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—— Abstract

We present a classical approximation algorithm for the MAX-2-Local Hamiltonian problem. This is
a maximization version of the QMA-complete 2-Local Hamiltonian problem in quantum computing,
with the additional assumption that each local term is positive semidefinite. The MAX-2-Local
Hamiltonian problem generalizes NP-hard constraint satisfaction problems, and our results may be
viewed as generalizations of approximation approaches for the MAX-2-CSP problem. We work in
the product state space and extend the framework of Goemans and Williamson for approximating
MAX-2-CSPs. The key difference is that in the product state setting, a solution consists of a set
of normalized 3-dimensional vectors rather than boolean numbers, and we leverage approximation
results for rank-constrained Grothendieck inequalities. For MAX-2-Local Hamiltonian we achieve an
approximation ratio of 0.328. This is the first example of an approximation algorithm beating the
random quantum assignment ratio of 0.25 by a constant factor.
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1 Introduction

The k-Local Hamiltonian problem is the most studied QMA-complete problem in quantum
computing [19] and generalizes classical constraint satisfaction problems (CSPs). It is
physically motivated, asking about the ground state energy of a system specified by its
Hamiltonian, or equivalently the minimum eigenvalue of an exponentially large Hermitian
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matrix. Even though the matrix is exponentially large in the number of qubits, it can be
succinctly described as a sum of matrices that are each a tensor product of a 2% x 2¢ Hermitian
matrix and the 27~ x 2"~F identity matrix, where n is the size of the whole matrix, and k
is some constant given by a problem instance (called locality). Note that one only needs to
describe the 2% x 2¥ matrices to describe the whole problem. A precise definition will be
given later. There are many variations depending on the locality, the number of levels each
particle has (instead of 2 for the qubit case above), and other assumptions that can be made
on the Hamiltonian. The class QMA has also been well-studied, and a large set of problems
has been shown to be QMA-complete [6].

There has been much less progress in finding approximation algorithms for these problems.
One difference arising in the quantum case is that classical algorithms cannot efficiently
represent arbitrary solutions, which in general are entangled quantum states and thus reside
in an exponentially large space (2" dimensional). One approach to circumvent this problem
is to only consider product state solutions, which are a subset of quantum states that exhibit
no entanglement and admit efficient classical descriptions. Bansal, Bravyi, and Terhal [5]
proved that a polynomial time approximation scheme (PTAS) (a polynomial-time algorithm
that offers an arbitrarily good approximation at the expense of increase in run time) exists
for Quantum Ising Spin Glass when assuming the underlying graph describing the interaction
of the qubits is planar with bounded degree. Branddo and Harrow [7] analyze the D-regular
case and give an additive approximation algorithm.

Another issue in the design of approximation algorithms is ensuring that problems
have well-defined approximations. For general Hamiltonians, which are Hermitian, the
spectrum can include positive and negative numbers, so it is difficult to define a meaningful
approximation ratio. Gharibian and Kempe [12] defined the MAX-k-Local Hamiltonian
problem and analyze the dense case. Their definition requires the k-local terms of the
Hamiltonian to be positive semidefinite, so that meaningful approximations exist. This case
is still QMA-hard and includes the classical constraint satisfaction problem, MAX-k-CSP as
a special case.

