanned by states of the form (3.11) and (3.12)
where |@) = |y)|0)®""in and |y) ranges over any orthonormal basis of the nj,-qubit input register. The
restriction Hp|g, is block diagonal, with one block for states of the form

1 .
oY Wi aWi—a ... Wi ([w)]0)®" ") |t)] @) (3.15)
t=1

and another block for states of the form

| M . . . .
ﬁ;milwz..wl) (ly)7[0)" ") |1) ™). (3.16)
We now show that the minimum eigenvalue of Hg|s, is nonzero, and we lower bound it. We consider
the two blocks separately. By linearity, every state in the first block can be written in the form (3.15) for

some state |y). Thus the minimum eigenvalue within this block is the minimum expectation of Houput in
a state (3.15), where the minimum is taken over all n;,-qubit states | ). This is equal to

1 1
. o _ >
min oV (1-AP(Cy, |[¥))) = 3
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where we used the fact that AP (Cy, |y)) < 1/3 for all |y). Likewise, every state in the second block can
be written as (3.16) for some state |y), and the minimum eigenvalue within this block is

1

(since AP(Cy, |y))* = AP(Cy, |y)) < 1/3). Thus we see that Hp|s, has an empty nullspace, so its smallest
eigenvalue is equal to its smallest nonzero eigenvalue, namely

1

Y(Hals,) > I

Now applying Lemma 8.1 using this bound, the fact that ||[Hg|| = 1, and the fact that
(Hi) > 50
A = 0mn
(from equation (3.14)), we get
1

- 1
7

’}/A —61-1 Z 60M*n Z .

(s ) s o+ 1 T 120Mn

Since Hp|s, has an empty nullspace, A, —e; - 1 has an empty nullspace, and this is a lower bound on its
smallest eigenvalue.

4 Bose-Hubbard Hamiltonian is contained in QMA

To prove that Bose-Hubbard Hamiltonian is contained in QMA, we provide a verification algorithm
satisfying the requirements of Definition 2.1. In the definition this algorithm is specified by a circuit
involving only one measurement of the output qubit at the end of the computation. The procedure we
describe below, which contains intermediate measurements in the computational basis, can be converted
into a verification circuit of the desired form by standard techniques.

We are given an instance specified by G, N, ¢, and €. We are also given an input state |¢) of ny,
qubits, where n;, = [log, Dy| and Dy is the dimension of Zy(G) as given in equation (2.4). Note, using
the inequality (§) < a’ in equation (2.4), that nj, = O(Klog (N +K)), where K = |V| is the number of
vertices in the graph G. We embed Zy(G) into the space of nj, qubits straightforwardly as the subspace
spanned by the first Dy standard basis vectors (with lexicographic ordering, say). The first step of the
verification procedure is to measure the projector onto this space Zy(G). If the measurement outcome is
1 then the resulting state |¢’) is in Zy(G) and we continue; otherwise we reject.

In the second step of the verification procedure, the goal is to measure HY in the state |¢'). The
Hamiltonian FI]GV is sparse and efficiently row-computable, with norm

|AY|| < ||HY|| < NJAG)|| +|| ¥ A (Ax — 1)|| < NK +N?.

keV
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We use phase estimation (see for example [9]) to estimate the energy of |¢’), using sparse Hamiltonian
simulation [2] to approximate evolution according to I-_Ig . We choose the parameters of the phase
estimation so that, with probability at least 2/3, it produces an approximation E of the energy with error
at most €/4. This can be done in time poly(N,K,1/¢€). If E < ¢+ €/2 then we accept; otherwise we
reject.

We now show that this verification procedure satisfies the completeness and soundness requirements
of Definition 2.1. For a yes instance, an eigenvector of I:I]GV with eigenvalue e < c is accepted by this
procedure as long as the energy E computed in the phase estimation step has the desired precision. To see
this, note that we measure |E — e| < /4, and hence E < ¢ + €/4, with probability at least 2/3. For a no
instance, write |¢') € Zy(G) for a state obtained after passing the first step. The value E computed by the
subsequent phase estimation step satisfies £ > ¢ + (3€/4) with probability at least 2/3, in which case the
state is rejected. From this we see that the probability of accepting a no instance is at most 1/3.

5 Gate graphs

In Section 5 and Section 6, we develop machinery for proving that Bose-Hubbard Hamiltonian is QMA-
hard (as shown in Section 7). In this section we define a class of graphs (gate graphs) and a diagrammatic
notation for them (gate diagrams). We also discuss the Bose-Hubbard model on these graphs.

Every gate graph is constructed using a specific 128-vertex graph go as a building block. This graph is
shown in Figure 5.1 and discussed in Section 5.1. In Section 5.2 we define gate graphs and gate diagrams.
A gate graph is obtained by adding edges and self-loops (in a prescribed way) to a collection of disjoint
copies of go.

In Section 5.3 we discuss the ground states of the Bose-Hubbard model on gate graphs. For any gate
graph G, the smallest eigenvalue it (G) of the adjacency matrix A(G) satisfies tt(G) > —1 —3+/2. It s
convenient to define the constant

e =—1-3V2. (5.1

When p(G) = e; we say G is an e;-gate graph. We focus on the frustration-free states of e;-gate graphs
(recall from Definition 2.2 that |@) € Zy(G) is frustration free if and only if H(G,N)|¢) = 0). We show
that all such states live in a convenient subspace (called J(G,N)) of the N-particle Hilbert space. This
subspace has the property that no two (or more) particles ever occupy vertices of the same copy of gg.
The restriction to this subspace makes it easier to analyze the ground space.

In Section 5.4 we consider a class of subspaces that, like J(G,N), are defined by a set of constraints on
the locations of N particles in an ej-gate graph G. We state an “Occupancy Constraints Lemma” (proven
in Section 10) that relates a subspace of this form to the ground space of the Bose-Hubbard model on a
graph derived from G.

5.1 The graph go

Consider the single-qubit circuit €y with four gates

U=Uy=H, Us=HT, Uy=(HT)",
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We use the construction described in Section 3.1 to map this circuit to a graph go. The adjacency matrix
of go is Hprop + Hpenaity as defined in (3.7) and (3.9). The resulting graph is shown in Figure 5.1.

Each vertex of gy corresponds to a standard basis vector in the Hilbert space C> ® C® © C8. We label
the vertices (z,t, j) with z € {0, 1} describing the state of the computational qubit, ¢ € [8] giving the state
of the clock, and j € {0,...,7} describing the state of the ancilla.

As shown in Section 3.1, the smallest eigenvalue of A(gg) is e; = —1 — 31/2. According to equations
(3.11) and (3.12), an orthonormal basis for the ground space of A(go) consists of the states

with

V0) = \}g(ld(1>+|3>+|5>+|7>)+H|Z>(|2>+|8>)+HT|Z>(|4>+I6>))!w) (5.2)
’V’z,l> = ’V’z.O)* (5.3)

where z € {0, 1}.
Note that the amplitudes of |y o) in the above basis contain the result of computing either the identity,
Hadamard, or HT gate acting on the “input” state |z).

5.2 Gate graphs and gate diagrams

We use three different schematic representations of the graph go (defined in Section 5.1), as depicted in
Figure 5.2. We call these figures diagram elements; they are also the simplest examples of gate diagrams,
which we define shortly.

The black and grey circles in a diagram element are called “nodes.” Each node has a label (z,7). The
only difference between the three diagram elements is the labeling of their nodes. In particular, the nodes
in the diagram element U € {1,H,HT} correspond to values of t € [8] where the first register in equation
(5.2) is either |z) or U|z). For example, the nodes for the H diagram element have labels with r € {1,3}
(where |y, o) contains the “input” |z)) or r = {2,8} (where |y, o) contains the “output” H|z)). We draw
the input nodes in black and the output nodes in grey.

The rules for constructing gate diagrams are simple. A gate diagram consists of some number
R € {1,2,...} of diagram elements, with self-loops attached to a subset 8§ of the nodes and edges
connecting a set € of pairs of nodes. A node may have a single edge or a single self-loop attached to
it, but never more than one edge or self-loop and never both an edge and a self-loop. Each node in a
gate diagram has a label (g,z,¢) where g € [R] indicates the diagram element it belongs to. An example
is shown in Figure 5.3. Sometimes it is convenient to draw the input nodes on the right-hand side of a
diagram element; e. g., in Figure 6.1 the node closest to the top left corner is labeled (g,z,¢) = (3,0,2).

To every gate diagram we associate a gate graph G with vertex set

{(q,z,t,j): g€ [R],z€{0,1},r € [8],j€{0,...,7}}
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Figure 5.1: The graph g.
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Figure 5.2: Diagram elements from which a gate diagram is constructed. Each diagram element is a
schematic representation of the graph go shown in Figure 5.1.

1 2
T HT 1 1

Neomo— o/

Figure 5.3: A gate diagram with two diagram elements labeled g = 1 (left) and ¢ = 2 (right).

and adjacency matrix

A(G) = 1,®A(g0) +hs + he (5.4)
hs =Y 1q,2,1){(g, 21| @ 1; (5.5)

8
he =Y (lg.z,0)+14'.2.1)) ((g.2,t| +{d .2 . 1'|) @ 1;. (5.6)

&

The sums in equations (5.5) and (5.6) run over the set of nodes with self-loops (g,z,7) € 8 and the set
of pairs of nodes connected by edges {(q,z,7),(¢',Z,t')} € €, respectively. We write 1, and 1; for the
identity operator on the registers with variables g and j, respectively. We see from the above expression
that each self-loop in the gate diagram corresponds to 8 self-loops in the graph G, and an edge in the gate
diagram corresponds to 8 edges and 16 self-loops in G.

Since a node in a gate graph never has more than one edge or self-loop attached to it, equations (5.5)
and (5.6) are sums of orthogonal Hermitian operators. Therefore

s || = max[[lg,z,6) (g, 2| @ 1] =1 if § # 0 (5.7)
el = max | (lg.2.1) +1¢',2,6) (@21 + (g2 @ 1] =2 if € #0 (5.8)
for any gate graph. (Of course, this also shows that ||hg/|| = 1 and ||hg/|| = 2 for any nonempty subsets
§'C8and & C &)
5.3 Frustration-free states on ¢;-gate graphs

Consider the adjacency matrix A(G) of a gate graph G, and note (from equation (5.4)) that its smallest
eigenvalue U (G) satisfies
1(G) = e
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since hg and hg are positive semidefinite and A(go) has smallest eigenvalue e;. In the special case where
U(G) = e, we say G is an e;-gate graph.

Definition 5.1. An e;-gate graph is a gate graph G such that the smallest eigenvalue of its adjacency
matrix ise; = —1 — 3v/2.

When G is an e;-gate graph, a single-particle ground state |I') of A(G) has minimal energy for each
term in (5.4), i. e., it satisfies

(1®A(g0)) ) = e1|T) (5.9)
hs|T) =0 (5.10)
he|[) =0. (5.11)

Indeed, to show that a given gate graph G is an e;-gate graph, it suffices to find a state |I") satisfying these
conditions. Note that equation (5.9) implies that |I") can be written as a superposition of the states

W’Za) = |Q>|Wz7a>7 Z,a € {071}?q € [R]a

where |y, ,) is given by equations (5.2) and (5.3). The coefficients in the superposition are then constrained
by equations (5.10) and (5.11).

Example 5.2. As an example, we show the gate graph in Figure 5.3 is an e;-gate graph. As noted above,
equation (5.9) lets us restrict our attention to the space spanned by the eight states |y?,) with z,a € {0,1}
and g € {1,2}. In this basis, the operators hg and h¢ only have nonzero matrix elements between states
with the same value of a € {0,1}. We therefore solve for the e; energy ground states with a = 0 and
those with a = 1 separately. Consider a ground state of the form

(le,(%,a> +Vi W/Il,a>) + (T2|Wg,a> + v2|llf12,a>)

and note that in this case (5.10) implies 7; = 0. Equation (5.11) gives

] HT<_3> a=0
2\ -V
()

We find two orthogonal e|-energy states, which are (up to normalization)

o) — \ﬁ (1¥20) — [W20)) (5.12)
\wf,ﬁ—% (1W31) = w2.))- (5.13)
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We interpret each of these states as encoding a qubit that is transformed at each set of input/output nodes
in the gate diagram in Figure 5.3. The encoded qubit begins on the input nodes of the first diagram

element in the state
T\ 0
Vi 1

because the self-loop penalizes the basis vectors W/(%,a>‘ On the output nodes of diagram element 1, the
encoded qubit is in the state where either HT (if a = 0) or its complex conjugate (if a = 1) has been
applied. The edges in the gate diagram ensure that the encoded qubit on the input nodes of diagram
element 2 is minus the state on the output nodes of diagram element 1.

In this example, each single-particle ground state encodes a single-qubit computation. Later we show
how N-particle frustration-free states on ej-gate graphs can encode computations on N qubits. Recall
from Definition 2.2 that an N-particle bosonic state |I') € Zy(G) is said to be frustration free if and only
if H(G,N)|I'") = 0. Note that H(G,N) > 0, so an N-particle frustration-free state is necessarily a ground
state. Putting this together with Lemma 2.3, we see that the existence of an N-particle frustration-free
state implies

M(G)=2Ay_1(G) =+ =2 (G) =0,
i.e., there are N'-particle frustration-free states for all N/ < N.

We prove that the graph gy has no two-particle frustration-free states. By Lemma 2.3, it follows that

go has no N-particle frustration-free states for N > 2.

Lemma 5.3. 1) (go) > 0.

Proof. Suppose (for a contradiction) that |Q) € Z»(go) is a nonzero vector in the nullspace of H(go,2),
SO

H2[0) = (A<go>® I+ 10A) +2 Y M@ |v><v\) 10) = 261/0).

vEgo
This implies
A(go) ®1|Q) =1®A(g0)|Q) = €1|Q)

since A(go) has smallest eigenvalue e; and the interaction term is positive semidefinite. We can therefore
write

|0) = Z Qza vyl Wea) | Wiy)

z.,a,x‘,ye{o:l}
with Q4 vy = QOxyza (since Q) € 22(g0)) and

(W) {v[@[v)(v]) Q) =0 (5.14)
for all vertices v = (z,t, j) € go. Using this equation with |v) = 0,1, j) gives
Q00,00(0, 1, j1Wo.0)> +2001,00(0, L, j|wo,1)(0, 1, j|wo.0) + Qo101 (0, 1, j|wo.1)?
= 6714 (Qoo,ooiij +2Q01,00 + Q01,o1ij)
=0
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for each j € {0,...,7}. The only solution to this set of equations is Qo000 = Qo1,00 = Qo1,01 = 0. The
same analysis, now using |v) =1, 1, j), gives Q10,10 = Q11,10 = Q11,11 = 0. Finally, using equation (5.14)
with |[v) = 0,2, j) gives

1 . )
6—4<O|H]1><O|H]O> (2010000 7 +2Q10,01 +2011,00 +2Q11,01#)

1 . )
=& (010,000 7 + Q10,01 + Q11,00+ Q11,017)
=0
for all j € {0,...,7}, which implies that Q10,00 = Q11,01 = 0 and Q11,00 = —Q10,01. Thus, up to normal-
ization,
Q) = [W1.0)[Wo.1) + W0, [Wi1,0) — [Wi1) [Woo) — [Woo) [W11) -
Now applying equation (5.14) with |v) = |0,4, j), we see that the quantity

1 * * 1 i% fi%
= CLOHT 1) (0[(HT)*[0) = 2(0|(HT) | ){O|HT|0)) = — (¢'F =)

must be zero, which is a contradiction. Hence we conclude that the nullspace of H(go,2) is empty. [

We now characterize the space of N-particle frustration-free states on an e;-gate graph G. Define
the subspace J(G,N) C Zy(G) where each particle is in a ground state of A(go) and no two particles are
located within the same diagram element:

J(G,N) = span{Sym(|w', ) ... |y )): zi,a; € {0,1}, qi € [R], i # q; wheneveri # j}. (5.15)
Lemma 5.4. Let G be an ej-gate graph. A state |U') € Zx(G) is frustration free if and only if

(A(G) —e))™|I) =0 forall w € [N] (5.16)

IT) € 9(G,N). (5.17)

Proof. First suppose that equations (5.16) and (5.17) hold. From (5.17) we see that |T") has no support on
states where two or more particles are located at the same vertex. Hence

Y Aw (g —1)|) =0. (5.18)
keV

Putting together equations (5.16) and (5.18), we get
H(G,N)|T) = (HY —Ne)|T) =0,

so |I') is frustration free.
To complete the proof, we show that if |T) is frustration free, then conditions (5.16) and (5.17) hold.
By definition, a frustration-free state |I') satisfies

N
H(G,N)T) = (): (A(G) —e)™ + Y i (A — 1)) IT) =0. (5.19)

w=1 kev
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Since both terms in the large parentheses are positive semidefinite, they must both annihilate |I"); similarly,
each term in the first summation must be zero. Hence equation (5.16) holds. Let G, be the graph
obtained from G by removing all of the edges and self-loops in the gate diagram of G. In other words,

R
A(Grem) = ). la){al ® A(go) = 1 ®A(g0).
g=1
Noting that
H(G,N) > H(Gem,N) >0,

we see that equation (5.19) also implies
H(Grem,N)|T') =0. (5.20)

Since each of the R components of G, 1s an identical copy of go, the eigenvalues and eigenvectors of
H(Giem, N) are characterized by Lemma 2.4 (along with knowledge of the eigenvalues and eigenvectors
of go). By Lemma 5.3 and Lemma 2.3, no component has a two- (or more) particle frustration-free state.
Combining these two facts, we see that in an N-particle frustration-free state, every component of Gyep,
must contain either O or 1 particles, and the nullspace of H(Gyem,N) is the space J(G,N). From equation
(5.20) we get |T') € I(G,N). O

Note that if J(G,N) is empty then Lemma 5.4 says that G has no N-particle frustration-free states.
For example, this holds for any e;-gate graph G whose gate diagram has R < N diagram elements.

A useful consequence of Lemma 5.4 is the fact that every k-particle reduced density matrix of an
N-particle frustration-free state |I") on an e;-gate graph G (with k < N) has all of its support on k-particle
frustration-free states. To see this, note that for any partition of the N registers into subsets A (of size k)
and B (of size N — k), we have

J(G,N) CI(G,k)a @ Zy_1(G)p.-

Thus, if condition (5.17) holds, then all k-particle reduced density matrices of |I") are contained in J(G, k).
Furthermore, (5.16) is a statement about the single-particle reduced density matrices, so it also holds
for each k-particle reduced density matrix. From this we see that each reduced density matrix of |T') is
frustration free.

5.4 Occupancy constraints

Lemma 5.4 says in particular that a frustration-free state on an e;-gate graph has no support on states
where multiple particles occupy the same diagram element. Indeed, the lemma allows us to restrict our
attention to the subspace J(G,N) when solving for N-particle frustration-free states. Here we consider
restrictions to other subspaces corresponding to more general constraints on the locations of particles in a
gate graph.

For any e-gate graph G with R diagram elements and any simple R-vertex graph G°°° with edge set
E(G°¢°), we define a subspace

(G, G, N) = span{Sym(|yZl,, ) [Way)): zirai € {0,1}, qi # q; for i # j, {qi-q;} & E(G™)}.
(5.21)
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In this subspace, no two particles occupy the same diagram element and no two particles occupy diagram
elements connected by an edge in Go... Note that

9(G,G**,N) C I(G,N) C Zn(G).

We say that G°° specifies a set of occupancy constraints on G. If J(G,G°°,N) is not empty, we
define the restriction
H(G,G*,N) = H(G.,N) |y goe )

and write A(G, G°°) for its smallest eigenvalue.

We now explain how the subspace J(G, G, N) relates to the Bose-Hubbard model on a graph
derived from G and G°°. Specifically, the following lemma states that we can construct another graph
G" (depending on G and G°®) so that the ground state of the Bose-Hubbard model on G" effectively
“simulates” the restriction to J(G,G°°,N). The ground energy A} (G,G°°) of H(G,G°*,N) is zero if
and only if the ground energy A\ (G") of H(G",N) is zero. The lemma also shows that the two energies
are related even if they are nonzero.

Lemma 5.5 (Occupancy Constraints Lemma). Let G be an e1-gate graph specified as a gate diagram
with R > 2 diagram elements. Let N € [R], let G°*° specify a set of occupancy constraints on G, and
suppose the subspace J(G,G°°,N) is nonempty. Then there exists an efficiently computable e;-gate
graph G- with at most TR* diagram elements such that

1. IfAL(G,G*%) < a then AL(GP) < %.

b
(13R)*
Note that the lemma stipulates N < R without loss of generality, since J(G, G°*°, N) is empty otherwise.

The proof of this lemma appears in Section 10. In the proof we show how to construct the gate graph G~
from G and G°.

2. If A4 (G,G) > bwith b € [0,1), then Ay (G") >

6 Gadgets

In Example 5.2 we saw how a single-particle ground state can encode a single-qubit computation. In this
section we see how a two-particle frustration-free state on a suitably designed e;-gate graph can encode a
two-qubit computation. We design specific e;-gate graphs (called gadgets) that we use in Section 7 to
prove that Bose-Hubbard Hamiltonian is QMA-hard. For each gate graph we discuss, we show that the
smallest eigenvalue of its adjacency matrix is e; and we solve for all of the frustration-free states.

We first design a gate graph where, in any two-particle frustration-free state, the locations of the parti-
cles are synchronized. This “move-together” gadget is presented in Section 6.1. In Section 6.2, we design
gadgets for two-qubit gates using four move-together gadgets, one for each two-qubit computational
basis state. Finally, in Section 6.3 we describe a small modification of a two-qubit gate gadget called the
“boundary gadget.”

The circuit-to-gate graph mapping described in Section 7 uses a two-qubit gate gadget for each gate
in the circuit, together with boundary gadgets in parts of the graph corresponding to the beginning and
end of the computation.
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Figure 6.1: The gate diagram for the move-together gadget.

6.1 The move-together gadget

The gate diagram for the move-together gadget is shown in Figure 6.1. Using equation (5.4), we write the
adjacency matrix of the corresponding gate graph Gy as

6
A(Gw) =Y. ) (gl ©A(go) +he (6.1)
g=1

where h¢ is given by (5.6) and € is the set of edges in the gate diagram (in this case g = 0 as there are no
self-loops).