The Max-2-Local Hamiltonian problem

In this paper we give a randomized classical approximation algorithm for the MAX-2-Local
Hamiltonian (MAX-2-LH) problem on qubits. MAX-2-LH is QMA-hard, so approximation
algorithms are a natural solution strategy. The problem is NP-hard because it includes
MAX-2-CSP as a special case. To see that it is QMA-hard requires relating it to the decision
(promise) k-Local Hamiltonian problem, defined on n qubits. In this problem, 2% x 2F
Hermitian matrices Hg are given for each subset S C [n] of size k, together with real numbers
a and b with b — a > 1/poly(n). The Hg are called k-local terms and may be viewed as
quantum generalizations of classical boolean constraints on k variables. The promise on
the input is that either some eigenvalue of the Hamiltonian H := ) ¢ Hg ® I\ g is less
than a, or all eigenvalues are greater than b (the notation Hg ® Ip,)\s signifies that Hg
acts on the k qubits of S and is tensored with identity on the other n — k qubits). The
QMA witness for the yes case is a quantum state that is an eigenstate with eigenvalue less
that a, and a quantum algorithm can verify in polynomial time whether its eigenvalue is
less than a or larger by 1/poly(n). The QMA-hard 2-Local Hamiltonian problem may be
reduced to the optimization problem, MAX-2-LH by negating H (since MAX-2-LH is a
maximization problem) and adding identity terms, if necessary, to ensure that each 2-local
term is positive semidefinite. MAX-2-LH also generalizes the NP-hard MAX-2-CSP problem,
which is illustrated in Section 2.2.
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For MAX-2-LH, we assume an edge set E over the vertex set [n] and a set of 4 x 4
positive semidefinite Hermitian matrices {Hpq}(p q)cr are given. The goal is to compute the
maximum eigenvector of H := Z(p,q)eE Hpq @ Iin\ip,qy- The Hermitian matrix H acts on n
qubits, and each term H,,, acts on the two qubits p, ¢ and as the identity on the remaining
n — 2 qubits. More precisely, Hpq : Hp ® Hq = Hp @ Hg, where for all p € [n], H,, is the 2
dimensional complex Hilbert space, representing the qubit p, and Ij,)\ (p,q} is the identity
matrix on ), eln\{p.q} H;. The input matrices { Hpq} (p,q)cr therefore implicitly describe the
2" x 2™ Hermitian matrix H, whose maximum eigenvector we wish to compute.

Related work

Other generalizations of classical problems to physically motivated Local Hamiltonian prob-
lems have been studied, but the exact relationship to well-studied classical problems such
as MAX-2-SAT, MAX-CUT, and MAX-2-AND depends on which variant of the Local
Hamiltonian problem is being considered. Gharibian and Parekh [14] study a maximization
problem on 2-Local Hamiltonians for the Heisenberg model, which is a physically motivated
generalization of MAX-CUT. These have the form H = Z(p,q)eE WpgHpq for wpg > 0, where
H,, =1-aX,X,—-pY,Y, —vZ,Z,, for o, 3,7 € {0,1}, where X,,,Y,, Z, are the Pauli
matrices on qubit p (e.g., X, is a 2" x 2" matrix formed by taking the 2 x 2 Pauli X matrix
on qubit p tensored with identity on all the other n — 1 qubits). They get approximation
ratios 0.498 (when oo+ S+~ = 3), 0.649 (when o+ 8+~ = 2), or 0.878 (when ao+ S+~ = 1).
Furthermore, they show that their ratios are almost tight in the product state space. In
particular they give a simple instance on which a product state cannot provide an approxim-
ation ratio better than 0.5, for the o + 8+ v = 3 case. This case of their problem is a special
case of MAX-2-LH, hence 0.5 is also an upper bound on the best attainable approximation
ratio for MAX-2-LH using product states. Anshu, Gosset, and Morenz [2] have very recently
demonstrated that it is possible for a classical algorithm to provide an approximation ratio
better than 0.5 for this problem, by outputting descriptions of relatively simple entangled
states.

Bravyi, Gosset, Konig, and Temme [8] consider traceless 2-local Hamiltonians. This
generalizes the Maximum Quadratic Programming problem (MAX-QP) where the diagonal
entries are zero [10, 3]. In addition to generalizing MAX-QP, it also captures a variety of
physical quantum models. They give a randomized classical algorithm that outputs a product
state with expected energy OPT /O(logn), where OPT is the maximum eigenvalue of the
input Hamiltonian.