We begin by solving for the single-particle ground states, i. e., the eigenvectors of (6.1) with eigenvalue
e; = —1 —3+/2. As in Example 5.2, we can solve for the states with @ = 0 and a = 1 separately, since

<W){,1 |he |‘Véo> =0

foralli,je€{1,...,6} and x,z € {0, 1}. We write a single-particle ground state as

(’L’,‘| Wé,a) + ViW’f,a))
1

1

6

and solve for the coefficients 7; and v; using equation (5.11) (in this case equation (5.10) is automatically
satisfied since hg = 0). Enforcing (5.11) gives eight equations, one for each edge in the gate diagram:

1

T3 =—T ﬁ(ﬁ"‘vl):_%
1

T4 = —WV W(TI_VI)Z_TS
1

Vi=—" ﬁ(TZ‘FVZ) = —Vs
1

Vg =—Vp ﬁ(TQ—VZ):—Vé.
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There are four linearly independent solutions to this set of equations, given by

Solution 1: =1 73 =—1 Ts = —12 T = —\2 all other coefficients O
Solution 2: vi=1 T =—1 T5 = 12 T = —\2 all other coefficients O
Solution 3: =1 vy=—1 Vs = _\/1§ Vo = \2 all other coefficients O
Solution 4: =1 v3=—1 Vs = —\/15 Vg = —\2 all other coefficients 0.

For each of these solutions, and for each a € {0, 1}, we find a single-particle state with energy e;. This
result is summarized in the following lemma.

Lemma 6.1. Gy is an e;-gate graph. A basis for the eigenspace of A(Gw) with eigenvalue e is

1) = Vel = =V = 21V = Ivh) 62)
20) = 2wl = =V + IV = v 6.3)
30) = Z=WRa) = =lvi) = T lvi) + vl (6.4)
ts0) = 2I¥Ra) = =¥ = T2 lvi) = 2 Ivi) (6.5)

where a € {0,1}.

In Figure 6.1 we have used a shorthand «, 3,7, 6 to identify four nodes of the move-together gadget;
these are the nodes with labels (¢,z,¢) = (1,0,1),(1,1,1),(2,1,1),(2,0,1), respectively. We view o and
y as “input” nodes and 8 and & as “output” nodes for the move-together gadget. It is natural to associate
each single-particle state |x;,) with one of these four nodes. Each node corresponds to 8 vertices of the
underlying graph, e. g.,

So ={(1,0,1,)): j€{0,...,7}}.

Looking at equation (6.2) (and referring back to equation (5.2)) we see that | ,) has support on vertices
in S¢ but not on vertices in Sg, Sy, or S5. Looking at the picture on the right-hand side of the equality
sign in Figure 6.1, we think of | ¥ 4) as localized at the node a, with no support on the other three nodes.
The states [X2.4),|X3.a): | X4,4) are similarly localized at nodes f3,7,0. We view |x; ) and |x34) as input
states and |¥> ,) and |x4,) as output states.

Now we turn our attention to the two-particle frustration-free states of the move-together gadget, i. e.,
the states |®) € Z»(Gw ) in the nullspace of H(Gw,2). Using Lemma 5.4 we can write

D) = Y Cuaunladlzs) 6.6
a,be{0,1},1,7€[4]
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where the coefficients are symmetric, i. e.,

Cua),up) =Cup). 1) (6.7

and where

(W

(y!,|®)=0 (6.8)
for all z,a,x,b € {0,1} and g € [6].

The move-together gadget is designed so that each solution |®) to these equations is a superposition
of a term where both particles are in input states and a term where both particles are in output states. The
particles move from input nodes to output nodes together. We now solve equations (6.6)—(6.8) and prove
the following.

Lemma 6.2. A basis for the nullspace of H(Gw,2) is

1 1
D) =Sym| — +— , a,be{0,1}. 6.9
@) =Sym (sl + sl ). abe (1) ©9)
There are no N-particle frustration-free states on Gy for N > 3, i.e.,
An(Gw) >0 forN>3.

Proof. The states |®, ,) manifestly satisfy equations (6.6) and (6.7), and one can directly verify that they
also satisfy (6.8) (the nontrivial cases to check are ¢ =5 and g = 6).

To complete the proof that (6.9) is a basis for the nullspace of H(Gy,2), we verify that any state
satisfying these conditions must be a linear combination of these four states. Applying equation (6.8)
gives

1 1
(W0 ol (W0 | P) = gC(l,a),(l,b) =0 (Wi ol (Wi | @) = gC(z,a),(z,b) =0
1 1
(WL (Wi, @) = 3C6.0.65) =0 (W0 al (W5, | P) = 3C0a).@p) =0
! lc1>—1c =0 2 2c1>—lc =0
(Wo.ul(Wi p|®P) = 3t a) @20 = (Wo.ul (Wi p|®) = 3,60 =
1 1
(Wo.ul (W] |®) = gC(l,a),(zt,b) =0 (Wl (i | @) = gc(z,a),@,b) =0

for all a,b € {0, 1}. Using the fact that all of these coefficients are zero, and using equation (6.7), we get

D)= Y (Clra).6m) (X10) 1235 + 23601 X1.0)) + Ciaa), a) ([ X2.a) | Xa) + | 2Xa) [ X20))) -
a,be{0,1}

Finally, applying equation (6.8) again gives
1 1
(W0l (WlsIP) = cCaay (4 — €Clra).(3) = O-
Hence

D)= Y Cha.im (X0 |236) + 1236) [ X1.a) + [ X2a) Xa) + [ Xa0) [ X2a)) 5
a,bef0,1}
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which is a superposition of the states |D, ).

Finally, we prove that there are no frustration-free ground states of the Bose-Hubbard model on
Gw with more than two particles. By Lemma 2.3, it suffices to prove that there are no frustration-free
three-particle states.

Suppose (for a contradiction) that |I") € Z3(Gw ) is a normalized three-particle frustration-free state.
Write

IT) =YD ) (b)) | Xisa) | X o) | Xk -

Note that each reduced density matrix of |I") on two of the three subsystems must have all of its support
on two-particle frustration-free states (see the remark following Lemma 5.4), i.e., on the states |, ;).
Using this fact for the subsystem consisting of the first two particles, we see in particular that

(17]) ¢ {(173)7(371)7(274)»(472)} = D(i,a),(j,b),(k,c) =0 (6.10)

(since | Py, 4,) only has support on vectors |¥;q)|x;») Withi,j € {(1,3),(3,1),(2,4),(4,2)}).
Using this fact for subsystems consisting of particles 2,3 and 1, 3, respectively, gives

(]7k) ¢ {(173)7 (37 1)7 (274)7 (472)} = D(i,a),(j,b),(k,c) =0 (611)
(l,k) ¢ {(173)7 (37 1)7 (274)7 (472)} = D(i,a),(j,b),(k,c) =0. (612)

Putting together equations (6.10), (6.11), and (6.12), we see that [I") = 0. This is a contradiction, so no
three-particle frustration-free states exist. O

Next we show how the move-together gadget can be used to build gadgets that implement two-qubit
gates.

6.2 Gadgets for two-qubit gates

In this section we define a gate graph for each of the two-qubit unitaries
{CNOle, CNOT,;,CNOT, (H ® 1) ,CNOT/» (HT ® 1)}

Here CNOT; is the standard controlled-not gate with the second qubit as a target, whereas CNOT>; has
the first qubit as target.
We define the gate graphs by exhibiting their gate diagrams. For the three cases

U=CNOT;(U®]1)

with U € {1,H,HT}, we associate U with the gate diagram shown in Figure 6.2(A). In the figure we also
indicate a shorthand used to represent this gate diagram. As one might expect, for the case U = CNOT5y,
we use the same gate diagram as for U = CNOT,; however, we use the slightly different shorthand
shown in Figure 6.2(B).

Roughly speaking, the two-qubit gate gadgets work as follows. In Figure 6.2(A) there are four move-
together gadgets, one for each two-qubit basis state |00),|01),]10),|11). These enforce the constraint
that two particles must move through the graph together. The connections between the four diagram
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¥ n
8 6
(04 €
B e

(B)

Figure 6.2: (A) Gadget for the two-qubit unitary U = (U ® 1)CNOT}, with U € {1,H,HT}. (B) For
the U = CNOT»; gate (first qubit is the target), we use the same gate graph as in (A) with U = 1; we
represent it schematically as shown.
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elements labeled 1,2,3,4 and the move-together gadgets ensure that certain frustration-free two-particle
states encode two-qubit computations, while the connections between diagram elements 1,2,3,4 and
5,6,7,8 ensure that there are no additional frustration-free two-particle states (i. e., states that do not
encode computations).

To describe the frustration-free states of the gate graph depicted in Figure 6.2(A), first recall the
definition of the states |X1.4), |X2.4)s |X3.4a), | X4.a) from equations (6.2)—(6.5). For each of the move-together
gadgets xy € {00,01,10,11} in Figure 6.2(A), write

Xra)
for the state |, ,) with support (only) on the gadget labeled xy. Write

U ifa=0
Ul@)=q . .
U ifa=1

and similarly for U (we use this notation throughout the paper to indicate a unitary or its elementwise
complex conjugate).
The following lemma shows that Gy is an ej-gate graph and characterizes its frustration-free states.

Lemma 6.3. Let U = CNOT»(U ® 1) where U € {1,H,HT}. The corresponding gate graph Gy is
defined by its gate diagram shown in Figure 6.2(A). The adjacency matrix A(Gy ) has ground energy ey;
a basis for the corresponding eigenspace is

3 1
oY) = \f\wza%j Vi) -5 ZOU( Dyel2) 6.13)
x,y=
|
p2) = %Wiﬁ wza \[ Z 255 (6.14)
1
p27) = 7\%%) - flt/fZa> - \[Z 1255 (6.15)

|p?,a > f‘Wza) \/>|II/ZLI \/>Z|X4 Z@x (616)

where z,a € {0, 1}. A basis for the nullspace of H(Gy,2) is

Sym(|I7Y, ., 5))s  21,22,a,b € {0,1} (6.17)
where
U
TZl ,0,22, b> f’p21, >p12b +7x|§ OU xlxz-,ZlZ2‘pX1, prz b> (6.18)

for z1,z22,a,b € {0,1}. There are no N-particle frustration-free states on Gy for N >3, i.e.,

A (Gy) >0 forN>3.
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We view the nodes labeled a, 3,7, 8 in Figure 6.2(A) as “input” nodes and those labeled €,,n, 0 as
“output nodes.” Each of the states \p;% is associated with one of the nodes, depending on the values of
i€{1,2,3,4} and x € {0, 1}. For example, the states | pé"([)] ) and | p&_’f]> are associated with input node o
since they both have nonzero amplitude on vertices of the gate graph that are associated with ¢ (and zero
amplitude on vertices associated with other labeled nodes).

The two-particle state Sym(|T.Y r1az.b)) 18 @ superposition of a term

sym (19121103

with both particles located on vertices corresponding to input nodes and a term

Sym(\} ), U(a)xlx2721zz|px1a>‘pX2b>>

X1 7x2€{0,1}

with both particles on vertices corresponding to output nodes. The two-qubit gate U (a) is applied as the
particles move from input nodes to output nodes.

Proof of Lemma 6.3. Recall that the gate graph Gy is specified by its gate diagram, shown in Fig-
ure 6.2(A). The adjacency matrix of the gate graph Gy is of the form in equation (5.4). There are 6
diagram elements for each of the move-together gadgets, so there are 32 diagram elements in total. We
will need to refer to those diagram elements labeled g € [8] in Figure 6.2(A) (i. e., those not contained in
the move-together gadgets).

Write

A(Gu) = A(Gy) +he

where G, is the gate graph obtained from Gy by removing all 24 edges shown in Figure 6.2(A) (G, does
include the edges within each of the move-together gadgets). Here h¢: is given by equation (5.6) with &’
the set of 24 edges shown in Figure 6.2(A).

One basis for the e;-energy ground space of A(Gy)) is given by the 64 states

W), qe€[8],zae{0,1}
Xra), xyac{01},Le4].

However, it is convenient to work with the following slightly different basis for this space:

Wa): g €[8],z,a€{0,1}

Z U xZ’Xla yvzaae{())l}
xe{0,1}
Xra)s xya€{0,1},Le{2,3,4}.

Here some of the states are in a superposition corresponding to the output of the single-qubit unitary U.
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We are interested in the intersection of the ground space of A(Gy,) with the nullspace of h¢/, so we
compute the matrix elements of /¢ in the above basis. The resulting 64 x 64 matrix is block diagonal
with sixteen 4 x 4 blocks. Each block is identical, with entries

3 1 1 1

R

g 8 00 6.19
10 4 0 (6.19)
g\ﬁ 24

& 0 0

The four states involved in each block are given by (in order from left to right as in the matrix above):

W/za W/zsjz Z U xz|% Z U(a)xzmila>
xe{0,1} xe{O,l}

W22 W0, 1% 1)
W2 ), 1wl ) 135, 1a%)

W 1w ), s ).

The unique zero eigenvector of the matrix (6.19) is

1

1 -1
VA
V3

Constructing this vector within each of the 16 blocks, we get the states {2 ), [p2 ), [pa ), [pei )}
Now consider the two-particle sector. Using Lemma 5.4 we can write any two-particle frustration-free
state as

©)= Y Y Beanwsnlot)ely) (6.20)
zaxbe{0,1}1.Je[4]
where
B a1),(xp0) = Bxba),(zal) (6.21)
and
(Wil (v, 1) =0 (6.22)

for all x,z,a,b € {0,1} and ¢ € [32]. To enforce equation (6.22) we consider the diagram elements
q € [8] (as labeled in Figure 6.2(A)) separately from the other 24 diagram elements (those inside the
move-together gadgets).

Using equation (6.22) with ¢ € {1,2,3,4,7,8} and x,z,a,b € {0, 1} gives

B(x,a,l),(z,b,]) =0 Ie [4]7 x,z,a,b € {07 1} (623)

Using g =5, x =0, and z = 1 in equation (6.22) gives
(W04l (w7 |©) = 8 Bo,a,1),(162) =0, (6.24)
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fora,b € {0,1}, while ¢ =6, x =0, and z = 1 gives

1
3 B(0,42),(1,6,1) = 0. (6.25)

<‘I/ <W1b‘®>

Applying equation (6.22) with ¢ = 5 or g = 6 and other choices for x and z does not lead to any additional
independent constraints on the state |@).

Now consider the constraint (6.22) for diagram elements inside the move-together gadgets in Fig-
ure 6.2(A). Let I1,, be the projector onto two-particle states where both particles are located at vertices
contained within the move-together gadget labeled xy € {00,01,10, 11}. Using the results of Lemma 6.2,
we see that for diagram elements inside the move-together gadgets, (6.22) is satisfied if and only if

I1,10) € span{Sym (|7 123%) + 155125 ) » @b € {0,1}}.

Since we already know

I,10) € span{Sym (%3)12}3)) , i € [4).a,b € {0,1}}

we get
(Xg.al (XK 1®) =0 K€ [4] (6.26)
(XkalX0p10) =0 (K,L) €{(1,2),(2,3),(3,4),(1,4)} (6.27)
(10| = (2% )18) = 0 (6.28)

for all a,b € {0, 1}. Note that (6.26) is automatically satisfied whenever (6.23) holds.
Applying equation (6.27) with (K,L) = (1,2) and a,b,x,y € {0, 1}, we get

3 - 3.
(0 (x210) = 3 %HU (@):Bean). (ep2) = gU@uxBran),p2) =0 (6.29)
z€40,

In the second equality we used the fact that B 4 1) (x,,2) is zero whenever z # x (from equations (6.21),
(6.24), and (6.25)). Since U € {1,H,HT} we have U(a),, # 0, and it follows that

B(ya1),(xp2) =0 (6.30)

for all x,a,b € {0,1}.
Applying equation (6.27) with (K,L) = (1,4) gives

X Xy 3
<Xl7yg|<X4?b|®> = g Z U(a)sz(z,a,l),(xeay,bA) =0, x,y,a,b e {07 1}' (6.31)
z€{0,1}

By taking appropriate combinations of these equations, we have

Z ~( ) <Xl(ay®X)|<X4 }i@x ‘®> wa,l),(y,b,4) = 07 W7y7a7b € {07 1} (632)
x€{0,1}
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Applying equation (6.27) with (K,L) = (2,3) and (K,L) = (3,4) gives

3

(X a|<X3 b’®> 3 B(xa2),b3) =0 (6.33)
3

<X§Cyﬂ’<X4 »|©) = g B(x.a3),xypa) =0 (6.34)

for all x,y,a,b € {0,1}.
Now putting together equations (6.23), (6.24), (6.25), (6.30), (6.32), (6.33), and (6.34) (and using the
symmetrization (6.21)), we get

B(xan),(zpy) =0 forallx,z,a,b € {0,1}, where I =J or {I,J} € {{1,2},{1,4},{2,3},{3,4}},

s0 |®) can be written

Y Beenoas (P00 +10nDIPE) ) + Bieaywas (102105 + 103102 ).
z,ew,de{0,1}
(6.35)

Now
<Xf)a|<)(3 h|pzc >|P > 5a 66de xz6yw

<%;,ya‘<l4b|p >‘P > §5a,c5b7d5x,z5y,w®xa

so enforcing equation (6.28) gives

U(a)xzBza1),(553) = B(xa),(xeyb4)
z€{0,1}

for each x,y,a,b € {0,1}. In other words

B (z,¢,2),(w,d 4) Z U xc 1),(zow,d,3) — Z U(C)ZW,XyB(x,c,1),(y,d,3)
xE{O 1} x,y€{0,1}

where we used U (a) = CNOT (U (a) ® 1). Plugging this into (6.35) gives

O = T (Becnman (PR + P25I01))

z,e,w,def{0,1}

Y UCmsBinenoas (1929105 + pE10E) )
x,ye{0,1}

= Y Biei)wad) [!p Dei)+ ey ekY)

zewde{0,1}
£ T U@na (IR0 + 510 |
x,ye{0,1}

- Z 2B(Z‘1) (Wd3)sym(‘ zcwd>)
Zewde{0,1}
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This is the general solution to equations (6.20)—(6.22), so the space of two-particle frustration-free states
for Gy is spanned by the 16 orthonormal states (6.17).

Finally, we show that there are no three-particle frustration-free states. By Lemma 2.3, this implies
that there are no frustration-free states for more than two particles. Suppose (to reach a contradiction)
that |T") is a normalized three-particle frustration-free state. Write

’r> = ZE(x,a,q)7(y7b,r),(z,c,s) |p;17a> ’p;b> ’pzs7c>

and note that each reduced density matrix of |I') on two of the three subsystems must have all of its
support on two-particle frustration-free states (see the remark following Lemma 5.4). Using this fact for
each two-particle subsystem we get

(q,r)gé{(1,3),(3,1),(2,4),(4,2)} E(
(%s) ¢ {(17 3)7 (37 1)7 (274)7 (47 2)} E(x7a7q),(y,b,r).,(z.,c,s)
(r’s) ¢ {(1’ 3)’ (3’ 1)’ (2’4)’ (4’2)} = E(x,a,q),(y,b,r),(z,c,s) =

which together imply that |I') = 0 (a contradiction). Hence no three-particle frustration-free state
exists. O

'X‘,a7q) b (.y7b7r) b (Z!C‘S) =
—

oS o O

6.3 The boundary gadget

The boundary gadget is shown in Figure 6.3. This gate diagram is obtained from Figure 6.2(A) (with
U = 1) by adding self-loops. Although the boundary gadget will be used for a different purpose than
the other gadgets, for technical reasons it is convenient to construct the boundary gadget similarly. The
adjacency matrix is

A(Gbnd) = A(GCNOle) +hs

where
1

hg = Z(|17Z71><17171‘ ®1j+|27275><27175‘ ®1j+|37271><37171‘ ®1j>'
z=0

The single-particle ground states (with energy e;) are superpositions of the states | pzijé/ ) from Lemma 6.3
that are in the nullspace of ig. Note that

11

8 8

(one factor of 1/8 comes from the normalization in equations (6.13)—(6.16) and the other factor comes
from the normalization in equation (5.2)), so the only single-particle ground states are

bnd 4U

P2a) = 1Pz2a")
with z,a € {0,1}. Thus there are no two- (or more) particle frustration-free states, because no superposi-
tion of the states (6.17) lies in the subspace

span{Sym(|p2)|pyy)): z.a,x,b € {0,1}}

of states with single-particle reduced density matrices in the ground space of A(Gpyq). We summarize
these results as follows.

(L) 1hs|piY) = 84 8e: (8118)1 + 828j2+ 8:36;3)
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Figure 6.3: The gate diagram for the boundary gadget is obtained from Figure 6.2(A) by setting U = 1
and adding 6 self-loops.
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Lemma 6.4. The smallest eigenvalue of A(Gyna) is ey, with corresponding eigenvectors

©x)
’pbnd> \[sz a> \/‘Wza Z ’ 4 Z x (636)
x 0,1
for z,a € {0,1}. There are no frustration-free states with two or more particles, i. e., A (Gyna) > 0 for
N>2.

7 Bose-Hubbard Hamiltonian is QMA-hard

Since Frustration-Free Bose-Hubbard Hamiltonian is a special case of Bose-Hubbard Hamiltonian, to
prove the latter is QMA-hard it suffices to prove the former is QMA-hard. To achieve this, we efficiently
map any sufficiently large instance of any problem in QMA to an equivalent instance of Frustration-Free
Bose-Hubbard Hamiltonian.

For any instance X of a problem in QMA there is a verification circuit Cx. We require the verification
circuit to be of a certain form described in Section 7.1. Since the class of circuits we consider is
universal, this choice is without loss of generality. We also assume without loss of generality [21, 24]
that Cx sat‘isﬁes a stronger version of Definition 2.1 where the completeness threshold 2/3 is replaced by
1— (172K, i.e.,

* If X € Ly, then there exists a state |Wyi) with AP(Cx, |Wyi)) > 1 — Tk

1
» If X € Ly, then AP(Cx, |¢)) < 3 for all |¢).

In this section we exhibit an efficiently computable mapping from the n-qubit, M-gate verification circuit
Cx to an e-gate graph Gx with R = 32(M + 2n —2) diagram elements and an occupancy constraints graph
G on R vertices. We consider the Hamiltonian H (G, G¥*,n) and its smallest eigenvalue A,! (Gx, G¥°).
In Section 8 we prove the following.

Theorem 7.1. If there exists a state |Wyic) with AP(Cx, |Wwi)) > 1 — (1/2X1), then

1
0CC
A‘ (GX7G ) = 2\X| (71)
On the other hand, if AP(Cyx,|¢)) < 1/3 for all |¢), then
X
A‘ (GXaGOCC) nA M4 (72)

where X € (0,1] is an absolute constant.

The number X appearing in this theorem can in principle be computed (see Section 8) but we will not
need to know its value.

Note that if X is a yes instance then (7.1) is satisfied and if X is a no instance then (7.2) is satisfied. By
applying the Occupancy Constraints Lemma (Lemma 5.5), with gate graph Gy and occupancy constraints
graph G¥°, and using the fact that R = 32 (M +2n —2) < 64(M +n), we get an efficiently computable
ej-gate graph GE with at most 7 - 64%(n+ M)? diagram elements such that the following holds.
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Theorem 7.2. If X is a yes instance, then

1
1/~0 -
)’n (GX) < 2\X| :

On the other hand, if X is a no instance, then

X
2 (Gx) = 5
n*M*832% (M +n)

where X € (0, 1] is the absolute constant from Theorem 7.1.