Our results

In this paper we achieve an approximation ratio of 0.328 for MAX-2-LH. The approximation
algorithm for MAX-2-LH that picks a random assignment (i.e., the fully mixed quantum
state) achieves ratio 0.25. Ours is the first example of an approximation algorithm for this
problem that beats the trivial bound by a constant. It is also possible to achieve a ratio of
0.25+1/0(log(n)) by taking the input instance, shifting each term H; so that it is traceless,
and using the result in [8]. In MAX-2-LH each local term, acting on 2 qubits, is a rank 1
projector. In the special case when each local term is a rank 1 projector that is a product of
two rank 1 projectors, one on each qubit, we get a better ratio of 0.40. This special case is
detailed in Section 4. It is QMA-hard to find the maximum eigenvalue of this special type of
Hamiltonian by Theorem 7 in [11].
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In terms of techniques, we follow the framework that was first introduced by Goemans
and Williamson. We first formulate a semidefinite program (SDP) whose optimal objective
value provides an upper bound on the maximum energy of a given 2-local Hamiltonian. We
can solve the SDP to arbitrary precision in polynomial time. Then we randomly round the
solution, which resides in a larger space, down to the original solution space. Analyzing the
randomized rounding is considerably more complicated than in the classical setting, because
we need to round the solutions to a continuous 3-dimensional space, whereas the solution
space is the boolean space for classical cases. We build upon a rounding procedure analyzed
for generalizing the positive-semidefinite Grothendieck problem to a rank-constrained setting,
by Briét, de Oliveira Filho, and Vallentin [9].

Even with this rounding procedure, obtaining a multiplicative bound that outperforms a
random assignment for MAX-2-LH is a nontrivial task. In particular, our analysis takes the
1-local part of the input Hamiltonian explicitly into account. Ours is the first work of its kind
to do so. Bravyi, Gosset, Konig, and Temme [8] showed that in the context of their problem,
1-local terms could be ignored without loss of generality, while Gharibian and Parekh [14]
considered a problem without 1-local terms.

It is natural to consider SDP relaxations for our problem, because most approximation
algorithms for classical MAX-2-CSP employ SDP rounding [15, 23, 22, 20]. Our SDP
formulation is similar to that of [14, 8]; however, we must use additional constraints to handle
the 1-local part. We also consider a different SDP formulation in order to get an improved
approximation ratio in the special case where each local term is a product projector. The
alternative formulation is described in Section 4. An advantage of the first SDP formulation is
that the optimal value of the program provides an upper bound on OPT itself (the maximum
eigenvalue of the Hamiltonian), whereas the optimal value of the alternative program gives
an upper bound on OPTy,.q, the objective value achieved by the best product state.

Open questions

There are several open questions. Is it possible to close the gap between 0.328 that we achieve
and the 0.5 upper bound for product states? Is it possible to beat the uniformly random
assignment when each term is a rank 3 projector, which is a quantum generalization of the
classical Max 2-SAT problem? Is it possible to use more general states than product states,
for example, as in the recent developments of Anshu, Gosset, and Morenz [2]? Does the
approximation algorithm shed any light on the quantum PCP theorem?

2 Background

2.1 Approximating quantum problems

We first define the MAX-2-Local Hamiltonian problem.

» Definition 1 (MAX-2LH). An instance is given as a set of Hamiltonians {Hpq : (p,q) € E},
for some edge set E C [n] x [n], where Hpq @ I[n)\(p,q} 15 positive semidefinite and operates
non-trivially on qubits p and q. Given such a list of Hamiltonians on 2 qubits, the goal of the
problem is to find the largest eigenvalue of H = Z(p,q)eE Hpq @ I\ {p,q}, which we denote
as OPT.

To simplify notation we will write H = qu H,,, where terms Hpq for (p,q) ¢ E are the
zero matriz (so have rank 0). Also, let OPT 04 denote the mazimum energy achievable over
the set of product states, i.e., OPT0q = max|g,y...;p,) (P1] - - - (D | H|B1) - - | D)
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Since the 2-Local Hamiltonian problem can be reduced to the MAX-2-Local Hamiltonian
problem, this problem is QMA-hard. So instead, we turn to approximating OPT with a
multiplicative error. The goal of this paper is to beat the trivial approximation for the
maximum eigenvalue of 2-local Hamiltonians presented in the following theorem.