This theorem is sufficient to prove that Frustration-Free Bose-Hubbard Hamiltonian is QMA-hard. To
see this, first let Q = [1/X] and define the precision parameter

1 1
£=— .
20 n*M*4832°9 (M +n)°

Note that 1/¢ is at least four times the number of vertices in the graph (i. e., at least 4-128-7-64%(n+M)?,
since each diagram element corresponds to 128 vertices); this condition is required in the definition of
Frustration-Free Bose-Hubbard Hamiltonian. We now show that solving the instance of Frustration-Free
Bose-Hubbard Hamiltonian with graph GE, number of particles n, and precision parameter € is sufficient
to solve the original instance X (for |X| at least some constant).

If X is a no instance then the theorem states that 4, (G¥) > 2& > &+ €3, so the corresponding instance
of Frustration-Free Bose-Hubbard Hamiltonian is also a no instance. Furthermore, since M and n are
upper bounded by a polynomial function of the instance size |X|, there exists a constant instance size
above which .

ﬁ S 83 )
so when X is a sufficiently large yes instance, the theorem says A, (GY) < €3, i.e., the corresponding
instance of Frustration-Free Bose-Hubbard Hamiltonian is also a yes instance. This proves that Frustration-
Free Bose-Hubbard Hamiltonian is QMA-hard, which implies that Bose-Hubbard Hamiltonian is QMA-
hard.

The remainder of this section describes the ingredients used to prove Theorem 7.1. In Section 7.1 we
describe the verification circuit Cyx, in Section 7.2 we define the gate graph Gy, and in Section 7.3 we
define the occupancy constraints graph G5°°. We prove Theorem 7.1 in Section 8.

7.1 The verification circuit

We take the verification circuit Cy to be from the following universal circuit family. Write n for the
number of qubits and M for the number of gates in the circuit

U@X =UpyUpy—1...Uy.

The qubits labeled 1,...,n;j, hold the input state. The remaining n — nj, ancilla qubits are each initialized
to |0). We require each qubit to be involved in at least one gate. The qubit labeled 2 is the output qubit
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that contains the result of the computation after the circuit is applied. The qubit labeled 1 mediates
two-qubit gates: each gate U; is a two-qubit gate acting nontrivially on the qubit labeled 1 and another
qubit s(j) € {2,...,n}. Each unitary U; is chosen from the set

{CNOT (), CNOT,j);, CNOT ;) (H® 1), CNOT ;) (HT ® 1)}, (7.3)
but no two consecutive gates (U; and U ) act between the same two qubits, i.e.,
s()#s(G+1),  jeM—1]. (7.4

As discussed in Section 2, the acceptance probability for the circuit acting on input state |yi,) € (C?)®"n
is the probability that a final measurement of the output qubit in the computational basis gives the value 1:

_ @) ||
AP (€x. [yin) = ||| {11 Uiy [yin) 10)

We now establish that circuits of this form are universal. We show that any quantum circuit (with
n > 4 qubits) expressed using the universal gate set

{CNOT, H, HT} (7.5)

can be efficiently rewritten in the prescribed form without increasing the number of qubits and with at
most a constant factor increase in the number of gates.

First we map a circuit from the gate set (7.5) to the gate set (7.3) (without necessarily satisfying
condition (7.4)). A SWAP gate between qubits 1 and k can be performed using the identity

SWAP; = CNOT,CNOT}CNOT .

To perform a CNOT}; gate between two qubits i, k (neither of which is qubit 1), we swap qubits 1 and i,
apply CNOT}y, and then swap back. Similarly, we can apply a single-qubit gate U € {H,HT} to some
qubit k£ # 1 using the sequence of gates

SWAP;,CNOT; (CNOT U ® 1) SWAPyy..

Applying these replacement rules, we obtain a circuit over the gate set (7.3). However, the resulting
circuit will not in general satisfy equation (7.4). To enforce this condition, we insert a sequence of four
gates equal to the identity, namely

1 =CNOT;,CNOT,CNOT;,CNOT};,
between any two consecutive gates U; and U1 with s(j) = s(j+ 1), where a # b # s(j). For example,
CNOT5CNOT5; — CNOT;5CNOT2,CNOT3CNOT2,CNOT3CNQOTs; .

Thus we map a circuit over the gate set (7.5) into the prescribed form. Note that n > 4 is needed to ensure
that any quantum circuit can be efficiently rewritten so that s(j) # s(j+ 1). (There do exist circuits of the
desired of the form with n = 3, such as in the example shown in Figure 7.1.)
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7.2 The gate graph

For any n-qubit, M-gate verification circuit Cy of the form described above, we associate a gate graph
Gy . The gate diagram for Gy is built using the gadgets described in Section 6; specifically, we use M
two-qubit gadgets and 2(n — 1) boundary gadgets. Since each two-qubit gadget and each boundary gadget
contains 32 diagram elements, the total number of diagram elements in Gy is R = 32(M +2n —2).

We now present the construction of the gate diagram for Gx. We also describe some gate graphs
obtained as intermediate steps that are used in our analysis in Section 8. The reader may find this
description easier to follow by looking ahead to Figure 7.1, which illustrates the construction for a specific
3-qubit circuit.

1. Draw a grid with columns labeled j =0,1,...,M + 1 and rows labeled i = 1,...,n (this grid is
only used to help describe the diagram).

2. Place gadgets in the grid to mimic the quantum circuit. For each j =1,..., M, place a gadget
for the two-qubit gate U; between rows 1 and s(j) in the j-th column. Place boundary gadgets in
rows i = 2,...,n of column 0 and in the same rows of column M + 1. Write G, for the gate graph
associated with the resulting diagram.

3. Connect the nodes within each row. First add edges connecting the nodes in rows i = 2,...,n;
call the resulting gate graph G,. Then add edges connecting the nodes in row 1; call the resulting
gate graph G3.

4. Add self-loops to the boundary gadgets. In this step we add self-loops to enforce initialization
of ancillas (at the beginning) and the proper output of the circuit (at the end). For each row
k=nin+1,...,n,add a self-loop to node 6 (as shown in Figure 6.3) of the corresponding boundary
gadget in column r = 0, giving the gate diagram for G4. Finally, add a self-loop to node ¢ of the
boundary gadget (as in Figure 6.3) in row 2 and column M + 1, giving the gate diagram for Gy
(Recall from the previous section that qubit 2 is always taken to be the output qubit).

Figure 7.1 illustrates the step-by-step construction of Gx using a simple 3-qubit circuit with four
gates

CNOT |, (CNOT13HT &® 1) CNOT,;CNOT3.

In this example, two of the qubits are input qubits (so rj, = 2), while the third qubit is an ancilla initialized
to |0). Following the convention described in Section 7.1, we take qubit 2 to be the output qubit. (In
this example the circuit is not meant to compute anything interesting; its only purpose is to illustrate our
method of constructing a gate graph.)

We made some choices in designing this circuit-to-gate graph mapping that may seem arbitrary (e. g.,
we chose to place boundary gadgets in each row except the first). We have tried to achieve a balance
between simplicity of description and ease of analysis, but we expect that other choices could be made to
work.
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j=0 j=1 Jj=2 j=3 j=4 Jj=5
i=1 —p—
—=
()
Jj=0 Jj=1 j=2 Jj=3 j=4 J=5
i=1 [0r—] ] lemy ] [O—
=2 | Bnd — —— Bnd
—3 — — — —
= Bnd — — Bnd
(B)
Jj=0 j=1 j=2 j=3 j=4 J=3
i=1 I% —— — U r—
=2 |Bnd —— —e—] 1Bnd
=3 | Bnd —— —— Bnd

©

Figure 7.1: Step-by-step construction of the gate diagram for Gy for the three-qubit example circuit
described in the text. (A) The gate diagram for G;. (B) Add edges in all rows except the first to obtain the
gate diagram for G,. (C) Add edges in the first row to obtain the gate diagram for G3. See the following
figure for the remainder of the construction.
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Bnd — —— Bnd
i=3 Bnd A LH% —— Bnd
0
(D)

Figure 7.1: Continuation of step-by-step construction. (D) Add self-loops to the boundary gadgets to
obtain the gate diagram for Gy (the diagram for G in this case differs from (D) by removing the self-loop
in column 5; this diagram is not shown).

7.2.1 Notation for Gy

We now introduce some notation that allows us to easily refer to a subset £ of the diagram elements in
the gate diagram for Gy.

Recall from Section 6 that each two-qubit gate gadget and each boundary gadget is composed of
32 diagram elements. This can be seen by looking at Figure 6.2(A) and Figure 6.3 and noting (from
Figure 6.1) that each move-together gadget comprises 6 diagram elements.

For each of the two-qubit gate gadgets in the gate diagram for Gy, we focus our attention on the
four diagram elements labeled 1—4 in Figure 6.2(A). In total there are 4M such diagram elements in the
gate diagram for Gx: in each column j € {1,...,M} there are two in row 1 and two in row s(j). When
U;j € {CNOT(;),CNOT ;) (H® 1) ,CNOT (; (HT @ 1)} the diagram elements labeled 1,2 are in row
1 and those labeled 3,4 are in row s(j); when U; = CNOT;); those labeled 1,2 are in row s(j) and those
labeled 3,4 are in row 1. We denote these diagram elements by triples (i, j,d). Here i and j indicate
(respectively) the row and column of the grid in which the diagram element is found, and d indicates
whether it is the leftmost (d = 0) or rightmost (d = 1) diagram element in this row and column. We define

Laates = {0, j,d) 1 i€ {1,5(j)}, j € [M], d € {0,1}} (7.6)

to be the set of all such diagram elements.
For example, in Figure 7.1 the first gate is

U; = CNOT}3,

so the gadget from Figure 6.2(A) (with U = 1) appears between rows 1 and 3 in the first column. The
diagram elements labeled 1,2,3,4 from Figure 6.2(A) are denoted by (1,1,0),(1,1,1),(3,1,0),(3,1,1),
respectively. The second gate in Figure 7.1 is U, = CNOT31, so the gadget from Figure 6.2(B) (with
U = 1) appears between rows 2 and 1; in this case the diagram elements labeled 1,2,3,4 in Figure 6.2(A)
are denoted by (2,2,0),(2,2,1),(1,2,0),(1,2,1), respectively.
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We also define notation for the boundary gadgets in Gx. For each boundary gadget. we focus on
a single diagram element, labeled 4 in Figure 6.3. For the left hand-side and right-hand side boundary
gadgets, respectively, we denote these diagram elements as

Lin={(i,0,1): i€ {2,...,n}} (1.7)
Low = {(i,M+1,0): i€ {2,....n}}. (7.8)

Definition 7.3. Let £ be the set of diagram elements
L= Lin U Lgates U Lout
where Ly, Lgages, and Loy are given by equations (7.7), (7.6), and (7.8), respectively.

Finally, it is convenient to define a function F that describes horizontal movement within the rows of
the gate diagram for Gx. The function F takes as input a two-qubit gate j € [M], a qubiti € {2,...,n},
and a single bit and outputs a diagram element from the set £. If the bit is O then F outputs the diagram
element in row i that appears in a column 0 < k < j with k£ maximal (i. e., the closest diagram element in
row i to the left of column j):

(i,k,1) where 1 <k < jis the largest k such that s(k) = i, if it exists (7.9
(i,0,1)  otherwise. .

F(i,j,0) = {
On the other hand, if the bit is 1, then F outputs the diagram element in row i that appears in a column
Jj <k <M+ 1 with k minimal (i. e., the closest diagram element in row i to the right of column j).

Fli 1) = {(i,k,O) where j < k < M is the smallest k such that s(k) = j, if it exists (7.10)

(i,M+1,0) otherwise.

7.3 The occupancy constraints graph

In this section we define an occupancy constraints graph G%°. Along with Gy and the number of
particles n, this determines a subspace J(Gx, G5, n) C Z,(Gx) through equation (5.21). We will see in
Section 8 how low-energy states of the Bose-Hubbard model that live entirely within this subspace encode
computations corresponding to the quantum circuit Cy. This fact is used in the proof of Theorem 7.1,
which shows that the smallest eigenvalue A, (Gy, G¥*) of

H(Gx, %Cc,n) = H(Gx,l’l) ‘j(GX,G?(CC,ﬂ)
is related to the maximum acceptance probability of the circuit.

We encode quantum data in the locations of n particles in the graph Gy as follows. Each particle
encodes one qubit and is located in one row of the graph Gx. Since all two-qubit gates in Cx involve
the first qubit, the location of the particle in the first row determines how far along the computation has
proceeded. We design the occupancy constraints graph to ensure that low-energy states of H(Gx, G, n)
have exactly one particle in each row (since there are n particles and n rows), and so that the particles
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in rows 2,...,n are not too far behind or ahead of the particle in the first row. To avoid confusion, we
emphasize that not all states in the subspace J(Gy, G5, n) have the desired properties—for example,
there are states in this subspace with more than one particle in a given row. We see in the next section that
states with low energy for H(Gx,n) that also satisfy the occupancy constraints (i. e., low-energy states of
H(Gx,G%*,n)) have the desired properties.

We now define G¥°¢, which is a simple graph with a vertex for each diagram element in Gyx. Each
edge in Gy° places a constraint on the locations of particles in Gx. The graph Gy only has edges
between diagram elements in the set £ from Definition 7.3; we define the edge set E(G¥°) by specifying
pairs of diagram elements L;,L, € £. We also indicate (in bold) the reason for choosing the constraints.

1. No two particles in the same row. For each i € [n] we add constraints between diagram elements
(i,j,c) € L and (i,k,d) € £ in row i but in different columns, i.e.,

{(i,j,c),(i,k,d)} € E(GY*) whenever j #k. (7.11)

2. Synchronization with the particle in the first row. For each j € [M] we add constraints between
row 1 and row s(j):

{(1,;0),(s(j),k,d)} € E(GY*) whenever k 7 j and (s(j),k,d) # F(s(j), J,c)-
For each j € [M] we also add constraints between row 1 and rows i € [n]\ {1,s(j)}:

{(1,j,¢),(i,k,d)} € E(GX*) whenever (i,k,d) ¢ {F(i,,0),F(i,j,1)}.

8 Proof of Theorem 7.1

We write y(H) for the smallest nonzero eigenvalue of a positive semidefinite matrix H.

8.1 Strategy and outline of the proof

Theorem 7.1 bounds the smallest eigenvalue A, (Gx, G¥¢) of H(Gx, G, n). To prove the theorem, we
investigate a sequence of Hamiltonians starting with H(Gy,n) and H(Gy, G5¢,n) and then work our way
up to the Hamiltonian H(Gyx, G, n) by adding positive semidefinite terms.

For each Hamiltonian we consider, we solve for the nullspace and the smallest nonzero eigenvalue.
To go from one Hamiltonian to the next, we use the following “Nullspace Projection Lemma,” which was
used (implicitly) in reference [25]. The lemma bounds the smallest nonzero eigenvalue y(H, + Hp) of a
sum of positive semidefinite Hamiltonians H4 and Hp using knowledge of the smallest nonzero eigenvalue
Y(Ha) of Hy and the smallest nonzero eigenvalue y(Hp|s) of the restriction of Hp to the nullspace S of
Hy.
Lemma 8.1 (Nullspace Projection Lemma [25]). Let Hy,Hp > 0. Suppose the nullspace S of Hy is
non-empty and

Y(Hpls) >c¢>0  and  y(Hy)>d>0.

Then
cd

_ . 8.1
T d+||Hs| ®-D

Y(Ha + Hp) >
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We prove the lemma in Section A.1. When we apply this lemma, we are usually interested in an
asymptotic limit where ¢,d < ||Hg|| and the right-hand side of (8.1) is Q(cd/||Hg||).

Our proof strategy, using repeated applications of the Nullspace Projection Lemma, is analogous
to that of reference [19], where the so-called Projection Lemma was used similarly. Our technique has
the advantage of not requiring the terms we add to our Hamiltonian to have “unphysical” problem-size
dependent coefficients (it also has this advantage over the method of perturbative gadgets [19, 17]). This
allows us to prove results about the “physically realistic” Bose-Hubbard Hamiltonian. A similar technique
based on Kitaev’s Geometric Lemma was used in reference [13] (however, that method is slightly more
computation intensive, requiring a lower bound on y(Hpg) as well as bounds on y(H,) and y(Hg|s)).

8.1.1 Adjacency matrices of the gate graphs

We begin by discussing the graphs
Gla GZ, G37 G47 GX

(as defined in Section 7; see Figure 7.1) in more detail and deriving some properties of their adjacency
matrices.

The graph G| has a component for each of the two-qubit gates j € [M], for each of the boundary
gadgets i = 2,...,n in column 0, and for each of the boundary gadgets i = 2,...,n in column M+ 1. In

other words
n M n
G = (U Gbnd> U (U GUJ-> U (U Gbnd> . (8.2)
=2 i=1 =2

left boundary two-qubit gates  right boundary

We use our knowledge of the adjacency matrices of the components Gpng and Gy, to understand the
ground space of A(G1). Recall (from Section 6) that the smallest eigenvalue of A(GU ) is

61:—1—3\/5

(with degeneracy 16) which is also the smallest eigenvalue of A(Gypng) (With degeneracy 4). For each
diagram element L € £ and pair of bits z,a € {0,1} there is an eigenstate [p%,) of A(G;) with this
minimal eigenvalue e;. In total we get sixteen eigenstates

p2a). 10t ). 10t Iptd ). zae{0.1),
for each two-qubit gate j € [M], four eigenstates
pla™), zac oy,
for each boundary gadget i € {2,...,n} in column 0, and four eigenstates
\p(l M O)>, z,a € {0,1},
for each boundary gadget i € {2,...,n} in column M + 1. The set

{Ipf,): z,a€{0,1}, Le L}
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is an orthonormal basis for the ground space of A(Gj).
We write the adjacency matrices of G, G3, G4, and Gx as

A(Gz) :A(Gl) +hy A(G4) :A(G3) + i hin,i
i=nj,+1
A(G3) =A(Gy) +hy A(Gx) =A(Gy) + hoy -

From step 3 of the construction of the gate diagram in Section 7.2, we see that i) and /; are both sums of
terms of the form

(lg:z.0) +14',2.1") (@ 211+ (d sz 1']) @ 15,

where h; contains a term for each edge in rows 2,...,n and h; contains a term for each of the 2(M — 1)
edges in the first row. The operators

hini =(i,0,1),1,7)((i,0,1),1,7|® 1 houwt = [(2,M +1,0),0,5)((2,M +1,0),0,5|® 1 (8.3)

correspond to the self-loops added in the gate diagram in step 4 of Section 7.2.
We prove that G, G2, G3, G4, and Gy are ej-gate graphs.

Lemma 8.2. The smallest eigenvalues of G, G>,G3,G4 and Gx are

1(G1) = u(G2) = pu(Gs3) = u(Gs) = u(Gx) = e .

Proof. We showed in the above discussion that (t(Gy) = e;. The adjacency matrices of G,, G3, Gy,
and Gy are obtained from that of G by adding positive semidefinite terms (A1, ha, hin ;, and hoy, are all
positive semidefinite). It therefore suffices to exhibit an eigenstate |p) of A(G) with

hilp) = h2|p) = hinilp) = how|p) =0

(for each i € {nj, + 1,...,n}). There are many states |p) satisfying these conditions; one example is
1,1,0
p) =1p65"")
which is supported on vertices where A1, ha, hiy i, and hoye have no support. O

8.1.2 Building up the Hamiltonian

We now outline the sequence of Hamiltonians considered in the following sections and describe the
relationships between them. As a first step, in Section 8.2 we exhibit a basis B,, for the nullspace of
H(G1,n) and we prove that its smallest nonzero eigenvalue is lower bounded by a positive constant. We
then discuss the restriction

H(G,Gx*,n) =H(Gi, (8.4)

n) ‘J(Gl G )

in Section 8.3, where we prove that a subset Biega1 C B, is a basis for the nullspace of (8.4), and that its
smallest nonzero eigenvalue is also lower bounded by a positive constant.
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For the remainder of the proof we use the Nullspace Projection Lemma (Lemma 8.1) four times,
using the decompositions

H(G2,Gx*\n) = H(G1,G¥*,n) + Hily g, g (8.5)
H(G3, G5 \n) = H(G2, G¥*,n) + Hay g, e (8.6)
((;14’(;0“37 ) ((;37 OCC’ + Z Hlnt‘ 9(G4, G ) (87)
i=njn+1
H(Gy, G¥*.n) = H(Ga, GF*n) + Houly 6, e (8.8)
where
- () C () - () - ()
= Z h] ) Hin,i = Z hil’l,i 9 HZ - Z h2 9 H()u[ - Z hout
w=1 w=1 w=1 w=1

are all positive semidefinite, with Ay, hy,hin i, houe as defined in Section 8.1.1. Note that in writing
equations (8.5), (8.6), (8.7), and (8.8), we have used the fact (from Lemma 8.2) that the adjacency
matrices of the graphs we consider all have the same smallest eigenvalue e¢;. Also note that

j(Gia ?{CCa )_j(GXvGocca )

for i € [4] since the gate diagrams for each of the graphs Gi,G»,G3,G4 and Gy have the same set of
diagram elements.

Let Sk be the nullspace of H(Gy, G5, n) for k = 1,2,3,4. Since these positive semidefinite Hamilto-
nians are related by adding positive semidefinite terms, their nullspaces satisfy

S4 C 83 C 8 €8 CI(Gx,Gx*,n).

We solve for S| = span(Blegal) in Section 8.3 and we characterize the spaces S5, S3, and S4 in Section 8.5
in the course of applying our strategy.

For example, to use the Nullspace Projection Lemma to lower bound the smallest nonzero eigenvalue
of H(G2,G%*,n), we consider the restriction

(H1 |J<Gz,c;can>> ‘ 5 M s, (8.9)

We also solve for S», which is equal to the nullspace of (8.9). To obtain the corresponding lower bounds
on the smallest nonzero eigenvalues of H(Gy, G, n) for k =2,3,4 and H(Gx,GY*,n), we consider
restrictions ;
Hz\sz, | ) Hin’i\&, and Hout}54 .
i=njp+1

Analyzing these restrictions involves extensive computation of matrix elements. To simplify and organize
these computations, we first compute the restrictions of each of these operators to the space S;. We present
the results of this computation in Section 8.4; details of the calculation can be found in Section A.3. In
Section 8.5 we proceed with the remaining computations and apply the Nullspace Projection Lemma
three times using equations (8.5), (8.6), and (8.7). Finally, in Section 8.6 we apply the lemma again using
equation (8.8) and we prove Theorem 7.1.
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8.2 Configurations

In this section we use Lemma 2.4 to solve for the nullspace of H(G1,n), i. e., the n-particle frustration-free
states on G;. Lemma 2.4 describes how frustration-free states for G are built out of frustration-free states
for its components.