» Theorem 2. Given a 2-local Hamiltonian H =3 Hpq ® I i) (p,q) with local terms that
are rank v projectors, Hpy (r € {1,2,3}), if the mazimum eigenvalue (energy) of H is OPT,
then the uniformly random product state achieves energy at least r/4 - OPT.

Proof. Consider the contribution of the local term H,, to the energy. Since we are assigning
the uniformly random product state, the qubit p, ¢ is assigned

Pra = (162 132) ® (162 132) =1/

jointly. The energy contribution of H,, is then Tr(H,qppe) = Tr(Hpy)/4 = r/4, because Hy,
is a rank r projector. Therefore if p, is the uniformly random product state on n qubits,
the total energy is Tr(H p,) = rm/4 where m is the number of local terms. We know that
m > OPT. So Tr(Hp,) > r/4- OPT. <

Harrow and Montanaro [16] consider approximation of the minimum and maximum
eigenvalue of local Hamiltonians where each qubit can appear in at most D local terms. They
give an algorithm with approximation ratio ¢ + Q(1/v/D), where c is the ratio achieved by
uniformly random assignment. More related to the problem we consider, Gharibian and
Kempe [12] consider approximating the maximum eigenvalue of a k-local Hamiltonian with
positive semidefinite local terms.

» Theorem 3 ([12]). For a k-local Hamiltonian H on n, d-dimensional qudits with positive
semidefinite local terms and mazimum eigenvalue (energy) OPT, there exists a product state
assignment with energy of OPT /d*~1.

We are interested in the case of (d, k) = (2, 2) in this paper. In this case, the above theorem
implies there exists a product state with energy OPT /2 and this means OPTp,0q > OPT /2;
however, finding such a product state is NP-hard in general. They also give an approximation
algorithm achieving a constant approximation ratio for dense instances.

» Theorem 4 ([12]). For any k-local Hamiltonian H on n qubits, there exists a deterministic
poly-time algorithm outputting a product state achieving (Y|H|1) > OPTprod —en*. OPTproq
is the highest energy that can be achieved by a product state.

In the case of k = 2, this implies a product state with energy OPTp0q —en? can be efficiently
found. If the constraint graph is dense, combining the two gives a (1/2 — €')-approximation
algorithm. With a dense constraint graph, we know that OPT0q = ©(n?) (by assigning a
random product state). So OPTproq —€n? = OPTproq —c€ OPTproa = (1 — c€) OPTpyoq, for
some constant ¢. By Theorem 3, we know that this value is at least (1/2 — ce/2) OPT.

Branddo and Harrow’s result [7] also says that product states do better on regular
constraint graphs as the degree increases.

» Theorem 5 ([7]). Suppose a 2-local Hamiltonian H on qudits has non-trivial terms on

a D-regular graph. For all edges (p,q) on the graph, suppose the local term H,, satisfies
2

|Hpqll < 1. Then there exists a product state [¢)) such that (1|H|ip) > OPT —1222 (41nd)1/3,

where OPT is the largest eigenvalue of H.

The above theorems imply that there exists a product state that achieves approximation
2
ratio of 1 — 12(&5”1)1/ 3 when the constraint graph is D-regular.
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More recent and closely related work is that of Gharibian and Parekh [14] and Bravyi,
Gosset, Konig, and Temme [8]. These works and our work all aim to optimize 2-local
Hamiltonians in the product state space, and they all use SDP to do so. The work [14]
considers a specialization of Max-2-LH; however, a key difference is that their main target
Hamiltonian is more restricted and physically motivated, a maximization version of the
quantum Heisenberg model. The special case they consider is qualitatively simpler in some
sense, as their Hamiltonian does not have any 1-local terms, which present an additional
complication in our work. They also consider additional Hamiltonians that do not have
PSD local terms, which are not special cases of MAX-2-LH. Another difference is in the
SDP relaxations employed. We must use additional constraints yielding a strengthened SDP
relaxation to obtain our results. They get the following results.