To see how this works, consider the example from Figure 7.1(A). In this example, with n = 3, we
construct a basis for the nullspace of H(G1,3) by considering two types of eigenstates. First, there are

frustration-free states
L L Ls

Sym(|pz; a ) |Pzar) |Pza)) (8.10)
where L = (ix, ji,dx) € £ belong to different components of G;. That is to say, j,, # j, unless j, = j; €
{0,5}, in which case i,, # i; (in this case the particles are located either at the left or right boundary, in
different rows of G). There are also frustration-free states where two of the three particles are located in
the same two-qubit gadget J € [M] and one of the particles is located in a diagram element L; from a
different component of the graph. These states have the form

Sym(’Tz{,al,Q,@> ‘sz31,a3>) (81 1)
where
1 ‘ 1
J _ (LJ,0)y | ~(s(J).1,0) (LI1)y | 4 (s(J).J,1)
Tzum@z;az> - \Tz |le ,aq >|Pz2,a2 > + ﬁx] "ng{,o’l} UJ(al)leCz,lez ‘Px] ,ai >|Px2,a2 > (8-12)

and L; = (i, j,k) € L satisfies j # J (using Lemma 6.3 and also the fact that the controlled-not gate is
real for the case Uy = CNOT; ;).

Each of the states (8.10) and (8.11) is specified by 6 “data” bits z1,22,23,a1,a2,a3 € {0,1} and a
“configuration” indicating where the particles are located in the graph. The configuration is specified
either by three diagram elements L, L,, L3 € £ from different components of G or by a two-qubit gate
J € [M] along with a diagram element L; € £ from a different component of the graph.

We now define the notion of a configuration for general n. Informally, we can think of an n-particle
configuration as a way of placing n particles in the graph G subject to the following restrictions. We first
place each of the n particles in a component of the graph, with the restriction that no boundary gadget
may contain more than one particle and no two-qubit gadget may contain more than two particles. For
each particle on its own in a component (i. e., in a component with no other particles), we assign one of
the diagram elements L € £ associated to that component. We therefore specify a configuration by a set
of two-qubit gadgets Ji,...,Jy that contain two particles, along with a set of diagram elements L; € £
that give the locations of the remaining n — 2Y particles. We choose to order the Js and the Ls so that
each configuration is specified by a unique tuple (Ji,...,Jy,Li,...,L,_2y). For concreteness, we use
the lexicographic order on diagram elements in the set £: Ly = (ia, ja,da) and Lg = (ip, jp,dp) satisfy
Ly < Lg iff either iy < ip, or iy = ig and js < jp, or (i, ja) = (i, jp) and dy < dp.

Definition 8.3 (Configuration). An n-particle configuration on the gate graph G is a tuple

(i, Jy L1, L_ay)
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Figure 8.1: Diagrammatic depictions of configurations for the example where G, is the gate graph
from Figure 7.1(A). The figures show the locations of each of the three particles in the gate graph.
The symbol * indicates a single-particle state and the symbol © indicates a two-particle state. (A)

((1,1,1),(2,2,0),(3,3,0)). (B) (2,(3,1,1)). (c) ((1,1,1),(2,0,1),(3,3,0). (D) (3,(2,0,1)). (E)
((1,3,0),(2,2,1),(2,4,0)). (F) ((1,1,1),(2,2,0),(3,5,0)). The examples in (A), (B), and (C) show
legal configurations whereas the examples in (D), (E), and (F) are illegal, as defined in Section 8.3 .

withY € {0,...,|n/2]}, ordered integers
I<©hi<h<---<Jy<M,
and lexicographically ordered diagram elements
Li<L,<---<L, oy, Ly = (ix, jx,dx) € L.
We further require that each Ly is from a different component of Gy, i.e.,
Jw=Jj = Jjwe{0,M+1}andi, #i,
and we require that j, # J, forallu € [n—2Y] and v € [Y].

In Figure 8.1 we give some examples of configurations (for the example from Figure 7.1(A) with
n = 3) and we introduce a diagrammatic notation for them.
For any configuration and n-bit strings Z and d, there is a state in the nullspace of H(G,n), given by

Sym(| T ). | T )|pk ). |pLearyy, (8.13)

21,d1,22,42 22y —1,42y — 1,22y ,d2y 22Y+1,42Y +1 Znydn
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The ordering in the definition of a configuration ensures that each distinct choice of configuration and
n-bit strings 7,d gives a different state.

Definition 8.4. Let B, be the set of all states of the form (8.13), where (J1,...,Jy,Li,...,L,—2y) is a
configuration and Z,d € {0,1}".

Lemma 8.5. The set B, is an orthonormal basis for the nullspace of H(Gy,n). Furthermore,
Y(H(G1,n)) = Ko (8.14)
where Ko € (0, 1] is an absolute constant.

Proof. Each component of G| is either a two-qubit gadget or a boundary gadget (see equation (8.2)).
The single-particle states of A(G;) with energy e; are the states |pZ,) for L € £ and z,a € {0,1}, as
discussed in Section 8.1.1. Each of these states has support on only one component of G. In addition,
G has a two-particle frustration-free state for each two-qubit gadget J € [M] and bits z,a, x, b, namely
Sym(\TZ{WJ))). Furthermore, no component of G; has any three- (or more) particle frustration-free states.
Using these facts and applying Lemma 2.4, we see that B, spans the nullspace of H(G,n).

Lemma 2.4 also expresses each eigenvalue of H(G1,n) as a sum of eigenvalues for its components.
We use this fact to obtain the desired lower bound on the smallest nonzero eigenvalue. Our analysis
proceeds on a case-by-case basis, depending on the occupation numbers for each component of G; (the
values Ni,...,N; in Lemma 2.4).

First consider any set of occupation numbers where some two-qubit gate gadget J € [M] contains 3
or more particles. By Lemma 2.3 and Lemma 2.4, any such eigenvalue is at least 7L31 (Gy,), which is a
positive constant by Lemma 6.3. Next consider a case where some boundary gadget contains more than
one particle. The corresponding eigenvalues are similarly lower bounded by 7(21 (Gbnd)» Which is also a
positive constant by Lemma 6.4. Finally, consider a set of occupation numbers where each two-qubit
gadget contains at most two particles and each boundary gadget contains at most one particle. The
smallest eigenvalue with such a set of occupation numbers is zero. The smallest nonzero eigenvalue is
either

Y(H(Gy,,1)), Y(H(Gy,,2)) for some J € [M], or Y(H(Gpnd, 1)) -

However, these quantities are at least some positive constant since H(Gy,, 1), H(Gy;,,2), and H(Gpng, 1)
are nonzero constant-sized positive semidefinite matrices.

Now combining the lower bounds discussed above and using the fact that, for each J € [M], the
two-qubit gate U, is chosen from a fixed finite gate set (given in (7.3)), we see that y(H(Gy,n)) is lower
bounded by the positive constant

min{A (Gy), A (Gpna), Y(H(Gy, 1)), Y(H(Gy,2)),¥(H(Gpna, 1)) : U is from the gate set (7.3)}.
(8.15)
The condition Ky < 1 can be ensured by setting K to be the minimum of 1 and (8.15). ]

Note that the constant K can in principle be computed using (8.15): each quantity on the right-hand
side can be evaluated by diagonalizing a specific finite-dimensional matrix.
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8.3 Legal configurations

In this section we define a subset of the n-particle configurations that we call legal configurations, and
we prove that the subset of the basis vectors in B,, that have legal configurations spans the nullspace of
H(Gy,G%*,n).

We begin by specifying the set of legal configurations. Every legal configuration

(Ji,-- -y, Li, .o Lynoy)
has Y € {0, 1}. The legal configurations with ¥ = 0 are

((lajvdl)aF(zaj7d2) (3 J7d3) (I’l Jrdn )) (8.16)

where j € [M] and where d = (d,,...,d,) satisfies d; € {0,1} and d) = d(j)- (Recall that the function F,
defined in equations (7.9) and (7.10), describes horizontal movement of particles.) The legal configurations
withY =1 are

(]7F(27]7d2>a7F(s(.]>_17.]7ds(j)—l) F(S(J)+1 ]>d() ) F(n .]adn)) (8.17)

where j € {1,...,M} and d; € {0,1} fori € [n]\ {1,s(j)}. Although the values d; and d ;) are not used
in equation (8.17), we choose to set them to

di = dyj) =2

for any legal configuration with Y = 1. In this way we identify the set of legal configurations with the set
of pairs j,d with j € [M] and
d= (d17d27d37" . 7dn)

satisfying
di :ds(j) S {0, 1,2} and d; € {0, 1} for i ¢ {1,S(j)}.

The legal configuration is given by equation (8.16) if di = dy(;, € {0,1} and equation (8.17) if d| =
dy(j) = 2.

The examples in Figures 8.1(A), (B), and (C) show legal configurations whereas the examples
in Figures 8.1(D), (E), and (F) are illegal. The legal examples correspond to j =1, d = (1,1,1);
j=2,d= (2,2,0); and j =1, d= (1,0,1), respectively. We now explain why the other examples
are illegal. Looking at (8.17), we see that the configuration (3,(2,0,1)) depicted in Figure 8.1(D)
is illegal since F(2,3,0) = (2,2,1) # (2,0,1) and F(2,3,1) = (2,4,0) # (2,0,1). The configuration
in Figure 8.1(E) is illegal since there are two particles in the same row. Looking at equation (8.16),
we see that the configuration ((1,1,1),(2,2,0),(3,5,0)) in Figure 8.1(F) is illegal since (3,5,0) ¢
{F(3,1,0),F(3,1,1)} ={(3,0,1),(3,3,0)}.

We now identify the subset of basis vectors Biegas C B, that have legal configurations. We write each
such basis vector as

Jydh) i,j,d;)
sym (|p/4") ®\pz,, ) dy =dy €{0,1}
|j,J,z,Ei> = i,j,d;) (818)
Sym ( Z1,81,Zs(j) 54s( ) ® |le 1] > dl = d‘(]) =2
1758( )
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where j, d specifies the legal configuration and Z,d € {0, 1}". (Note that the bits in 7 and d are ordered
slightly differently than in equation (8.13); here the labeling reflects the indices of the encoded qubits.)

Definition 8.6. Let
Bregal = {1j,d,2,d): j € [M], dy = dy;) € {0,1,2} and d; € {0,1} fori ¢ {1,s(j)}, Z,d € {0,1}"}
and Bijiegal = By \ Bittegal-

The basis B, = Biegal U Bijegal is convenient when considering the restriction to the subspace
J(Gy,G%¢,n). Letting Iy be the projector onto J(Gy,G¥*, n), the following lemma (proven in Sec-
tion A.2) shows that the restriction

HO‘span(Bn) (8.19)
is diagonal in the basis B,. The lemma also bounds the diagonal entries.
Lemma 8.7. Let Iy be the projector onto (G, G ¢, n). For any |j .d,zZ, @) € Biegal, we have
Mo|j.d,z,a) = j.d,%.d). (8.20)
Furthermore, for any two distinct basis vectors |@), |W) € Bijiegal, we have
255
I1 < — 8.21
(9ITTolo) < 220 8.21)
(¢|TTo|y) = 0. (8.22)

We use this lemma to characterize the nullspace of H(G1,G%¢,n) and bound its smallest nonzero
eigenvalue.

Lemma 8.8. The nullspace Sy of H(G1,G%¢,n) is spanned by the orthonormal basis Biega. Its smallest

nonzero eigenvalue is
Ko
H ¥ > — 8.23
where Ky € (0,1] is the absolute constant from Lemma 8.5.

Proof. Recall from Section 7.3 that

H(G1,Gx*,n) = H(G1,n) 3G, 63 n) -
Its nullspace is the space of states | k) satisfying

Ily|x) = |x) and H(Gi,n)|x) =0

(recall that ITj is the projector onto J(G, G, n), the states satisfying the occupancy constraints). Since
B, is a basis for the nullspace of H(G1,n), to solve for the nullspace of H(G1,G%*,n) we consider the
restriction (8.19) and solve for the eigenspace with eigenvalue 1. This calculation is simple because (8.19)
is diagonal in the basis B, according to Lemma 8.7. We see immediately from the lemma that Bjega
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spans the nullspace of H(G1,G%*,n); we now show that Lemma 8.7 also implies the lower bound (8.23).
Note that
Y(H(G1,Gx*,n)) = y(IoH (G, n)Ip).

Let ITjega and ITjjegar project onto the spaces spanned by Blegal and Bmegal respectively, s0 ITjegar + Iijtegal
projects onto the nullspace of H(G,n). The operator inequality

H(Gy,n) > y(H(G1,n)) - (1 — Miegal — Minegar)
implies
IIoH (G1,n)Iy > y(H(G1,n)) - To(1 — iegal — Mitiega) 110 -

Since the operators on both sides of this inequality are positive semidefinite and have the same nullspace,
their smallest nonzero eigenvalues are bounded as

Y(IoH(G1,n)Iy) > Y(H(G1,n)) - Y(To(1 — Miegar — Mitiegal)TTo) -
Hence
Y(H(Gla ?(CCW)) = Y(HOH(Gl7n)HO) > :KO : Y(HO(I - Hlegal - Hillegal)HO) (824)

where we used Lemma 8.5. From equations (8.21) and (8.22) we see that

255
Molg) =lg) and Muegal$)=1f)  —  (fledelf) < oo (825)
The nullspace of
ITo (1 — Miegar — Miiegar) o (8.26)

is spanned by
‘Blegal U {|T> : Ho‘T> =0}.

To see this, note that (8.26) commutes with Iy, and the space of +1 eigenvectors of Il that are annihilated
by (8.26) is spanned by Bjega (by Lemma 8.7). Any eigenvector |g;) corresponding to the smallest
nonzero eigenvalue of this operator therefore satisfies Ily|g1) = |g1) and ITjegar|g1) = 0, s0

Y(Io (1 — Tegat — Mintegal ) TTo) = 1 — (g1 Tijiegat| 81) > 756
using equation (8.25). Plugging this into equation (8.24) gives the lower bound (8.23). O
8.4 Matrix elements between states with legal configurations
We now consider
Hl|S17H2|S17Hin,i‘SlvHout|S1 (8'27)

where these operators are defined in Section 8.1.2 and

S1 = span(Biegar)
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is the nullspace of H(G/,GY*,n).

We specify the operators (8.27) by their matrix elements in an orthonormal basis for Sj. Although the
basis Biegal Was convenient in Section 8.3, here we use a different basis in which the matrix elements of
H, and H; are simpler. We define

j.dIn@),a) =Y, ((U;a(a))|j,d,%ad) (8.28)
xe{0,1}n

where
Uj_l(al)Uj_z(al)...Ul (al) ifd; € {0,2}

. (8.29)
Uj(al)Uj,l(al)...Ul(al) lfdlzl.

Uja (a1) = {

In each of these states the quantum data (represented by the X register on the right-hand side) encodes
the computation in which the unitary U, 4, (a1) is applied to the initial n-qubit state |Z) (the notation In(Z)
indicates that 7 is the input). The vector d is only relevant insofar as its first bit a¢; determines whether
or not each two-qubit unitary is complex conjugated; the other bits of @ go along for the ride. Letting
Z,ae€ {0,1}", j € [M], and

-

d=(dy,....d,) with di=dy;€{0,1,2} and d;e{0,1},i¢{1,5()},

we see that the states (8.28) form an orthonormal basis for S;. In Section A.3 we compute the matrix
elements of the operators (8.27) in this basis, which are reproduced below.

Roughly speaking, the nonzero off-diagonal matrix elements of the operator H; in the basis (8.28)
occur between states |j,d,In(Z),d) and |j,é,In(Z),d) where the legal configurations j,d and j,¢ are
related by horizontal motion of a particle in one of the rows i € {2,...,n}.

Matrix elements of H;

-l c=d
= | d; # c; for some i € [n]\ {1,s(j)}
=
<ka c, Il’l(f), b|H1 |],d,In(Z),Zz> = Bk,jsaj,(sf,f' lr#l n
a5 I S (c1,dr) €{(2,0),(0,2),(1,2),(2,1)}
r=2
r#s(Jj)
0 otherwise.

(8.30)

From this expression we see that H |s, is block diagonal in the basis (8.28), with a block for each
Z,d € {0,1}" and j € [M]. Moreover, the submatrix for each block is the same. In Figure 8.2 we illustrate
some of the off-diagonal matrix elements of H; |s, for the example from Figure 7.1.

Next, we present the matrix elements of H,.
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: IEIE@H IEIE@

Wy s

(a) (j,é,In(Z a|H1|J,d In(Z),d *64 herejfZandd (2,2,0) = ¢=(2,2,1).
BTy - pIBXES
: b B) (j,¢,In(Z a\Hl\j,d In(?),d f hereJ*Sandd (0,0,0) = ¢ = (2,0,2).

=0
BNBIE - pHETHe
) b (©) (j,¢,In(Z a\H]\]dIn f ;here j=1andd = (I,1,1) »¢=(2,1,2).

Figure 8.2: Examples of matrix elements of H; in the basis (8.28) of S;. The relevant matrix elements (as
indicated above) are computed using (A) the second case and (B), (C) the third case in equation (8.30).
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Matrix elements of H,

<ka Ev In(f),b|H2|],d,In(Z),5> = fdiag(dij)'6jAk5‘;.;554f5;._,j (831)
+ (fottdiag (€, ) - O j—1 + foft-diag (d, E,K) - §_1.)) 8,505
where
0 di=0and j=1,ordy=1and j=M
Jaiag(d,j) =13 15 di=2and j€{1,M} (8.32)
6—14 otherwise
and
64—1ﬁ (c15e50),drdy(j—1)) €{(2,0,0,0),(1,1,2,1)}
n 1
I = c1,¢4i),d1,dyi_y) = (1,0,0,1
foff—diag(c7d7]) = Hsdr:cr . 641¥ ( 1 S(]) 1 V(] 1)) ( ) (833)
(’:2 ) 128 (Clvcs(j)7d17ds(j71)) = (2717270)
ré{s(j—1),s(j)} .
0 otherwise.

This shows that Ha|s, is block diagonal in the basis (8.28), with a block for each Z,d € {0,1}". Also
note that (in contrast with H,) H, connects states with different values of j. In Figure 8.3 we illustrate
some of the off-diagonal matrix elements of H|s,, for the example from Figure 7.1.

Finally, we present the matrix elements of H;, ; (for i € {ni,+1,...,n}) and Hoy:

Matrix elements of Hi, ; For each ancilla qubit i € {nj, +1,...,n}, define
jmin,i = min {J € [M] : S(J) = l}

to be the index of the first gate in the circuit that involves this qubit (recall from Section 7 that we
consider circuits where each ancilla qubit is involved in at least one gate). The operator H;, ; is diagonal
in the basis (8.28), with entries

- - L j < jmini, zi=1, andd; =0
(.0 10, @lHini .4, 10(2),3) = {64 oo, 834

0  otherwise.

Matrix elements of Hyy Let jmax = max{j € [M]: s(j) =2} be the index of the last gate U;__ in the
circuit that acts between qubits 1 and 2 (the output qubit). Then

<k7 E, In(f) ) Z;|I_Iout‘j7 Ja In(z)7a> = 6j7k5ad"6gj;

<55;ng (@1)0)(0]2Uey (a1)[2) & j > jmax and dr = 1
0 otherwise.

(8.35)
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Wy s

g[8 - p IRy

—1,2,In(3),d|Ha|j,d,In(Z) fhere]—4andd (0,0,0) —» ¢=(2,0,2)

Eglﬁlﬁﬂﬁ' IEIE%

®) (j—1,¢,In(Z a|H2|],d In(Z here]—Sandd (2,1,2) »¢=(1,1,1)

f
S IP g - pletee,
© ( 2),d|H>|j,d,In(Z),d) = ¢y here j=3and d = (0,1,0) — &= (1,1,0)

S IEIRg - e TR,
- 5 ]
D) (j—1,¢,In(Z a|H2|j7d In(Z 128 shere j=2and d = (2,2,0) »¢=(2,1,2)

Figure 8.3: Examples of matrix elements of H; in the basis (8.28) of S;. The relevant matrix elements (as
indicated above) are computed using the (A), (B) first, (C) second, and (D) third cases in equation (8.33).
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8.5 From H(G,,G5*,n) to H(G4,GY*,n)
Define the (n — 2)-dimensional hypercubes
D] = {(d1,...,dy): di = dyjy = k, d; € {0, 1} fori € [n] \ {1,5(j)} }

for je{1,...,M} and k € {0,1,2}, and the superpositions

|Cubey (j,7,d)) NE=14j d In(Z),a)

-

de?)’

fork € {0,1,2}, j € [M], and Z,d € {0,1}". For each j € [M] and Z,d € {0,1}", let

. 1 Do 1 oo 1 o
|C(],Z,Cl)> = §|CUbCO(]7Zaa)> + §|CUbel(]7Zaa)> - E|CUb62(]’Z7a)>‘ (836)

We prove

Lemma 8.9. The Hamiltonian H(G», G, n) has nullspace S, spanned by the states
1C(Jj,Z,d))

for j€ M| and7Z,a € {0,1}". Its smallest nonzero eigenvalue is

Ko
H 0CC >

where Ko € (0, 1] is the absolute constant from Lemma 8.5.

Proof. Recall from the previous section that H;|s, is block diagonal in the basis (8.28), with a block for
each j € [M] and Z,d € {0,1}". That is to say, (k,&,In(%),b|H;|j,d,In(Z),a) is zero unless @ = b, k = J,
and 7 = X. Equation (8.30) gives the nonzero matrix elements within a given block, which we use to
compute the frustration-free ground states of Hj s, .

Looking at equation (8.30), we see that the matrix for each block can be written as a sum of n

commuting matrices: ("é/l)64 times the identity matrix (case 1 in equation (8.30)), n — 2 terms that each

flip a single bit i ¢ {1,5(j)} of d (case 2), and a term that changes the value of the “special” components
d) = ds(j) S {0, 1,2} (case 3). Thus
j.d, In(z),a>

<j7E7In(z)7Zi‘H1 ‘J?d_:In(z)75> =
<j,Z‘, In(Z),d

<j767 In(z)uzﬂHﬂip,iUvd_: IH(Z),C_D - Sci,d,-ﬂal H 6Cr,d,
rem]\{i}

1
a [(” - 1) + Z Hﬂip,i +Hspecial,j]
ie[n\{1,s(j)}

where
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and
1 (Clydl)6{(270)7(072)7(172)7(271)}

(j.&In(2),d Hypeciar j| j,d, In(Z),d) = { V2 andd, =c, for r € [n]\ {1,s(j)}
0 otherwise.

Note that these n matrices are mutually commuting, each eigenvalue of Hy;p; is =1, and each eigenvalue
of Hypecial,j 18 €qual to one of the eigenvalues of the matrix

1

V2

- o O

0 1
0 1],
10

which are {—1,0,1}. Thus we see that the eigenvalues of H;|s, within a block for some j € [M] and
Z,d € {0,1}" are

1
64<n_15 Y yi+w) (8.37)
i¢{1,s(j)}

where y; € £1 foreach i € [n]\ {1,s(j)} and w € {—1,0, 1}. In particular, the smallest eigenvalue within
the block is zero (corresponding to y; = w = —1). The corresponding eigenspace is spanned by the
simultaneous —1 eigenvectors of each Hyip; for i € [n]\ {1,5(j)} and Hypecial, ;- The space of simulta-
neous —1 eigenvectors of Hy;p; for i € [n]\ {1,s(j)} within the block is spanned by {|Cubeq(j,Z,4)),
|Cube; (j,Z,d)),|Cubea(j,Z,d))}. The state |C(j,Z,d)) is the unique superposition of these states that is a
—1 eigenvector of Hypecial,j. Hence, for each block we obtain a unique state |C(j,Z,d)) in the space S».
Ranging over all blocks j € [M] and Z,d € {0, 1}", we get the basis described in the lemma.

The smallest nonzero eigenvalue within each block is 1/64 (corresponding to y; = —1 and w = 0 in
equation (8.37)), so

1

Y(Hils,) = a (8.38)

To get the stated lower bound, we use Lemma 8.1 with H(G2, G, n) = Ha + Hp where
Hy=H(G1,Gx*",n),  Hp=Hilyc,cpm

(as in equation (8.5)), along with the bounds

X 1
VH) = 30 WHsls) =v(Hils) = o5, Hall < [Hall < i) =2n,

from Lemma 8.8, equations (8.9) and (8.38), and the fact that |4 || = 2 from (5.8). This gives

> Ko > Ko
~ 64Ky +256+2n-64-256 — 35000n

V(H(G2, Gx*,n))
where we used the facts that Ko <1 andn > 1. O
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For each Z,d € {0,1}" define the uniform superposition
1 M
[H(Z,a)) = —= ) 1C(j,2,a))
ik

that encodes (somewhat elaborately) the history of the computation that consists of applying either Ueg,
or Ug, to the state |Z). The first bit of d determines whether the circuit Cx or its complex conjugate is
applied.

Lemma 8.10. The Hamiltonian H(G3,G%*,n) has nullspace Sz spanned by the states
[H(Z,4))

forZ,d € {0,1}". Its smallest nonzero eigenvalue is

Ko
Y(H(G3,Gx*,n)) > 107202

where Ko € (0, 1] is the absolute constant from Lemma 8.5.

Proof. Recall that
H(G3’ 3)(007’1) = H<G27 ?(ccvn) +H2’J(G3,G§Cc7n)

with both terms on the right-hand side positive semidefinite. To solve for the nullspace of H(G3,G%¢,n),
it suffices to restrict our attention to the space

Sy =span{|C(j,Z,d)): j € [M], Z,da € {0,1}"} (8.39)

of states in the nullspace of H(G>,G%,n). We begin by computing the matrix elements of H, in the
basis for S, given above. We use equations (8.31) and (8.36) to compute the diagonal matrix elements:

oo caay ] Do o 1 . Do
<C (],Z,a) ’HZ,C(]7Z7Q)> :*<CUb60(‘]7Z, a)‘HZ‘CubGO(.LZva)) + *<Cllb61 (],z,a)>|H2|Cubel (],Z,d»
4 4

1
+ §<Cubez(j,2, d)|Hy|Cubes(j,Z,d)) (8.40)

1 1 .
O+t J=1
= tmetms JE{2....M—1} (8.41)
1 1 .
ﬁ+0+ﬁ j=M
:{fzg je{1,m}

28/ (8.42)
o4 ]6{2,7M—1}

In the second line we used equation (8.32). Looking at equation (8.31), we see that the only nonzero
off-diagonal matrix elements of H> in this basis are of the form
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for j € {2,...,M}, Z,d € {0,1}". To compute these matrix elements we first use equation (8.33) to
evaluate

(Cube,,(j—1,7,d)|H2|Cube,(},Z,d))

forv,w € {0,1,2} and j € {2,...,M}. For example, using the second case of equation (8.33), we get

(Cube; (j— 1,7, *)|H2|CUbeO (J,Z,d))
2n —— Y Y (0Tt d) (i1 & n(Z) @l j,d, In(Z), )

deD) zeDi™!
1 1 1
n=2 Z (=1 64 128
dE'DSZdSu,l):l

To go from the first to the second line we used the fact that, for each de Dé with dy(;_1) = 1, there is one
ce @{71 for which (j — 1,¢,In(2),d|Hz|j .d, In(Z),d) = 1/64 (with all other such matrix elements equal
to zero). This ¢ satisfies ¢; = ¢y(j_1) = 1 and ¢,(;) = 0, with all other bits equal to those of d, so

(_1)2?:1(Ci+df) = (=1)crtamFeg-nFditdgtdgy = _]

for each nonzero term in the sum.
We perform a similar calculation using cases 1, 3, and 4 in equation (8.33) to obtain

—mz (wv)=(1,0)
. . = (wv) €{(2,0),(1,2)}
ube,, (7 — a ube a)) = V2
(Cube,,(j — 1,7,d)|Hz|Cube,(j,7,d)) ‘_2;62 () = (2.2)

0 otherwise.
Hence
(C(j—1,Z,d)|Ha|C(j,Z,a))

1

= Z<Cub61 (j—1,Z,@)|Hz|Cubey (j,Z,d)) — T(Cubez( 1,Z,d)|H2|Cubey (j,Z,d))
1 1

+ §<Cubez (j—1,Z,@)|Hz|Cube; (j,7,d)) — 2\7<Cube1 (j— 1,Z,d)|Hz|Cube; (§,7,d))
B 1
128

Combining this with equation (8.42), we see that H|s, is block diagonal in the basis (8.39), with a block

THEORY OF COMPUTING, Volume 11 (20), 2015, pp. 491-603 559


http://dx.doi.org/10.4086/toc

ANDREW M. CHILDS, DAVID GOSSET, AND ZAK WEBB

for each pair of n-bit strings 7,d € {0, 1}". Each of the 2°" blocks is equal to the M x M matrix

1 -1 0 0 0

1 2 -1 0 0
1fo -1 2 -

12810 0o -1 0

2 1

0 0 0 -1 1

This matrix is just 1/128 times the Laplacian of a path of length M, whose spectrum is well known.
In particular, it has a unique eigenvector with eigenvalue zero (the all-ones vector) and its eigenvalue
gap is 2(1 —cos(x/M)) > 4/M?. Thus for each of the 22" blocks there is an eigenvector of Hy|s, with
eigenvalue 0, equal to the uniform superposition |H(Z,d)) over the M states in the block. Furthermore,
the smallest nonzero eigenvalue within each block is at least 1/(32M?). Hence

(8.43)

To get the stated lower bound on y(H(G3,G¥¢,n)), we apply Lemma 8.1 with
Hy = H(G27 ?(Cc>n) ’ Hp = H2‘3(G37G§°°,n) )

and

Ko
35000n°

1Hp|| < [|Hal| <nllha|| =20, (8.44)

(Hp) > >
1) = =32

’}/(HB|52) - ’Y(HZ‘Sz)

from Lemma 8.9, equation (8.43), and the fact that ||A;|| = 2 from (5.8). This gives

Ko
H G GOCC >
VH (G5, G5 m) 2 35 L 5, 3 35000m + 20(35000m) (32027)

> Xo > Ko 0

= M2n2(32+ 35000 + 70000 - 32) = 107M2n?
Lemma 8.11. The nullspace Ss of H(Ga,GY¢,n) is spanned by the states

|H (Z,d)) where Z=z2122...2, OO_....O (8.45)
forae{0,1}" and zi,...,z,, € {0,1}. Its smallest nonzero eigenvalue satisfies
Ko
V(G GE) 2 fopma

where Ko € (0, 1] is the absolute constant from Lemma 8.5.
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Proof. Using equation (8.34), we find
L7 Do 1 Co C oo
(C(k,x, b)|Hin,i|C(]7Z7a)> 6]( ]6)?z5" <<Cubeo(],z,a) ’Hin,i|CUbCO(]7Z7a)>

<Cubel( /,2,d)|Hin i|Cube (j,Z,))

m~m

(Cubey(j,Z,d)|Hin,i|Cubes(J,Z, a)>>

1.1 1.1 1 : :
§72T3 27272 J<Jmini

1
= 00295 (64%) ;1040 J = Jming
0+0+0 J > Jmin,i
foreach i € {mi,+1,...,n}. Hence
HED)| Y HadHGa) = 628, Y L (dmni=l Dys
) = in,i ) M 4 a’bi:nin-i-l 64 2 4 Zi, 1 -

Therefore

is diagonal in the basis {|H(Z,d)): Z,d € {0,1}"}. The zero eigenvectors are given by equation (8.45),
and the smallest nonzero eigenvalue is

n 1
7(. Y, Huilg > > et (8.46)

i=njp+1

since jmin; > 1. To get the stated lower bound we now apply Lemma 8.1 with

n

HA = H(G3,GOCC, ); HB = Z Hin,i}j(GA_G)o(cc n)
i=nin+1 T

and
Ko 1
H
= 107M2n2’ V(Hals,) = 256M

Y(Ha) > |Hpl| <n

Z hm l

i=njp+1

7

where we used Lemma 8.10, equation (8.46), and the fact that HZ S hin, l!
This gives

= 1 (from equation (5.7)).

Ko
H G 0CC >
VUH(Ga, G551 2 55605 T 107202 + n(256M) (1072 17)

Ko Ko
> > .
= (M3n3)(256 4 107 +256 - 107) = 10100313
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8.6 Completeness and soundness

We now finish the proof of Theorem 7.1. Using equation (8.35) we get

L7 . 1 C o C o
(C(k,%,D)|How|C(j,Z,d)) = 6,63 (4<Cubeo(],x,a)|H0ut]Cubeo(],z,a)>

1
+ Z<CUbel (jafa Zi) |H0ut| CUbel (jaf’ Ei)>
1 - oo
+2<Cubez(j,x,a)\Hom|Cubez(j,z,a)>>
885 i3 tiatar > e
oAb - - ) .
=1 (F|UE, (a1) (10)(0]2) Uey (a1)[2) S 0+ 1 +0 J = Jmax
0+0+0 J < Jmax
and
-7 - 1 : I -
(H(E,b) | Hou|H (2, @) = 83575577 (M = jmax + ) F|Ug (a1) (10){0]2) Ue (a1) [2)- (8.47)
For any ni,-qubit state |¢), define
F(¢.a)) = Y, ((Ee)|0)*" ") |3(Z,a)). (8.48)
ze{0,1}7

Note (from Lemma 8.11) that \JTC((}),ZJ')) is in the nullspace of H (G4, GY*,n).

8.6.1 Completeness
Suppose there exists an nj,-qubit state | W) such that AP(Cyx, |yiic)) > 1— (1/2X1), i.e.,
1

ik (8.49)

(Wi (01" U, [0) (02U, |y} [0)" " <
Then (letting 0 denote the all-zeros vector)

(F (Wwie, 0)|H (Gix, G, 1) [ F (Wi, 0))
= <:H:(Wwit76)|H<G47G?(CC7n) +H0ut‘j{(ll’wit76)>
- <%(Wwit76)|H0ut|g{(lllwita6)>

(M — jonax +3) (W O, [0) (01D [y} [0)" "

~128M
_ 1
= 2|

(using equations (8.47) and (8.48) to go from the second to the third line, and equation (8.49) in the last
line). Hence A4, (Gx, GS) < 1/21X1, establishing equation (7.1).
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8.6.2 Soundness

Now suppose AP(Cx,|¢)) < % for all normalized n,-qubit states |9), i.e.,

2 ,
<¢\<O|"*”"‘ng\0> (0)2Ue, |@)|0)""in > 3 for all normalized |¢) € (C?)*"n. (8.50)
Complex-conjugating this equation gives
2
<¢|*<0\”_”i"Ug;]0) (0|2U§X\¢>*|O>”_”i" > 3 for all normalized |¢9) € (C2)®"i“,

or equivalently (replacing |¢) with its complex conjugate),
2
<¢|<O|"*"1"Ug;:\0> (0]2U¢, |9)|0)" i > 3 for all normalized |¢) € (C?)®"n. (8.51)
Recall that Sy is the nullspace of H (G4, G, n) and consider the restriction

Hou, - (8.52)

We now show that the smallest eigenvalue of (8.52) is strictly positive. This implies that the nullspace
of H(Gx,G%¢,n) is empty, which can be seen from (8.8) since both terms in this equation are positive
semidefinite and Sy is the nullspace of the first term. We then use Nullspace Projection Lemma to lower
bound the smallest eigenvalue A, (Gy, G¥¢) of H(Gx, G5, n).

By Lemma 8.11, the states

1H(Z,d)) = |H(z122. .20, 00...0,@)), a@e{0,1}",Z€{0,1}"

n—nRin
are a basis for Sy and in this basis Hyy is block diagonal with a block for each @ € {0,1}", as can be seen

using equation (8.47):

(H(X,b)|How| H(Z,a)) = 6,3 128M

(M — jmax + 3) (FO]" " Ug, (a1)|0){0]2Uey (a1) )[0)" "

From equation (8.48) we can see that any normalized state that lives in the block corresponding to some
fixed d € {0,1}" can be written as |3 (¢,d)) for some normalized ni,-qubit state |¢). The smallest
eigenvalue of Hyyls, is therefore

(FE(0, &) | Houw| FC(6, &))

for some normalized ni,-qubit state |6) and some & € {0, 1}". Now

- > 1 - 1 . n—n; n—n;
(H(6,0)|Hout|H (0, 0t)) = W(M—]max—l- %)<9|<0| “‘ng(061)|0><0\2U@X(a1)\9>|0> in
1 2
= 336 3 (8:53)
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using equation (8.50) if oy = 0 and equation (8.51) if ¢y = 1. Since (8.53) is a lower bound on the
smallest eigenvalue within each block, the nullspace of Hyy|s, is empty and

1

> —
Y(HOUt|S4) - 384M

(8.54)

As noted above, the fact that this matrix has strictly positive eigenvalues implies the same property of
H(Gx,G%*,n),i.e.,
A, (Gx, G¥<) = y(H(Gx, G¥*,n)).

To lower bound this quantity we apply Lemma 8.1 with
HA = H(G47 ?(Ccvn) ) HB - HOUt‘J(GX,G‘)’(CC,n) )

and we use the bound (8.54) as well as

Ko
YD) 2 g0,

(from Lemma 8.11) and ||Hp|| < ||Hout|| < n||hout|| = n (using equation (8.3)). Applying the lemma gives

A, (Gx,G¥®) = y(H(Gx,G¥*<,n))
> Ko
= 10103 M3 1 384M Ko + n(101923 M3 ) (384M)
> Ko
= AMA(1010 1 384 + 1010- 384)
Ko
= 1083p4M4 "

Now choosing XK (the constant in the statement of Theorem 7.1) to be equal to Ko/10"? (recall Xy € (0, 1]
is the absolute constant from Lemma 8.5) proves equation (7.2). This completes the proof of Theorem 7.1.

9 XY Hamiltonian is QMA-complete

In this section we prove Theorem 2.9, showing that XY Hamiltonian is QMA-complete.

Proof. An instance of XY Hamiltonian can be verified by the standard QMA verification protocol for
the Local Hamiltonian problem [21] with one slight modification: before running the protocol Arthur
measures the magnetization of the witness and rejects unless it is equal to N. Thus the problem is
contained in QMA.

To prove QMA-Hardness, we show that the solution (yes or no) of an instance of Frustration-Free
Bose-Hubbard Hamiltonian with input G, N, € is equal to the solution of the instance of XY Hamiltonian
with the same graph G and integer N, with precision parameter €/4 and ¢ = Nu(G) + € /4.

We separately consider yes instances and no instances of Frustration-Free Bose-Hubbard Hamiltonian
and show that the corresponding instance of XY Hamiltonian has the same solution in both cases.
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Case 1: no instances

First consider a no instance of Frustration-Free Bose-Hubbard Hamiltonian, for which A)(G) > & + €.
We have

1/ . N
Ay(G) = ¢<>glzl>]?(c)<¢|HG Nu(G)|9) ©.1)
olo)=1

<  min HY —Nu(G 9.2
_¢<>§|Z\§N—(1G)<¢| ¢ —Nu(G)|¢) 9.2

= ‘¢>6mwitr;(G)<¢\OG—Nu(G)l¢> (9.3)

= 0y(G) —Nu(G) 94

where in the inequality we used the fact that Wy (G) C Zy(G). Hence
€
On(G) = Nu(G) + Ay(G) = Nu(G) + e+ > Nu(G) + 3,

so the corresponding instance of XY Hamiltonian is a no instance.

Case 2: yes instances

Now consider a yes instance of Frustration-Free Bose-Hubbard Hamiltonian, so 0 < lli,(G) < g3
We consider the case A, (G) = 0 separately from the case where it is strictly positive. If 11(G) =0
then any state |y) in the ground space of HY satisfies

(@1 Y (AG) —p(G)™ + Y (e — 1)]9) = 0.

1 kev

™=

w

Since both terms are positive semidefinite, the state |@) has zero energy for each of them. In particular, it
has zero energy for the second term, or equivalently, |¢) € Wy (G). Therefore

Mw(G)= mi HY —Nw(G)|¢) = mi 06— Nu(G)|¢) = By(G) — Nu(G),
v(G) |¢2§£1§;(1G)<¢| ¢ —Nuw(G)l¢) |¢2§%§(1G)<¢| ¢ —Nw(G)|9) = 6y(G) —Nu(G)

so Oy(G) = Nu(G), and the corresponding instance of XY Hamiltonian is a yes instance.

Finally, suppose 0 < A,\(G) < €. Then A}(G) is also the smallest nonzero eigenvalue of H(G,N),
which we denote by y(H(G,N)). (Here and throughout this paper we write y(M) for the smallest nonzero
eigenvalue of a positive semidefinite matrix M.) Note that A;(G) > 0 also implies (by the inequalities
(9.1)=(9.4)) that By (G) —Nu(G) > 0, so

65(G) —~Nu(G) =7 ((06 = N1(G)) |y )
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To upper bound Oy (G) we use the Nullspace Projection Lemma (Lemma 8.1). We apply this lemma
using the decomposition H(G,N) = H + Hp where

N
Hy =Y (i — 1)\ZN(G) ,  Hg=1) (A(G) —u(G)"™ ‘ZN(G) '
kev w=1

Note that H4 and Hp are both positive semidefinite, and that the nullspace S of Hy is equal the space
Whx (G) of hard-core bosons. To apply the lemma we compute bounds on y(Ha), ||Hp||, and y(Hg|s).
We use the bounds y(H,) = 2 (since the operators {7 : k € V} commute and have nonnegative integer
eigenvalues),

IH5]l < NJIA(G) — 1(G)]| < N(JA(G)|| +p(G)) < 2N||A(G)|| < 2KN < 2K*

(where we used the fact that ||A(G)|| is at most the maximum degree of G, which is at most the number
of vertices K), and

M=

Y(Hpls) = Y( (A(G) — u(G))™ ‘WN(G)>

w=1

Y ((OG —N[.L(G)) ‘th(G))
6n(G) —Nu(G).

Now applying the lemma, we get

- 2(6v(G) — Nu(G))
Ay(G) = Y(H(G,N)) = 2+ (6§(G) —Nu(G)) +2K*"

Rearranging this inequality gives

2(K*+1)

Ov(G) —Nu(G) < /IJ\II(G)%

< 4K*A4(G) < 4K*€

where in going from the second to the third inequality we used the fact that 1 < K? in the numerator
and A3 (G) < € < 1 in the denominator. Now using the fact (from the definition of Frustration-Free
Bose-Hubbard Hamiltonian) that € < 1/(4K), we get

v (G) < N(G) + 5

i.e., the corresponding instance of XY Hamiltonian is a yes instance. O

10 Proof of the Occupancy Constraints Lemma

In this section we prove the Occupancy Constraints Lemma.
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Lemma 10.1 (Occupancy Constraints Lemma). Let G be an e|-gate graph specified as a gate diagram
with R > 2 diagram elements. Let N € [R], let G°*° specify a set of occupancy constraints on G, and
suppose the subspace J(G,G°°,N) is nonempty. Then there exists an efficiently computable e;-gate
graph G with at most TR? diagram elements such that

1. If AL(G,G*) < a then A\ (GP) < %.

2. If A4(G,G) > bwith b € [0,1), then Ay (G") >

(13R)*

10.1 Definitions and notation

In this section we establish notation and we describe how the gate graph G" is constructed from G and
G°. We also define two related gate graphs G~ and G that we use in our analysis.

Let us first fix notation for the gate graph G and the occupancy constraints graph G°°. Write the
adjacency matrix of G as (see equation (5.4))

q| ®A go Jrhgc +hSG

\|M>a

where hec and hge are determined (through equations (5.6) and (5.5)) by the sets €Y and 89 of edges
and self-loops in the gate diagram for G, and where g is the 128-vertex graph from Figure 5.1. Recall
that the occupancy constraints graph G°*° is a simple graph with vertices labeled ¢ € [R], one for each
diagram element in G. We write

B6) < () = (s wye Rl )

for the edge set of G°°°.

Definition of G-

To ensure that the ground space has the appropriate form, the construction of G" is slightly different
depending on whether R is even or odd. The following description handles both cases.

1. Replace each diagram element ¢ € [R] in the gate diagram for G as shown in Figure 10.1, with
diagram elements labeled gin, gour and d(g,s) where ¢,s € [R] and g # s if R is even. Each node
(g,z,t) in the gate diagram for G is mapped to a new node new(q, z,7) as shown by the black and
grey arrows, i. e.,

in, 251 if t) is an input node
new(q,z,r) = 4 (Amf) Il (@,z.1)isan inpu (10.1)
(qouts2,t)  if (g,z,t) is an output node.

Edges and self-loops in the gate diagram for G are replaced by edges and self-loops between the
corresponding nodes in the modified diagram.
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d(q,q) is omitted if R is even

l q l qin . d(‘]vl)\ d(%z)\ d(q,RZ QOut\
Lo — LA D Fed H e

Figure 10.1: The first step in constructing the gate diagram of G~ from that of G is to replace each
diagram element as shown. The four input nodes (black arrow) and four output nodes (grey arrow) on the
left-hand side are identified with nodes on the right-hand side as shown.

tod(g,s)  ij(qs) wd(gs)  eijf(q.s) t0 €00(4:5) d(g,s) t0e01(49)
Y SR -
1 | 1 I 1 1 ]
tO d(s,q) _//‘;/\ &
to eio(q,s) to er1(q,s)
(A) {g,5} € E(G™°), g <s (®) {q.5} ¢ E(G*) ©

Figure 10.2: Edges and self-loops added in step 4 of the construction of the gate diagram of G~. When
{q,s} € E(G°*) with ¢ < s, we add two outgoing edges to ¢;;(g,s) as shown in (A). Note that if g > s
and {g,s} € E(G°°) then ¢;;(q,s) = eji(s,q). When {q,s} ¢ E(G°°) we add a self-loop and a single
outgoing edge from e;;(q,s) as shown in (B). Each diagram element d(qg, s) has eight outgoing edges
(four of which are added in step 4), as shown in (C).