» Theorem 6 ([14]). Consider a local Hamiltonian H =}, e p WpqHpq for wpq > 0, where
H,, =1—-aX,X,—-BY,Y,—~Z,Z,, for o, 3,7 € {0,1}. There exists a randomized classical
approzimation algorithm with approximation ratio 0.498 (when o+ B+ v =3), 0.649 (when
a+p+v7=2), or 0.878 (when o+ +v=1).

The o + § + v = 3 case of the above problem is when H,, is a rank 1 projector onto the Bell
state |[¥~) =]01) — |10), on qubits p and g. Thus this case is an instance of MAX-2-LH.

The work [8] uses similar techniques for a slightly different problem. They consider the
problem of approximating the maximum eigenvalue of traceless 2-local Hamiltonians on n
qubits. They give a randomized classical approximation algorithm that outputs a product
state with expected energy OPT /O(logn) where OPT is the maximum eigenvalue of the
input Hamiltonian. They use the same SDP relaxation as [14] for the maximum eigenvalue,
but they use a different rounding technique from [14] or this work; as with [14], being able
to ignore 1-local terms simplifies their algorithm and analysis relative to this work.

Another related work is by Bansal, Bravyi, and Terhal, where they prove that a PTAS
(an algorithm that runs in polynomial time in problem size and 1/e where € is an arbitrarily
small approximation ratio) exists [5] for Quantum Ising Spin Glass defined over a planar
interaction graph with bounded degree, where the goal is to find the minimum eigenvalue
of Hamiltonians of form H = Z(uw) e Cuvluw + >, Lu, where Ly, is quadratic in Pauli
matrices and L, is linear.

There are limited results on the hardness of approximation of quantum problems. Ghari-
bian and Kempe introduce a quantum version of X called c¢q-Yo [13]. They prove that QSSC
and QIRR, defined in the paper, are cq-3o-hard to approximate to certain ratios. Moreover,
they also show that it is QCMA-hard to approximate Quantum Monotone Minimum Satisfy-
ing Assignment, defined in their paper, to approximation ratio N'=¢ for all € > 0, where N
is the size of instance.

2.2 Reducing Max-2-CSP to Max-2-LH

MAX-2-CSP is reduced to MAX-2-Local Hamiltonian as follows. Suppose we are given
a MAX-2-CSP instance on n boolean variables x1,za,...,2, € {0,1}, a set of edges E
between the z;’s, and functions f;; : {0,1}> — {0,1} on (z;,z;) for (i,j) € E. The
question is to compute the quantity OPTcgp = maxg,, . 4, E(i,j)eE fij(xi,z5). We can
reduce this instance to a MAX-2-LH instance on n qubits q¢i,¢o,...,q, with project-
ors P = Z(w“wj)esupp(f”) |ziz;)(x;x;| on qubit i,j for (i,j) € E, where Supp(fi;) =
{(xs,2;) | fij(xi,z;) = 1}. To see that this is a correct reduction, consider an optimizer
[0) = >seq0,1}» Cxl) to the MAX-2-LH instance. The energy of |¢) is (¢| X_; ;e p Pijlé) =
> zefoyn 1€l (@ 2o j)er Pijle). Measuring [¢) in the computational basis and using it as
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an assignment for the original instance, we satisfy >- o 1yn Ccol? >(.jyer fij(@i, xj) con-
straints in expectation, which coincides with the energy of |¢). So MAX-2-Local Hamiltonian
on qubits is NP-hard. Then MAX-k-Local Hamiltonian with £ > 2 on qudits is also NP-hard
because MAX-2-LH on qubits is a special case of MAX-k-LH on qudits, when each projector

acts non-trivially on 2 locations within an embedded 2 dimensional space.