2. Foreach edge {g1,92} € E(G°) in the occupancy constraints graph we add four diagram elements
of the type shown in Figure 5.2(C) (i. e., diagram elements corresponding to the identity). We refer
to these diagram elements by labels ¢;;(q1,¢2) with i, j € {0, 1}. For these diagram elements the
labeling function is symmetric, i.e., ¢;;(¢1,92) = €i(q2,q1) whenever {q1,g2} € E(G).

3. For each non-edge {q1,92} ¢ E(G°) with q1,¢> € [R] and q; # ¢» we add 8 diagram elements of
the type shown in Figure 5.2(C). We refer to these diagram elements as ¢;;(q1,¢2) and e;;(g2,q1)
with i, j € {0,1}; when {q1, 4>} ¢ E(G°*) the labeling function is not symmetric, i. e., €;;(q1,492) #
eji(g2,q1). If R is odd we also add 4R diagram elements labeled ¢;;(g,q) with i, j € {0,1} and
q € [R].

4. Finally, we add edges and self-loops to the gate diagram as shown in Figure 10.2. This gives the
gate diagram for G5.

The set of diagram elements in the gate graph for G~ is indexed by
LD = Qin UDU Eedges U Enon—edges U Qout (10-2)
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where

Oin={qin: q € [R]} (10.3)
D={d(q,s): q,s € [R] and g # s if R is even} (10.4)
Eedges = {eij(q,s) 11,7 €40,1}, {q,s} € E(G*°) and ¢ < s}
Enon-cdges = {€ij(q,s) 1 i,j € {0,1}, {q,s} ¢ E(G°°) and ¢ # s if R is even }
Qout = {qout : g € [R]}. (10.5)

The total number of diagram elements in G" is

|LD| = |Qin| + |D| + ’Eedges| + |En0n—edges| + |Q0ut’
{R+R2+4\E(G°°°)\ +4 (R —2|E(G")|) +R R odd

RER(R—1)+4|E(G)| +4(R(R—1)—2|E(G**)))+R R even

5R?>+2R—4|E(G**°)| Rodd
5R* —3R—4|E(G°°)| R even.

In both cases this is upper bounded by 7R? as claimed in the statement of the lemma. Write

AGY) = Y 11| ®A(g0) +hso + heo (10.6)

leLlH

where 87 and £V are the sets of self-loops and edges in the gate diagram for G".

We now focus on the input nodes of diagram elements in Qj, and the output nodes of the diagram
elements in Qqy. These are the nodes indicated by the black and grey arrows in Figure 10.1. Write
€% c &Y and 8° c 8™ for the sets of edges and self-loops that are incident on these nodes in the gate
diagram for G". Note that the sets £° and 8° are in one-to-one correspondence with (respectively) the
sets €9 and 8¢ of edges and self-loops in the gate diagram for G. The other edges and self-loops in G"
do not depend on the sets of edges and self-loops in G. Writing

§4=89\s0, eh =g\ e,

we have
hgo = hgo +hga , heo = heo +-hgn. (10.7)

Definition of G~

The gate diagram for G2 is obtained from that of G by removing all edges and self-loops attached to
the input nodes of the diagram elements in Qj, and the output nodes of the diagram elements in Qqy¢. Its
adjacency matrix is

AGY) =Y (1| ®A(g0) +hso + her - (10.8)

leLD

Note that G® = G” whenever the gate diagram for G contains no edges or self-loops.
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1
2
HT | 5
3
o <3
(A) (B)

Figure 10.3: An example (A) Gate diagram for a gate graph G and (B) Occupancy constraints graph G°°°.
In the text we describe how these two ingredients are mapped to a gate graph G™; the gate diagram for
G" is shown in Figure 10.4.

Definition of G

We also define a gate graph G with gate diagram obtained from that of G by removing all edges (but
leaving the self-loops). Note that G has a component for each diagram element / € L=, The components
corresponding to diagram elements without a self-loop (those with [ € = \Enon_edges) have adjacency
matrix A(go); those with a self-loop (I € Enon-cdges) have adjacency matrix A(go) +(1,1)(1,1|® 1, so

AGY) =Y 1) (1| ®A(go) + hga (10.9)
lelP
=) (Il @A(g0) + Y [1){I| @ (A(go) +[1,1)(1, 1]@1). (10.10)
lELD \Enon-edges leEn(m—edges

Example

We provide an example of this construction in Figure 10.3 (which shows a gate graph and an occupancy
constraints graph) and Figure 10.4 (which describes the derived gate graphs G, G, and G°).

10.2 The gate graph G©

We now solve for the eq-energy ground states of the adjacency matrix A(GO). Write g; for the graph with
adjacency matrix
A(g1) = A(go) + |1, 1)(1, 1[@1

(i.e., go with 8 self-loops added), so (recalling equation (10.10)) each component of G° is either goorg.
Recall from Section 5.1 that A(go) has four orthonormal e;-energy ground states |y, ,) with z,a € {0,1}.
It is also not hard to verify that the e;-energy ground space of A(g;) is spanned by two of these states
|Wo.q) for a € {0,1}. Now letting [w? ,) = |I)|y- ), we choose a basis W for the ¢;-energy ground space
of A(G®) where each basis vector is supported on one of the components:

W={|yl,):z,a€{0,1},1€ L7\ Enoncdges  U{|Wa) : @ € {0,1},1 € Enon-cdges } - (10.11)
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eoo(1,1) eor(1,1) eoo(1,3) eo1(1,3)

1 I 9
out
\

|
/

€00(2,3) e01(2,3)

|
out
\

l HT

/

610(2,2) 611(2,2) 610(2,3) 611(2,3)

eoo(3,1) eo1(3,1) e00(3,2) eo1(3,2) €00(3,3) e01(3,3)

|
out
N

&

er0(3,1) en1(3,1) e10(3,2) e11(3,2) e10(3,3) e11(3,3)

Figure 10.4: The gate diagram for G (only solid lines) and G" (including dotted lines) derived from the
example gate graph G and occupancy constraints graph G° from Figure 10.3. The gate diagram for G
is obtained from that of G by removing all edges (but leaving the self-loops).

THEORY OF COMPUTING, Volume 11 (20), 2015, pp. 491-603 571


http://dx.doi.org/10.4086/toc

ANDREW M. CHILDS, DAVID GOSSET, AND ZAK WEBB

The eigenvalue gap of A(G?) is equal to that of either A(go) or A(g;). Since go and g; are specific 128-
vertex graphs we can calculate their eigenvalue gaps using a computer; we get Y(A(go) —e1) =0.7785...
and Y(A(g1) —e1) = 0.0832.... Hence

Y(A(G®) —e1) >0.0832... > !

—. 10.12
3 (10.12)

The ground space of A(G®) has dimension

4 (5R?+2R—4|E(G*°)|) —2 (4R* — 8|E(G"™)|) R odd
4 (5R* —3R—4|E(G*)|) —2(4R(R—1) —8|E(G**°)|) Reven

{121?2 +8R Rodd

|W’ :4’LD‘ _Z‘Enon-edges} - {

(10.13)

12R2 —4R R even.

We now consider the N-particle Hamiltonian H(G®,N) and characterize its nullspace.

Lemma 10.2. The nullspace of H(G®,N) is

Jo = span{Sym(|yd' HwL ... |yl ) :|wi,) €W and q; # q; for all distinct i, j € [N]}
where W is given in equation (10.11). The smallest nonzero eigenvalue satisfies Y(H(G®,N)) > 1/300.

Proof. For the first part of the proof we use the fact that the basis vectors |V’ia> € W span the e;-
eigenspace of the component G1<> of G° corresponding to the diagram element [ € L™, i. e., the nullspace
of H (G?, 1). Furthermore, no component of G© supports a two-particle frustration-free state, i.e.,
lzl (g0) >0 and 121 (g1) > 0 (by Lemma 5.3). Now applying Lemma 2.4 we see that J,, is the nullspace
of H(G®,N). We also see that the smallest nonzero eigenvalue y(H (G, N)) is either A, (go), A (g1),
Y(H(go,1)), or y(H(g1,1)). These constants can be calculated numerically using a computer; they are

2 (g0) =0.0035..., A)(g1)=0.0185..., 7¥(H(go,1))=0.7785...,

and y(H(gi,1))=0.0832....
Hence |
YH(GY,N)) > min{2; (g0),43 (1), Y(H (g0, 1)), ¥(H (g1,1))} > 300"

10.3 The adjacency matrix of the gate graph G2

We begin by solving for the e;-energy ground space of the adjacency matrix A(G*). From equations
(10.8) and (10.9) we have
A(G?) =A(GY) +hen . (10.14)

Recall the e;-energy ground space of A(G?) is spanned by W from equation (10.11). Since hgs > 0 it
follows that A(G”) > e;. To solve for the ej-energy ground space of A(G”) we construct superpositions
of vectors from W that are in the nullspace of i . To this end we consider the restriction

heo | anvo) - (10.15)
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We now show that it is block diagonal in the basis W and we compute its matrix elements.
First recall from equation (5.6) that

hen = Y (|L,z.0)+|I,2.0)) ((Lzt|+ (2 /) @ 1. (10.16)
{(lvlaf)v(l'yz’,f’)}eﬁé

The edges {(I,z,1),(I',7,t')} € €* can be read off from Figure 10.1 and Figure 10.2, respectively
(referring back to Figure 5.2 for our convention regarding the labeling of nodes on a diagram element).
The edges from Figure 10.1 are

{(gin;2:1), (d(g,1),2,8")}, {(d( ), (d(q,3),21) )} ooy {(d(@,R),2,1), (qousr2,t')} (10.17)

with ¢ € [R] and (z,¢,t') = (0,7,3) or (1,5,1), and where d(q,q) does not appear if R is even (i.e.,
d(g,q—1) is followed by d(q,q+ 1)). The edges from Figure 10.2 are

{(d(%s)707 1) ) (600(%3)705(%*9)7 1)}’{(‘1(‘]75)7 173) ) (eIO(qas)va(%s)’ 1)}7 (10.18)
{(d<CI7S)7075> ) (601(6],S),(X(6],S), 1)}7 {(d<q7s)7 177> ) (ell(CIas)va(q’S)? 1)}

with ¢,s € [R] and g # s if R is even, and where

o(q5) 1 g>sand{q,s} € E(G")
7s - .
1 0 otherwise.

The set &2 consists of all edges (10.17) and (10.18).
We claim that (10.15) is block diagonal with a block W_ , ) €W of size

‘ W ‘ 3R+2 Rodd
(2.4) 3R—1 Reven

for each for each triple (z,a,q) with z,a € {0,1} and ¢ € [R]. Using equation (10.13) we confirm that
|W| = 4R ‘W(z,a,q) }, so this accounts for all basis vectors in W. The subset of basis vectors for a given
block is

Wieag = { W), [we) bU{|yeid*)): s € [R], 5 # q if R even}
u{\q/;*q”’;a xe{o,l},se[ ],s;«éqifReven}. (10.19)

Using equation (10.16) and the description of &2 from (10.17) and (10.18), one can check by direct
inspection that (10.15) only has nonzero matrix elements between basis vectors in W from the same
block. We also compute the matrix elements between vectors from the same block. For example, if R is
odd or if R is even and g # 1, there are edges {(¢in,0,7),(d(¢,1),0,3)},{(gin, 1,5),(d(g,1),1,1)} € .
Using the fact that |y! ) = |I)|y, ) where |y, ,) is given by (5.2) and (5.3), we compute the relevant
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matrix elements:
) d(g,1
AP

={ z,2|< ) (Igin 2',1) +1d(g,1),22')) ((gin, 21|+ (d(g, 1), 2, 1]) @ 1) i)
(#)e{(07.3).(15.1))

B )» (Yeal (1.0 1@ 1) [yea) = %'

(2,1,¢")€{(0,7,3),(1,5,1)}

Continuing in this manner, we compute the principal submatrix of (10.15) corresponding to the set
W(2a,q)- This matrix is shown in Figure 10.5(A). In the figure each vertex is associated with a state in
the block and the weight on a given edge is the matrix element between the two states associated with
vertices joined by that edge. The diagonal matrix elements are described by the weights on the self-loops.
The matrix described by Figure 10.5(A) is the same for each block.

For each triple (z,a,q) with z,a € {0,1} and q € [R], define |¢7,) to be

m+|ww+x$m4yoﬁé> W) = Weasl) ) + we)) if R odd,
W%(Mr%MﬂO%>IW“>WWDHWﬂEMm
(10.20)

Next we show that these states span the ground space of A(G”). The choice to omit d(g,q) for R even
ensures that |y?%) and |y?%") have the same sign in these ground states.

Lemma 10.3. An orthonormal basis for the e|-energy ground space of A(GA) is given by the states

{l92,): z,a€{0,1}, q € [R]}
defined by equation (10.20). The eigenvalue gap is bounded as

1

y(A(GA) —61) > (30R)2 :

(10.21)

Proof. The e;-energy ground space of A(G”) is equal to the nullspace of (10.15). Since this operator is
block diagonal in the basis W, we can solve for the eigenvectors in the nullspace of each block. Thus, to
prove the first part of the lemma, we analyze the W, , )| X [W/_ 4 4)| matrix described by Figure 10.5(A)
and show that (10.20) is the unique vector in its nullspace. We first rewrite it in a slightly different basis
obtained by multiplying some of the basis vectors by a phase of —1. Specifically, we use the basis

i d(q, e:0(q, e1(q, d(q, e
{lwin), =),y e, W), =), —lwes?), o v |

) 7 7

where the state associated with each vertex on one side of a bipartition of the graph is multiplied by —1;
these are the phases appearing in equation (10.20). Changing to this basis replaces the weight 1/8 on
each edge in Figure 10.5(A) by —1/8 and does not change the weights on the self-loops. The resulting
matrix is (1/8)Ly, where Ly is the Laplacian matrix of the graph shown in Figure 10.5(B). Now we use
the fact that the Laplacian of any connected graph has smallest eigenvalue zero, with a unique eigenvector
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)
=
=

e:0(q,1) e:0(q,2) e:0(q:R)
|Wa€q>1)7a> |Wa€q>2)7a> |W0t(q>R),a>
(AR
1/8 1/8 1/8
1/2 1/2 1/2
]/8 1/8
1/8 1/8 1/8
i) Cn % : % R e vt
i) Jyid?) ™)
l/g l/g 1/8
| /80 O | /0
’ 2 R
weal) ygad) e
(A) The matrix h§|span(W) is block diagonal in the basis W, with a block W, , ) for each

z,a € {0,1} and g € {1,...,R}. The states involved in a given block and the matrix elements
between them are depicted.

R (for R odd) or R — 1 (for R even)

® ® ®
® L 4 L 4 — @
o [} [ J

(B) After multiplying some of the basis vectors by —1, the matrix
depicted in (A) is transformed into 1/8 times the Laplacian matrix
of this graph.

Figure 10.5

THEORY OF COMPUTING, Volume 11 (20), 2015, pp. 491-603 575


http://dx.doi.org/10.4086/toc

ANDREW M. CHILDS, DAVID GOSSET, AND ZAK WEBB

equal to the all-ones vector. Hence for each block we get an eigenvector in the nullspace of (10.15)) given
by (10.20). Ranging over all z,a € {0,1} and ¢ € [R] gives the claimed basis for the e;-energy ground
space of A(G*).

To prove the lower bound, we use the Nullspace Projection Lemma (Lemma 8.1) with

Hy=A(G") —ey, Hg = hes

and where S = span(W) is the nullspace of H4 as shown in Section 10.2. Since it is block diagonal in the
basis W, the smallest nonzero eigenvalue of (10.15) is equal to the smallest nonzero eigenvalue of one of
its blocks. The matrix for each block is %Lo. Thus we can lower bound the smallest nonzero eigenvalue
of Hp|s using standard bounds on the smallest nonzero eigenvalue of the Laplacian L of a graph G. In
particular, Theorem 4.2 of reference [26] shows that

YL) > t . 1
[V(G)|diam(G) ~ |[V(G)|?

(where diam(G) is the diameter of G). Since the size of the graph in Figure 10.5(B) is either 3R — 1 or
3R+ 2, we have

(Hals) = ~(Lo) > +— :
VBl = 10 = 3 3r 12 = 32R2

since R > 2. Using this bound and the fact that y(Hy) > 1/13 (from equation (10.12)) and ||Hp| =2
(from equation (5.8)) and plugging into Lemma 8.1 gives

1 1
11 1 1
A(GE) o) > 13 R > ) O
YAGT) —er) 2 L " (324 13+832)R  (30R)?

10.4 The Hamiltonian H(G*,N)

We now consider the N-particle Hamiltonian H(G*,N) and solve for its nullspace. We use the following

fact about the subsets W(Z,M) C W defined in equation (10.19).

Definition 10.4. We say W,
such that

and W, overlap on a diagram element if there exists [ € L”

21,41,41) 22,02,42)

|Wi1,b1> € W(Zl-,dl-,ql) and |Wi2,b2> € W(Zzﬂz,qz)
for some xy,x2,b1,b, € {0,1}.

Fact 10.5 (Key property of W(_, ). Sets W,
only if 1 = g2 or {q1,42} € E(G*).

y and W overlap on a diagram element if and

21,4191 22,02,42)

This fact can be confirmed by direct inspection of the sets W, ). If g1 = g2 = g the diagram
element / on which they overlap can be chosen to be [ = giy; if ¢1 # ¢2 and {q1,q2} € E(G°®) then

I =e:5(q1,92) = €z (92, q1).
Conversely, if {q1,g2} ¢ E(G°) with g; # ¢a, then there is no overlap.
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We show that the nullspace I of H(G”,N) is

9 = span{Sym([0, )92, . |09, )): 2 € (0,1}, s € [R). s # 7. and {gq;} ¢ E(G™)}.

(10.22)
Note that Jo C Zy(G*) is very similar to J(G,G°°,N) C Zy(G) (from equation (5.21)) but with each
single-particle state |yZ,) € Zy(G) replaced by |¢2,) € Zn(G™).

Lemma 10.6. The nullspace of H (GA,N ) is Ia as defined in equation (10.22). Its smallest nonzero

eigenvalue is
1

A
y(H(G"=,N)) > W

(10.23)

In addition to Fact 10.5, we use the following simple fact in the proof of the lemma.
Fact 10.7. Let |p) = c|og) + V1 —c2|ou) with (04| ot;) = &;j and ¢ € [0,1]. Then
P){(pl = o) (00| +M
where |M|| < 1—(3/4)c*.

To prove this fact, one can calculate

1 1
M) =5 (1 —c2)+§\/1 +2¢2 — 3¢t

and use the inequality /1 +x < 1+4x/2 forx > —1.

Proof of Lemma 10.6. Using equation (10.14) and the fact that the smallest eigenvalues of A(GO) and
A(G”) are the same (equal to e, from Section 10.2 and Lemma 10.3), we have

N
H(G*.N)=H(G*,N)+ ¥ nl") . (10.24)
w=1 Zn(G2)
Recall from Lemma 10.2 that the nullspace of H(G%,N) is J¢. We consider
N
Yy Al (10.25)
w=1 Iy

We show that its nullspace is equal to J5 (establishing the first part of the lemma), and we lower bound
its smallest nonzero eigenvalue. Specifically, we prove

N
(w) 1
7(2 Bgn ) > 9R)S (10.26)
w=1 Jo

Now we prove equation (10.23) using this bound. We apply the Nullspace Projection Lemma
(Lemma 8.1) with Hy and Hp given by the first and second terms in equation (10.24); in this case
the nullspace of Hy is S = J, (from Lemma 10.2). Now applying Lemma 8.1 and using the bounds
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Y(Ha) > 1/300 (from Lemma 10.2), |Hp|| < N ||h¢a|| = 2N < 2R (from equation (5.8) and the fact that
N < R), and the bound (10.26) on y(Hp|s), we find

1

1 1 1 1
H GA,N > 300(9R)° > ( ) —_ >
Y(H( ) = 00 s H2R ~ \99+300+600-9° ) K7~ (17R)’

To complete the proof we must establish that the nullspace of (10.25) is J» and prove the lower bound
(10.26). To analyze (10.25) we use the fact (established in Section 10.3) that (10.15) is block diagonal
with a block W, , .y C'W for each triple (z,a,q) with z,a € {0,1} and g € [R]. The operator (10.25)
inherits a block structure from this fact. For any basis vector

Sym(lyd, )W, ). [y, )) €3, (10.27)

we define a set of occupation numbers
N= {N(x7b’r): x,be{0,1},re [R]}

where
N(x,b,r) = ’{J W/gfﬂ» € W(Xsb:’)}’ :

Now observe that (10.25) conserves the set of occupation numbers and is therefore block diagonal with a
block for each possible set N.

For a given block corresponding to a set of occupation numbers N, we write J (N) C Iy, for the
subspace spanned by basis vectors (10.27) in the block. We classify the blocks into three categories
depending on N.

Classification of the blocks of (10.25) according to N Consider the following two conditions on a set
N ={N@p,s): x,b€{0,1}, r € [R]} of occupation numbers:

(@) Nip,ry €1{0,1} forall x,b € {0,1} and r € [R]. If this holds, write (y;,c;,s;) for the nonzero
occupation numbers (with some arbitrary ordering), i.e., Ny, ., ;) = 1 fori € [N].

(b) The sets Wy, ., 5,y and Wy, .. ) do not overlap on a diagram element for all distinct i, j € [N].

We say a block is of type 1 if N satisfies (a) and (b). We say it is of type 2 if N does not satisfy (a). We
say it is of type 3 if N satisfies (a) but does not satisfy (b).

Note that every block is either of type 1, 2, or 3. We consider each type separately. Specifically, we
show that each block of type 1 contains one state in the nullspace of (10.25) and, ranging over all blocks
of this type, we obtain a basis for J5. We also show that the smallest nonzero eigenvalue within a block
of type 1 is at least 1/(32R?). Finally, we show that blocks of type 2 and 3 do not contain any states in
the nullspace of (10.25) and that the smallest eigenvalue within any block of type 2 or 3 is greater than
1/(9R)®. Hence, the nullspace of (10.25) is I and its smallest nonzero eigenvalue is lower bounded as
in equation (10.26).
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Type 1 Note (from Definition 10.4) that (b) implies g # r whenever
|W§7b> € Wiy and [ ,) € Wirseras))
for distinct i, j € [N]. Hence
J<> (N) - Span{sym(wlqllalﬂ 227a2> ’ zN aN>) S qi 7é qj and ’ngjﬂ,> € W(yj,c]-,s]')}
= Span{sym(‘wal,mH ZQ,(Z2> | zN,aN>) |1VZ_]7aj> (yj,cj,sj)}‘

From this we see that

{ (BR+2)¥ Rodd

N
dim(J ‘
ToN I—[l Oress1) (3R—1)" Reven.

We now solve for all the eigenstates of (10.25) within the block.
It is convenient to write an orthonormal basis of eigenvectors of the [W(_ , o) X [W(_ 4 )| matrix
described by Figure 10.5(A) as
’¢zq,a(u)> y uE Hw(z,a,q)u ) (10.28)

and their ordered eigenvalues as
0, <6, <...< G‘W(z,a,q)‘ .

From the proof of Lemma 10.3, the eigenvector with smallest eigenvalue 0, = 0 is |¢7,) = [¢Z,(1)) and
6, > 1/(32R?). For any uy,uz,...,uy € [[W,4|]. the state

Sym(| yl,cl( )>‘ yz,cz( )>’¢;11VVCN(MN)>)

is an eigenvector of (10.25) with eigenvalue Y2 =1 8;. Furthermore, states corresponding to different
choices of uy,...,uy are orthogonal, and ranging over all dim(J¢,(N)) choices we get every eigenvector
in the block. The smallest eigenvalue within the block is N8; = 0 and there is a unique vector in the
nullspace, given by

(10.29)

Sym(| y1c1>| )2,C2> | yNaCN>)

(recall |¢d,) = |¢/4(1))). The smallest nonzero eigenvalue of (10.25) within the block is
1
32R2
Finally, we show that the collection of states (10.29) obtained from all blocks of type 1 spans the
space Ja. Each block of type 1 corresponds to a set of occupation numbers

(N=1)6,+6, =06, >

N =N =N =1 (with all other occupation numbers zero)

V1,C1,51) V2,€2:82) YNSCNSSN)

and gives a unique vector (10.29) in the nullspace of H(G”,N). The sets Wiy,ers) @and W, oy do not
overlap on a diagram element for all distinct i, j € [N]. Using Fact 10.5 we see this is equivalent tos; #5;
and {s;,5;} ¢ E(G°®) for distinct i, j € [N]. Hence the set of states (10.29) obtained from of all blocks of
type 1 is

{Sym ‘ y1,61>| yz,cz> ’ )N CN>): Yi,Ci € {07 1}7 Si € [R]7 si 7 Sj {S,’,Sj} ¢ E(GOCC)}

which spans Ja.
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Type 2 If Nis of type 2 then there exist x,b € {0,1} and r € [R] such that Ny, ,) > 2. We show there
are no eigenvectors in the nullspace of (10.25) within a block of this type and we lower bound the smallest
eigenvalue within the block. Specifically, we show

(10.30)

N
1
min (K ") > .
ey |w; 1K) > (o)
First note that all |x) € I, satisfy (A(G®) —e;)™)|x) = 0 for each w € [N], which can be seen using
the definition of J, and the fact that W spans the nullspace of A(GO) — e1. Using this fact and equation

(10.14), we get

N (w)
i K‘|Zh€A|K i <K’WZ’](A(GA)_e1> ) . (10.31)
Now we use the operator inequality
N (w) N (w)
A(GP) —e >y A(GP) —e (1-1m2
£ (or-e) (£ (e -0) ") (1)
_ A N 1 N
= Y(A(G®) —e1) (1 I )> GoR? (1 I ) (10.32)

where IT* is the projector onto the nullspace of Zlv\v’: 1 (A(GA) —ej ) (W), and where in the last step we
used Lemma 10.3. Plugging equation (10.32) into equation (10.31) gives

1- %K) ) . 10.33
i (01 T 180> (s (1 (w1 1033

In the following we show that (x|TT®|k) = <K|HN |x) for all |k) € I, (N), where Hﬁ is a Hermitian
operator with

3/1\* 3
1||H§Hz4<4R> = T (10.34)

Plugging this into (10.33) gives

3 I
~ (30R)?-1024R* ~ (9R)6

min (K hy LK
IK) €96 (N |ZEA|

To complete the proof, we exhibit the operator Hﬁ and show that its norm is bounded as (10.34).
Using Lemma 10.3 we can write IT® explicitly as

n= Y %ca (10.35)
(Z,a,9)€Q
where
ZEi(} | 1a1>< 21 a1|®|¢Z2a2>< z2a2|® ®’¢ZNQN>< g\l/v,aN|

Q={(z1,---2n,a1,---,aN,q1,---,9N) * Zi»a; € {0,1} and ¢; € [R]}.
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For each (Z,d,§) € Q we also define a space

Siag = sPan(Wig, ay.41)) @SPan(Wiz, 4, 4)) @ -+ @ span(W(gy ay ) -

Note that Pz ; ) has all of its support in Sz 5 7), and that

) q)

Sizag) L S a4 for distinet (Z,d,q),(Z,d,q') € Q. (10.36)

a,q),(7,d,q) € Q. (Below we use similar reasoning to
is

Therefore Pz 4Pz a ) = 0 for distinct (Z,
a orthogonal to J¢, () unless

obtain a less obvious result.) Note that Pz 7
1{j: (zj,aj,q;) = (w,u,v) }| = Niyupy forallwue {0,1},ve[R]. (10.37)

We restrict our attention to the projectors that are not orthogonal to J¢,(N). Letting Q(N) C Q be the set
of (Z,d,q) satisfying equation (10.37), we have

Y Peaglc)=(k] Y Pgeaglx) forall k) €Io(N). (10.38)
(Z& G)eQ (Z,d,§)€Q(N)

Since N(, 5.,y > 2, note that in each term Pz 5 5) with (Z,d,q) € Q(N), the operator

10260 (92| © [055) (D]

appears between two of the N registers (tensored with rank-1 projectors on the other N — 2 registers).
Using equation (10.20) we may expand |¢; ) as a sum of states from W, .. This gives

1
|060)1955) = col Wi lwih) + (1= c5)* [ @)

where ¢ is either 1/(3R+2) (if Ris odd) or 1 /(3R — 1) (if R is even), and where [y} ) |y} ) is orthogonal
to |®7 ). Note that each of the states [¢],)|7,), [w,})|w;), and |®7 ,) lie in the space

span(W, . )) @ span(Wp )) - (10.39)
Now applying Fact 10.7 gives
|0 5)(Oci| @101 5) (D55 = cgl V) (W @ [l ) (Wi |+ My, (10.40)

where M} , is a Hermitian operator with all of its support on the space (10.39) and

3 3/ 1 \* 301
[ bH<1_CO_1_<3R+2> <1- 3Ry (10.41)

sinclze R > 2. For each (Z,d,q) € Q(N) we define :P](g,a,q) to be the operator obtained from Pz z) by
replacing

10060 (020 @ @) (D] = My,
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on two of the registers (if N(x b,r) > 2 there is more than one way to do this; we fix one choice for each
(Z,d,q) € Q(N)). Note that ﬂ’(a 27 has all of its support in the space Sz ; 7). Using (10.36) gives

Z,d,4)

pM ‘Pl(‘i’, 2 g) = 0 for distinct (Z,d,§), (Z,d,q) e QAN).

Zaq) @.d.4

Using equation (10.40) and the fact that
(k| (| Y (vl ) (| Yo (gl |2 ) k) =0 forall |x) € Jo(N) and distinct wy,w; € [N]
(which can be seen from the definition of J), we have
(K|Pzaglx) = (K\iP zag)lk)  forall [k) € Jo(N).

Hence, letting
A M
Iy = PGag (10.42)
(Z,d,)€Q(N)
we have (k|IT°|x) = <K"I—I§ |x) for all |x) € I (N). To obtain the desired bound (10.34) on the norm of

Hﬁ, we use the fact that the norm of a sum of pairwise orthogonal Hermitian operators is upper bounded
by the maximum norm of an operator in the sum, so

M
Y, Piag
(a.d)ea0)

301
= o max Hn»ﬂ“y_u Ll <1->—. (10.43)

Al
HHNH_ (2.d.)€Q (Z,d.q9) 4(4R)4

Type 3 If Nis of type 3 then N, ;, ) € {0,1} for all x,b € {0,1} and r € [R], and
N(y,c,s) = N(t,d,u) =1

for some (y,c,s) # (t,d,u) with either u = s or {u,s} € E(G°®) (using property (b) and Fact 10.5). We
show there are no eigenvectors in the nullspace of (10.25) within a block of this type and we lower bound
the smallest eigenvalue within the block. We establish the same bound (10.30) as for blocks of Type 2.

The proof is very similar to that given above for blocks of Type 2. In fact, the first part of proof is
identical, from equation (10.31) up to and including equation (10.38). That is to say, as in the previous
case we have

(k| Y, Peagle)=(xl Y = Pgagle) forall|k)eIo(N). (10.44)

(.d.)€Q (,3.3)€Q(N)

In this case, since Ny, ) = N; a4 = 1, in each term Pz 5 5 with (Z,d,q) € Q(N), the operator

q
‘¢;,c> <¢;,c‘ ® |¢tljd> <¢t’fd ’

appears between two of the N registers (tensored with rank 1 projectors on the other N — 2 registers).
Using equation (10.20) we may expand |¢y ;) and |¢;';) as superpositions (with amplitudes &1/+/3R+2
if Ris odd or £1/+/3R — 1 if R is even) of the basis states from W(y.e.s) and Wy, 4,y respectively. Since
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Wy.e.s) and W, 4,y overlap on some diagram element, there exists / € L5 such that |l//)€1 b1> €W
and |1//i2.b2> € W(; 4.4 for some x1,x2,b1,b2 € {0,1}. Hence

.C,5)

1
1951614 = co (1w, 5 Wk ) ) + (1= ) @32, )
where ¢y is either 1 /(3R+2) (if Ris odd) or 1/(3R— 1) (if R is even). Now applying Fact 10.7 we get

05 6) (Dl @ 10/0) (04 = cgl l//)lc.,bl ) (‘l’i. bl ® |‘V)€2,b2> <W)€2,b2’ +M;’Z;7d (10.45)

where

3/1\*
S,U

For each (Z,d,q) € Q(N) we define 9’1("2[ 4.5) o be the operator obtained from Pz ;

105,60 (8| @ (97 (9ral = My, 4

) by replacing

on two of the registers and we let Hﬁ be given by (10.42). Then, as in the previous case, (k|IT1°|x) =
<K\Hﬁ |x) for all |x) € Jo,(N) and using the same reasoning as before, we get the bound (10.34) on

HHJ% ||. Using these two facts we get the same bound on the smallest eigenvalue within a block of type 3
as the bound we obtained for blocks of type 2:

(1= o)) > L O

N
: (w)
min (x| } h./|x) >
ng e (OR)®

k) €70 (N) (30R)?

10.5 The gate graph G~

We now consider the gate graph G and prove Lemma 5.5. We first show that G is an e¢;-gate graph.
From equations (10.6), (10.7), and (10.8) we have

A(GP) =A(G?) + heo + hgo . (10.46)

Lemma 10.3 characterizes the e;-energy ground space of G and gives an orthonormal basis {l94): z,a €
{0,1}, g € [R]} for it. To solve for the e;-energy ground space of A(G"), we solve for superpositions of
the states {|¢7,)} in the nullspace of hgo + hgo.

Recall the definition of the sets £ and 8°. From Section 10.1, each node (g,z,¢) in the gate diagram
for G is associated with a node new(q,z,t) in the gate diagram for G" as described by (10.1). This
mapping is depicted in Figure 10.1 by the black and grey arrows. Applying this mapping to each pair of
nodes in the edge set €% and each node in the self-loop set 8¢ of the gate diagram for G, we get the sets
€9 and 8°. Hence, using equations (5.5) and (5.6),

hgo= Y. [new(q,z,1))(new(q,z,1)| @1 (10.47)
(g,2,t)€SY

heo = y (Inew(q,z,1)) + [new(q',2,1))) ({new(q,z,1)| + (new(q',2',t')|) ® 1. (10.48)
{(g.21),(¢' ') }e€C
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Using equation (10.20), we see that for all nodes (g¢,z,¢) in the gate diagram for G and for all
j€40,...,7}, x,b € {0,1}, and r € [R],

new(q,2,1), 167 ) = \/a{@imZJJWQZ,) if (¢,z,¢) is an input node
1t 1Y x b/ T .

(Gout 2,1, jlWi3r)  if (g,z,t) is an output node
= \/€008rg(2: 1, j| Wi p) (10.49)

where ¢ is 1/(3R+2) if Ris odd or 1/(3R— 1) if R is even, and where |y, ;) is defined by equations
(5.2) and (5.3). The matrix element on the left-hand side of this equation is evaluated in the Hilbert
space Z1(G") where each basis vector corresponds to a vertex of the graph G™; these vertices are labeled
(I,z,t,j) with1 € L”, 7€ {0,1},¢ € [8], and j € {0,...,7}. However, from (10.49) we see that

<neW(CI7Z7t)aj’¢;,b> =V <q,Z,l,j’ll/;’b> (10.50)
—_———
in 21 (GU) in Z1(G)

where the right-hand side is evaluated in the Hilbert space Z;(G).
Putting together equations (10.47), (10.48), and (10.50) gives

1
- Rodd
(02 lheo +hso |97 ,) = (Wi ylheo +hso i) - {3’2“ (10.51)
3R_1 R even

for all z,a,x,b € {0,1} and ¢, r € [R]. On the left-hand side of this equation, the Hilbert space is Z1(G");
on the right-hand side it is Z;(G).

We use equation (10.51) to relate the e;-energy ground states of A(G) to those of A(G"). Since G is
an e[-gate graph, there is a state

)= ) 0aglvls) € 21(G)

Z7a7q

that satisfies A(G)|I') = e;|I") and hence h¢o|T') = hgo|I') = 0. Letting

) = Y aglols) € 21(GY)

24,9

and using equation (10.51), we see that (I |go 4 hgo|T”) = 0 and therefore (I"|A(G")|I”) = ;. Hence
G is an e;-gate graph. Moreover, the linear mapping from Z(G) to Z{(G") defined by

(W) = 107a) (10.52)

maps each ej-energy eigenstate of A(G) to an e;-energy eigenstate of A(G").
Now consider the N-particle Hamiltonian H (G, N). Using equation (10.46) and the fact that both
A(G") and A(G”) have smallest eigenvalue e, we have

N
H(GD,N) = Z ]’lg() +h50 .
w=1 ZN(GD)
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Recall from Lemma 10.3 that the nullspace of the first term is Jo. The N-fold tensor product of the
mapping (10.52) acts on basis vectors of J(G,G°°,N) as

Sym([Wil o ) WEa) - (Wi ) = Sym([08:)1080,) - [04Yay)) (10.53)

where z;,a; € {0,1}, gi # q;, and {q;,q;} ¢ E(G°). Clearly this defines an invertible linear map between
the two spaces J(G,G°°,N) and Ia. Let |®) € I(G,G°°,N) and write |®) € I for its image under the
map (10.53). Then

—— Rodd
(heo+hse) ™) [@) -4 B2 % (10,54)
R R even

M=

N
(@ |H(G.N)|®) = (O] 1 (heo + ko)™ 1) = (0

w=1

where in the first equality we used the fact that |®') is in the nullspace J» of H(G”,N) and in the second
equality we used equation (10.51) and the fact that (¢a|¢;,) = (Wia|w],). We now complete the proof
of Lemma 5.5 using equation (10.54).
Case 1: Ay(G,G*°) <a.
In this case there exists a state |@) € J(G,G*°,N) satisfying
N
(O] Y (heo +hge)™ |©) <a
w=l1

From equation (10.54) we see that the state |@’) € Jx satisfies

a a
(@|H(G™,N)|0) < o < &
Case 2: Ay(G,G°¢) > b.
In this case
N
Av(G,Go) = ‘®>€j?(1;i720cc,N)<®]H(G, G*°,N)|@®) = @)63%120“ " w; heo +hse )™ @) > b
Now applying equation (10.54) gives
y 1
Jin (©|H (G7,N)|@') = | @rgnerle(@’\v; (heo +hsp)"™©') > 20— b (10.55)

This establishes that the nullspace of H(G",N) is empty, i.e., A1 (GZ) > 0, so A} (GZ) = y(H(G",N)).
We lower bound A};(G") using the Nullspace Projection Lemma (Lemma 8.1) with

N
Hy =H(G"N), Z (heo+hgo)™” ;
w=1 ZN(G':’)
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and where the nullspace of Hy is S = J5. We apply Lemma 8.1 and use the bounds y(Hs) > 1/(17R)’
(from Lemma 10.6), y(Hg|s) > b/(3R+2) (from equation (10.55)), and ||Hp|| < N ||heo + hgo|| <3N <
3R (using equations (5.8) and (5.7) and the fact that N < R) to find

Ay(G™)=y(H(G"N))
b
>
(3R+2)(17R) ({7 + 32 +3R)
Ly !
TR 342+4b-(17)+3-(3+2)(17)7
b
~ (13R)

where in the denominator we used the fact that b < 1.
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A Technical supporting material

A.1 Proof of the Nullspace Projection Lemma

The following proof fills in the details of the argument given in reference [25]. Recall that we write y(M)
for the smallest nonzero eigenvalue of a positive semidefinite matrix M.

Lemma A.1 (Nullspace Projection Lemma [25]). Let Hy,Hg > 0. Suppose the nullspace S of Hy is
non-empty and
’)/(HB|S)ZC>0 and ’)/(HA)ZCZ>O

Then
cd

Hy+Hp) > —MM— .
W W 7R

(8.1)
Proof. Let |y) be a normalized state satisfying

(w|Ha + Hp|y) = y(Hy + Hp) .

Let ITg be the projector onto the nullspace of Hy. First suppose that ITg|y) = 0, in which case

(WlHa + Hp|w) > (y|Haly) > v(Ha)

and the result follows. On the other hand, if ITg|y) # O then we can write
y) = ala) +Bla*)
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with |&t|? +|B|? = 1, & # 0, and two normalized states |a) and |a*) such that |a) € S and |a') € S*. (If
B = 0 then we may choose |a') to be an arbitrary state in S* but in the following we fix one specific
choice for concreteness.) Note that any state |@) in the nullspace of Hs + Hp satisfies H4|¢) = 0 and
hence (¢|a*) = 0. Since (¢|y) = 0 and o # 0 we also see that (¢|a) = 0. Hence any state

f(g,r)) = gla) +rla*)

is orthogonal to the nullspace of H4 + Hp, and

VHatHs) = min_ {f(q.r)Ha+Hslf(q.r).

The operator Hy + Hp acts on the two-dimensional space spanned by |a) and |a) as the matrix

wo v

v o y+z
where w = (a|Hpla), v = {(a*|Hp|a), y = (a*|Ha|a"), and z = (a*|Hp|a"). The smallest eigenvalue of
this matrix is

wHy+z— \/(w+y+z)2+4(\v\2—wy—wz)

Y(Ha + Hp) = 2 .

Since Hp is positive semidefinite, its principal minors are nonnegative, and in particular wz — [v|> > 0.
Using this inequality in the above gives

w+y+z 4wy wy 1
Y(Ha+Hp) > 2 < \/ (w—l—y+z)2> T why+tz +i+E (A-D

b4
wy

1
w

where in the second step we used the fact that /1 —x < 1 —x/2 for x € [0, 1]. Since |a) is orthogonal to
the nullspace of H4 + Hp, we have
w > Y(Hpls) > c.

We also have y > y(Hy) > d and z < ||Hp||. Since the right-hand side of (A.1) increases monotonically
with w and y and decreases monotonically with z, we find

cd

Hi+Hg) > ¢
Y(Ha B>_c+d+HHBH

as claimed. O

A.2 Proof of Lemma 8.7

Here we prove Lemma 8.7. We begin with the following lemma relating the occupancy constraints
graph G¥° to the illegal configurations. The proof of this lemma uses the definitions of a configuration
(Definition 8.3), the sets of legal and illegal configurations (from Section 8.3), and the occupancy
constraints graph G%° (from Section 7.3).
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Lemma A.2. For any illegal configuration
(1, dy,Li,. ., Looy) (A.2)
there exist diagram elements {Q1, 0>} € E(G¥°) satisfying at least one of the following conditions:
(i) 01 = (1,Jx,0) and Q; = (1,J;,0) for some k,l € [Y].
(ii) Y € {0,1}, Q1 = Ly, and Q; = L, for some s,t € [n—2Y].
(iii) Y = 1 and Q1 = (i,J1,d) and Qy = L, for some i € {1,s(J;)}, t € [n—2] and d € {0,1}.

Proof. We prove the contrapositive: we suppose the configuration (A.2) violates each of the conditions
(1), (ii), and (iii) for all {Q;, 02} € E(G¥°) and show it is a legal configuration.
From part (1) of the definition of the occupancy constraints graph in Section 7.3, we see that

{(1,4,0),(1,k,0)} € E(GX*)

for all j,k € [M] with j # k. If the configuration (A.2) has Y > 2, then we may choose Q; = (1,J;,0) and
0> = (1,J2,0) so that {Q1,0>} € E(GY*) and condition (i) is satisfied (note J; # J, follows from the
definition of a configuration). Since by assumption, (A.2) violates condition (i) for all {01, 0>} € E(GY°),
this implies that Y € {0,1}. We consider the cases ¥ = 0 and Y = 1 separately.

First suppose ¥ =0, so (A.2) is equal to

(le"'>Ln)'

Since (ii) is violated, {Ly,L; } ¢ E(G¥*) for all 5,z € [n]. Using part (1) of the definition of G§*¢ and the
definition of a configuration, this implies that each diagram element is in a different row, i.e., L; = (i, ji, ¢;)
for each i € [n]. From part (2) of the definition of G§¢, we see in particular that {L;,L, } ¢ E(G¥*¢) for
eachr € {2,...,n} implies

Ly = () jr.er) and  Li=F(i,ji,dy)

fori e [n]\ {1,s(j1)} and bits da,...,d, € {0,1}, i. e., the configuration is legal.
Now suppose ¥ =1, so (A.2) is
(J1,L1,...,Lp_2).

Since (ii) is violated, each L; for i € [n — 2] is from a different row. Since (iii) is violated, none of these
diagram elements are in rows 1 or s(J;). Now applying part (2) of the definition of G, we see that the
configuration is legal:

(J1,L1,...,Ly,—2)
= (JlaF(zwlladZ)v-"aF(s(Jl)_1)J17ds(11)71))F(s(J1)+17J17ds(.]|)+1)7'"aF(nv*]ladn))

where d; € {0,1} fori € [n]\ {1,s(J1)}. O

THEORY OF COMPUTING, Volume 11 (20), 2015, pp. 491-603 588


http://dx.doi.org/10.4086/toc

THE BOSE-HUBBARD MODEL IS QMA-COMPLETE

Lemma A.3. Let Iy be the projector onto (G, GY ¢, n). For any |j,ci,2', d) € Biegat, we have
Furthermore, for any two distinct basis vectors |¢),|¥) € Bijiega, we have

255
(61MTo/9) < =

(¢TI y) =0. (8.22)
Proof. We begin with equation (8.20). Recall from (5.21) that
J(G1,Gx*,n) = span{Sym(|y! . )| Ws,) - (W) ziai €{0,1}, gi # qj, and {qi,q,} ¢ E(GX*)}
which can alternatively be characterized as the subspace of
J(Gr,n) = span{Sym(|yf!, ) WEs,) - [Wira, ) zivai €{0,1}, 4i # g}
consisting of zero eigenvectors of each of the operators
WL @ W) (Wi @152, {q.r} €E(GES), s.tuv e {0,1}. (A3)

Now using equation (8.18) and the fact that

(8.21)

- 1 1 -
(Wislpla) = gl icbur = %mib\péa (A4)
for all x,z,a,b € {0,1} and L,L e L (from equations (6.13)—(6.16), and (6.36)), we get

(Godoz.al () (vl oy, ) (v, @ 19772) |, Z,a)

1
=l d,z,al (|pl) (pd | ® ph, ) (ph, | ©19"72) | j,d Z,d)

=0 if{q,r} € E(GY").

In the last line we used equations (8.12) and (8.18) and the definition of the occupancy constraints graph
G¥¢ from Section 7.3. Hence each legal state |j, d,z,d) € I(Gy,n) is a zero eigenvector of each of the
operators (A.3), so \j,a_f, Z,d) € 3(G1,G¥¢,n). This gives equation (8.20).

Now we prove equation (8.21). For each illegal configuration we associate two diagram elements Q
and O, with (Q1,0,) € E(G¥°) as in Lemma A.2 (if there is more than one such pair we fix a specific
choice). Likewise for each basis vector |¢) € Billegal We associate the two diagram elements Q1 and O
corresponding to its (illegal) configuration. Let Py be the projector onto the space

Span{sym(| zl,a1>‘ ZQ, >| 23, a3> |qu;n,an>): Zi,ai € {07 1}7 qi ¢ {Q17Q2}}

where (exactly) one particle is located at Q; and (exactly) one particle is located at Q,. We show that

1
(0|Ps|¢) > 756" (A.5)
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Note that IToPy = 0 since Iy projects onto a subspace for which no two (or more) particles are simultane-
ously located at Q; and ;. Therefore

(01To[9) + (@]Ps9) <1

and applying (A.5) gives (8.20). Equation (A.5) can be shown by considering cases (i), (ii), and (iii) from
Lemma A.2. It is convenient to define

o, = Y, |wd)(y? o, = Y |w&) (w2l
x,ye{0,1} x,ye{0,1}
In case (i) we have Q; = (1,J4;,0) and Q> = (1,J;,0) for some k,I € [Y]. Here we consider the case
k = 1,1 =2 without loss of generality. Then
P¢’¢> _Sym (P¢(|T| sa1,22, a2>|T3 asz,Z4, a4> | Zzy 1,d2y —1,22Y a2y>’pzzy+] a2y+|> |pznnaiy>))

= Sym ((HQI ® 1)’TZ{17(11 zz7az>(HQ2 ® 1)\T% 43,24, a4> |Tz£1Y/ 1,a2v—1 zzy7azy> ’pZzYH azy+1> ’pznyia,zzy>)
(A.6)

for some configuration and some Z,d, where in the first line we used the fact that P; commutes with any
permutation of the n registers and in the second line we used the fact that

J J. J,
(] ‘Tzllal 225 02> TZ%ZM Z4,a4> e TZZIY/ 17112Y—1~,22Y7a2Y> ’pzzy+17azy+1> ’pznrtaiy> = Ounless w =1
(w) _ _
HQz | 21 7611,Z2,az>| 23,03,24, a4> | Zzy 1,42y — 1,Zzy,azy> |pZ2y+1,azy+1> |pznn,aiy> = O unless w = 3.

We find
<¢‘P¢|¢> <Tz{1,a| z2,a2| (HQI ® 1) | 21 a1 322y a2> <7;€%a3,z4,a4’ (HQZ ® 1) | Z'; asz,24, a4>

2
1J s(J1)J1.,0) 1,J s(J1)J1,0
( (o120 (LN O, 1]l 0 ) ‘>>)

1\? 1
:<16> . (A7)

where in the second line we used the fact that both terms in the product are equal and in the third line we
used equation (A.4).

In case (ii) we have Y € {0,1} and Q| = Ly, Q» = L, for some 5,7 € [n — 2Y]. By a similar argument
as in (A.6),

11 1
(01Ps10) = Pk, Mg o) - (P, M. Pk} = 55 = oo (A8)

In case (iii) we have Y = 1, Q) = (i,J;,d), and O = L, for some i € {1,s(J1)}, t € [n —2], and
d € {0,1}. If i = 1 then, again by a similar reasoning as in (A.6),

<¢|P¢ ’¢> <szlla1,zz a ’HQI ® 1‘ 21 ,a1,22, a2> <sz2ty+,a2y+,| Q2|p22y+[a2y+;> (A9)
1 1 1

- .= A.10

16 8 128 ( )
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If i = s(J;) then ITp, ® 1 should be replaced with 1 ® Iy, in (A.9) but the lower bound in (A.10) is the
same.

From equations (A.7), (A.8), and (A.10), we see that equation (A.5) holds in cases (i), (ii), and (iii),
respectively, thereby establishing (8.21).

Finally, we prove equation (8.22), showing that ITo|span(s,) is diagonal in the basis B,. Let

|¢> = Sym(lnl 3a1,22, 02> ‘ ZZY 1,42y — 1 ZZY702Y> ’p22y4r1,azy+1> ’pz,;taiy» (A'l 1)
Ji Ji n
v) = Sym(ynllb1>x27b2> e |7;€211<<71\,b21<—17x21<7b21<> |px21<+17b21<+1> |pxn biK>) (A.12)

be distinct vectors from B,, (note it is possible that K = 0 or Y = 0 or both). Expand each of the |T') states
using equation (8.12), which we can also write as

1
zayb Z ‘pziljc ‘p)gflfj)7]76)>
where we use the shorthand
1) s(J),J,1 (1,J,1) s(J),J,
U@t Sy = Y Un@malplia ) el) ). (A.13)
X],X2€{071}

For the state |¢), this gives the expansion

1\
9) = () Z Sym(|0 (J1seeesdy L seeesLn—ay ) (c 17~--,CY)>)
c1,.cv€{0,1}

where

J1yeeedy Ly Ly—oy ), (€1,4000y (1,J; s(Ji)J;
|0§7&]' o " 2Y)( “ = <®UJ1 agi— I)Ll|pz 1[2[21 >|p121 a’Zl v >> |p22y+1 azy+1> |pZnna§Y> :

i=1
(A.14)
Define the projector

Pe=Y Y vk (vt

z,a€{0,1} LeL

which has support only on diagram elements contained in £, and let Pg =1- PLI. Note that for each
Le L andz,a € {0,1}, we can write

p2a) = Plpta) + PLIPL) (A.15)
where (from equation (A.4))
Pﬁ‘pza> f‘Wza>

Since the states |p~,) are orthonormal, and similarly for the states |yZ,), we get

; 188,58, 7 a=1
(pEs|PEIPL) = {? s s

(A.16)
§52,x5a,b5L7L a=0.
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Inserting n copies of the identity PL1 + Pg =1 gives

1 Y
0=(7) L. L smieeerEof et )
C1yecy €40, 11 04,0, €{0,1

Likewise for |y) we get

1\* ;
w=(25) L X s epbolibebo g
],...eKE{O,l}ﬁl,...,BnE{O,I} ’

Using equations (A.4), (A.14), and (A.13), we see that the states

Treedy Lty Lnay ), (€1 e TR A S W TR
|O§a]' YL yeesbin 2Y) ((«I CY)> and |0£ 1 K1 n 2]() (el eK)>
| X

S

are orthogonal for any choice of bit strings cy,...,cy and ey, ..., ek, since |¢) # |y) implies that
((J1,.. .\ Jy L1, Lu_ay),Z,d) £ ((J1,.. .. J, L1, ..., Lu_ok ), %,B) .
Using equation (A.16), we have

(J1yeeeid Lt seosLp—2k) (€1 5008K) | pOG A | AT 15y Lty Loy ), (C1seescy )
Y P! ®-- @ P[0z )

1 Z?:] % 7 n_Z?ZI % (~1 --~-fK-Z1~-~--Z1—2K)-(el ..... eK) (.11 Jy Ll L,,,zy) ((,'1 ....Cy)
() g

(0

8 8

so the states
Pgl ® . ®Pgn |0§J$,...,JY‘L|,...,Ln,zy),((,‘],...,(,‘y)> (A19)

and S
Pfl Q- ®Pgn|0/(?bl»"“7]K’Ll7“.’Ln72K)7(€l7m’eK)> (AZO)

are orthogonal for each choice of bit strings a1, ..., 0, Bi,...,Bs c1,-..,cy, and ey, ..., ek. Furthermore,
observe that

Sym({O

_ (<OE 1seeodKoLt e, L2k ) (€150 06K ) ‘Pfl Q- ®P£n)(Pgl Q- ®Pgn |0(11,...,Jy,Ll,...,Ln_zy),(c],...,CY)>) .

X, Z,d

W % R S N T , i Aot Lol (€1
Z,I’ Ji Ly 2%),(e1 eK)|P£31®.“®P£)Sym(Pgl(g),”@Pg |O§¢lz ¥.Li av)y(er CY)))

=y

S

Thus each symmetrized state in the sum (A.17) is orthogonal to each symmetrized state in the sum (A.18).
To complete the proof, we show that

Io|¢)

is a superposition of a subser of the states in the sum (A.17) and hence is orthogonal to |y). To see this,
first note that |¢) € J(Gy,n) by Lemma 5.4 since it is in the nullspace of H(G1,n) (by Lemma 8.5) and
G| is an ej-gate graph (by Lemma 8.2). Now comparing J(Gy,n) (defined in (5.15)) and J(G, G¥¢, n)
(defined in (5.21)), we see that

Iy |T) = I13|T) for all |T) € 3(Gy,n)
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where I15° projects onto the space

Span{|vlqul.,a1> zgz,az> s |Wg,n,a,,>: Zi,d; € {07 1}7 qi € [R]7 {qth} ¢ E(Gg(cc)} . (AZI)

In particular, ITy|¢) = IT3°°|¢). We claim that this quantity is a superposition of a subset of the states in
the sum (A.17).

The diagram elements ¢y,...,q, appearing in (A.21) range over the set of all R diagram elements in
the gate graph G ; however, recall that E(G§°) only contains edges between diagram elements in the
subset £ of these diagram elements. Since the P{ either project onto this set of diagram elements or onto
the complement, each state

is an eigenvector of ITj°. Hence ITo|¢) is a superposition of the terms in (A.17) that are 41 eigenvectors
of TI§*® (as the 0 eigenvectors are annihilated). It follows that (y|IIp|¢) = O since we established above
that each such term is orthogonal to |y). O

A.3 Computation of matrix elements between states with legal configurations

In this section we compute the matrix elements of
Hl ‘Sl7H2‘S17Hin7i‘S17H0ut‘Sl (A22)
in the basis of S consisting of the states

j.dIn@),a) =Y ((FUa(a)3)|j,d,%ad) (A.23)
xe{0,1}n

forZ,d € {0,1}, j € [M], and

d=(d1,...,dn) with d]ZdS(j)G{O,],Z} and d[G{O,]}i%{l,S(]‘)},

where
Uj_l(al)Uj_z(CZ])...U1(611) ifdy € {0,2}

, (A24)
Uj(al)Uj,l(al)...Ul(al) lfdlzl.

Uja (ar) = {

Specifically, we prove the results stated in the four boxes in Section 8.4.

A.3.1 Matrix elements of H;

We begin by computing the matrix elements of

in the basis Bjegar; then we use them to compute the matrix elements of H; in the basis (A.23).
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Note that since H; is symmetric under permutations of the n registers,

) Jods)
sym (Hilp!\%; ‘>®Ipz,, ) di =dy;) €01}
H]‘j76i7275> = i (A.ZS)
Sym Hl‘Tm Ka1525( ) s ( > ® ’pZz S > dl :ds(j) =2
i#50)

and recall that

~ _ 1j0)y | 5601 JO) 1 . (L0 [ (5().ji1)
szl,al,zsmv sm) 7|le >‘Pz >‘|‘ﬂthzg{OJ}Uj(al)xlxz,m(_/)’pxl A >‘px2” ). (A26)

To compute (k,&,X,b|H,|j,d,Z,d), we first evaluate the matrix elements of /| between single-particle
states of the form

) K i,j,d)
L") 1), 1pEd )
(for j € [M],i€{2,...,n}, and z,a,d € {0,1}) that appear in equation (A.25). To evaluate these matrix
elements, we use the fact that & is of the form (5.6), where € is the set of edges in rows 2, ..., n that are
added to the gate diagram in step 3 of Section 7.2.
We have
< 7]0 ‘h ‘pzam > _ 7<W£él7j¢0)‘hl‘w£§ldao)> — a&ﬂzs&b (A.27)
(L inlpE8 ) = 680 (A28)
forallie€ {2,...,n},j€ [M] and x,z,a,b € {0,1}. Similarly,
(Pl L) = L lp ) = 8B (A29)
foralli € [n]\ {1,s(})}, j € [M], and z,x,a,b € {0 1}. Furthermore,
hlpla™ ) =0 (A.30)
forall j € [M] and z,a,d € {0,1}, and
N, ] 1
Py i [y = 53052000 (A31)
sG) sG).jd 1
U L) = 8801 (A.32)

for all j € [M] and z,x,a,b,c,d € {0,1}.
Using equations (A.27), (A.28), (A.30), and (A.32), we compute the diagonal matrix elements of H;:

Yo (0 [ [ pF ) di €{0,1}
e 7T > = . T > o n
<J7dyzaa‘Hl‘.]7dazya> = <TZjl7al s j)’1®h1|TZI 1,24 >+22<le l,]d |h |pz,,ll]d)> dl =2
i#s(j)
n—1
= a (A.33)
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where in the last line we used equation (A.26) and the fact that U;(a; ) is unitary. We use equations (A.29)
and (A.31) to compute the nonzero off-diagonal matrix elements of H; between states in Biegq. We get

& ez(n—1) i=d
n
5102211 0:.4, Ji€ [n)\{1,s(j)},ci # di
ot
n
svz% 11 8, (c1,41) €{(2,0),(0,2)}
(k,2,%,b|H;|j,d,7,d) = 8;,5. 1 r7s()
mUj(al ;lz( XXy 1:1 60r7d Xr\Zr (C],d]) = (27 1)
r#s( )
?ﬁ/j (al)xlx () Z12s(; H 6Lr d, anzr (Cladl) = (1,2)
—
r#S( )
0 otherwise.
(A.34)
For the second case we used equation (A.29), for the third case we used equation (A.31) to get
j (1,7,0) 0
(T30, by | L €M iyt >’pZ:<J s<1/ ) = 81,80y B0 iy 2st) a0 64\f
and for the fourth and fifth cases we used equation (A.31) to get
' (LiD)y 1 G F ()7 1)y
<T:VJ1 >b1’x.v(j)7bs(j) |1 & hl ’pZI,L‘l]l >|p S o) > - ablﬂ] aba(] 64[ ( )Z]Z3 X1 Xs(j)
In the remaining case, (c1,d;) € {(1,0),(0,1)} and the matrix element is 0.
We now compute the matrix elements of H; in the basis (A.23). We have
<],E,In(5c'),ﬁ|H1|],J,In(f),ﬁ> = Z <175,5C’/75|H1|]¢Zf’,5><f|01d. (al)”fl><z,|0j,dl ((11)|2>
X */6{0 l}n
(A.35)
Using this with (A.34) gives
( ”6—41n i=d
& H15c,-,d,- Jie [n)\{1,5(j)},ci #d;
r=

(k,&,In(%),b|H)|j,d,In(2),@) = 848,30 7"

| gvs 1L 8oa (e1,d1) €{(2,0),(0,2),(2,1),(1,2)}
()

0 otherwise

\

as claimed in equation (8.30). Note that in the basis Bjega1, H| has nonzero matrix elements between
states with different values of 7; the basis (A.23) is convenient because H; only connects basis states with
the same value of Z.
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A.3.2 Matrix elements of H,

Recall that

and note, just as in (A.25), that because H, is permutation invariant,

sym (2oL ") 1oL ) di =dyj €{0,1}
. d.2.a) = , 0
Sym H2|TZl A1:Zs(j) 4 > ® ’pzl z]d ) dy = dS(J.) =2.
i#s ( )

Also recall that 5, is of the form (5.6), where € is the set of edges in row 1 that are added in step 3 of
Section 7.2.

To compute (k,&,%,b|H,|j,d,Z,d) we first evaluate the matrix elements of 4, between the relevant
single-particle states [p%,) with L € £ and z,a € {0,1}. The only such matrix elements that are nonzero
are

0 =1
(P Olalpli )y =4 ’
@51’)55,1717 S {2, e ,M} (A37)
(0 1]1|h |Pz1]1> {6145“5071, je{l,... M—1}
0 =M
for z,a,x,b € {0,1} and

for je{2,...,M} and z,x,a,b € {0, 1}.
Using equations (A.36) and (A.37), we compute the diagonal matrix elements of H; in the basis
BlegaI:
0 di=0and j=1,0ordi=1and j=M
(j,d.Z.d|H|j,d,2,a) = { & di=2and je {1,M} (A.39)
1

& otherwise.

Using equations (A.36) and (A.38), we compute the nonzero off-diagonal matrix elements, which are all
of the form

(j—1,8%dHl|j,dza or (jdzadH|j—1,8%ad) = ((j-1,65dH)|j,dza)"
for je{2,..., M}, %,Z,d € {0,1}", and

d=(d,....d,) with di=dy;€{0,1,2} and de{0,1}foralli¢ {1,s(})}.
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We get
<.]_ 17575575|H2|j7j7272i>
4 (Clacs(j)adlads(j—l)):(1707071)
ﬁUjfl(al)Zzy(jq),xlx, i I1 5xr,2r (clacs(j)vdlvds(j—l)) = (2707070)

NS}

r

n
r%{Y(] (-1 1) X1 Xs(j—1) H 8xr7z,- (Clacs(j)7dlvds(j l)) (27 1)2 O)

1
msUj- l(al)mzv(,

<N
=
-~

641/56}’2 (Cl’cx(j)vdlvds(j 1)):(1,1,2 1)
(A.40)

Now we compute the diagonal matrix elements of H, in the basis (A.23) using equations (A.35) and
(A.39):

0 di=0and j=1,ordi=1and j=M
(j,d,In(Z),d|Hs|j,d,In(Z),d) = { 13 di =2and j € {I,M} (A41)
6‘—4 otherwise.

The nonzero off-diagonal matrix elements are (using equations (A.35) and (A.40))

(j—1,&In(%),b|H,|j,d,In(Z),d) = (j.d,In(Z),d|Hs| j — 1,,In(%), b)
6%4 (C d17ds(j71)>:(1707071)
n Lo (e1,¢4).d1,dy;-1)) = (2,0,0,0)
=885 TT Sue |4 o2 eren iy dory) = (2,1.2,0 (A42)
rts(hsti=1) 2 DO o
7 642 (Clv adlads(j—])) = (1717271)

Combining equations (A.41) and (A.42) gives the result claimed in equations (8.31), (8.32), and (8.33).

A.3.3 Matrix elements of H;, ;
We now consider

ml—th,

where i is from the set of indices of the ancilla qubits, i.e., i € {ni, + 1,...,n}. Using equation (8.3) we
get

<Pfj,|hin,i’P = ‘I’L2 1nt|llfza = x15z15ab5L. (1.0,)0L,,(,0.1)

for L,L, € £ and a,b,x,z € {0, 1}. Thus Hiy ; is dlagonal in the basis Bjega With entries

1 .. .
T o N = d;i=0,zz=1,and F(i,j,0) = (i,0,1
<],d,Z,d’Hjn7i‘],d,Z,a> = o4 ' . ' ( I ) ( ) (A43)
0  otherwise.
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Note that F(i, j,0) = (i,0, 1) if and only if none of the gates U;,U>, ... ,U;_ acts on the i-th qubit, i. e.,
j < jmin,i
where
Jmin; = min{j € [M] : s(j) =i}.

Now using this fact and equations (A.35) and (A.43), we get the following expression for the nonzero
matrix elements of Hj, ; in the basis (A.23):

(j,d,In(%),d@|Hin,|j,d,In(Z),a)
= Z F0] 4, (@) |) 5104, (1) R) (., Hin ] j. . 5, )

w,5e{0,1}"

*1}ﬂ%dwmwwmeM@%®ljéhmﬂm¢:0
— y n

0 otherwise
— <)_5 Ll] ’1 <1‘Ujd1 al)’Z> J < Jmin; and d; =0

0 otherwise

T - + 1 (j<Jmin;andd; =0and d; € {0,2})

_ i) Vi@ (@)..Uila) ) g or (j = jmin, and d; = 0)
) @0 (@) UL (@) |)(1Uj(ar) ... Ur(a)[3) & Jj < jminjand d; = 0and dj = 1

0 otherwise.

In the last line we use the fact that d; = d; when j = jmin; (since s(jmini) = i). Since [Us(a1),|1)(1];] =
for J < jmin,i» we have

j,d,In(X),d|Hiy ;| j,d, In(Z),d) = { & ' e ! A.44
Y (%), @lHinl ®.4) {0 otherwise ( )

(A.45)

_ J@a®z81 J < jming and d; =0
0 otherwise

(with all other matrix elements equal to zero), which confirms the result stated in equation (8.34).

A.3.4 Matrix elements of H

Finally, consider
n
Hou = Z h(()vl‘:t)
w=1

where (from equation (8.3))
L, Ly 1
Py lhoulpza) = 27 0ab8x00:08L; 2,110 01, 2.11,0)
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for L;,L, € £ and z,a,x,b € {0,1}. From this we see that Hyy is diagonal in the basis Blegal, with entries

1 .

P . T o o o d:l,FZ,,l :2’M+1’0 andZ -0

(j,d.Z,dHow|j,d,za) =% 77 (2,4,1) = ( ) and 2
0 otherwise.

Note that F (2, j,1) = (2,M + 1,0) if and only if j > ji.x, Where
Jjmax = max{j € [M]: s(j) =2}.
Using this fact we compute the nonzero matrix elements of Hyy in the basis (A.23):

a)

(j,d,In(%),d|How|j,d,In(Z),
= ) <x!UJd1(a1)!Vv>< U, 4, (a1)[2){j,d, ,d|Howlj,d,5,)

0 otherwise

F|U{ (a1) ..U (@1)|0)(01Uj(ar) ... Ur(a1)Z) & J> jmxandd) =dp = 1
= q ®U] (@1)...U]_(@1)|0)(0LU; 1 (a1) ... Ui(@1)]2) s J > jmax anddy = 1 and dy € {0,2}
0 otherwise

FU{ (a1)...U)y(a1)[0)(02Un(ar) ... Ui(a1)|2) &5 j > jmax and do = 1
0 otherwise

<x|UT (a1)|0> <0|2U(3X (Cll)|Z> J > jmax and d2 =1
0 otherwise.

In going from the second to the third equality we use the fact that j = j,.x implies d; = d; (since
$(Jmax) = 2). In the next-to-last line we use the fact that [U; (a1 ),|0)(0]2] = 0 for J > jmax. This confirms
the result stated in equation (8.35).
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