2.3 Approximating 2-CSPs using SDP

SDP has been a major tool for approximating 2-CSP problems since Goemans and Williamson
used semidefinite programming to obtain a 0.878-approximation for MAX-CUT and MAX-2-
SAT, as well as a 0.796-approximation for a MAX-DICUT [15].

There had been gradual improvements in the approximation ratio [23, 22], and finally
[20] obtained the best approximation ratios to date, 0.94016 for MAX-2-SAT and 0.87401 for
MAX-DICUT. All of the papers mentioned above employ SDP rounding techniques.

On the other hand, [17] showed that the approximation ratio 0.878 for MAX-CUT is
tight and the approximation ratio for MAX-DICUT is upper bounded by 0.878, assuming
that the Unique Game Conjecture (UGC) is true. Austrin proved that the approximation
ratio 0.94016 is tight for MAX-2-SAT and the approximation ratio for MAX-2-AND is upper
bounded by 0.87435, assuming the UGC [4]. More details about CSP approximation can be
found in a recent survey by Makarychev and Makarychev [21].

2.4 Lemmas on randomized rounding

We use the following lemmas without proof. The inequalities are special cases of more general
“Grothendieck inequalities.” Grothendieck inequalities have begun playing an important role
in theoretical computer science with a variety of applications. For more details see a survey
by Khot and Naor [18].

The first two lemmas below are given by Goemans and Williamson with which they prove
approximation ratios for their MAX-CUT and MAX-2SAT algorithms respectively, namely,
Theorem 3.3 and Lemma 7.3.2 in [15].

» Lemma 7 ([15]). Let u,v € SN be unit vectors in RN*1 for N > 2, and let x =
sgn(u-r),y =sgn(v-r) for a uniformly random vector r € S™. Then

E.l1tzy] >ar(lxu-v),
where ap = %min0<g<ﬁ ﬁ =0.878....

» Lemma 8 ([15]). Let u,v,w € SV be unit vectors in RNT! for N > 2, and let x =
sen(u-r),y =sgn(v-r),z =sgn(w-r), for a uniformly random vector r € SN. Then

Eltaytaztyz] >a(ltu-vtu-w+v-w),

: 2 _27—36
where ap = ming<g<arccos (—1/3) 7 430050 — 0.796. ...

We will also use the following lemma, obtained by Briét, de Oliveira Filho, and Vallentin [9]
in considering a rank-constrained version of the Grothendieck problem, to bound randomized
rounding for positive semidefinite matrices.

59:7
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» Lemma 9 ([9]). Let A be a m x m real-valued positive semidefinite matriz and uy, ..., un
be unit vectors in SN for an integer N > m. For all 1 < i < m, let x; = sgn(r - u;) for a
uniformly random vector r € S™. Then

m( T(m/2) \°
E| > Ayzi ZW(F((m#—l)/Q)> > Aijui-uy.

1<i,j<m 1<i,j<m

The coefficient %(%)2 is asymptotically 2/7 + ©(1/m). We will use the lemma for
2 2
m = 6, which has associated constant a; := % (Flzégg)) = % (ﬁ) =0.691---.

Since Lemma 9 is not explicitly stated in the form of a theorem in [9], we give a brief
description about how to piece the statements in [9] together. This lemma follows from the
analysis in [9], where they give an approximation algorithm for the Grothendieck problem. In
particular, Lemma 1 and the argument surrounding Equation (3) are used as follows. Using
their notation, let Fy(t) = 2 arcsint and let Ei(t) = 2 arcsint — %v(fn)' It turns out that the
functions only depend on the inner product between two vectors, so Ej(u;, u;) means F(t),
where t = u; - u;. Lemma 1 states that El (t) is of positive type for S™~!. This means that

for any vectors uy, ..., U, € S™1, the matrix (E‘l (ug, u])> e is positive semidefinite.
<i,j<m

Since A is also positive semidefinite, it holds that 7" _, A;; (% arcsinu; - uj — %:(TZ;) =

Zzljzl Aijﬁl(ui,uj) > 0. Therefore Eij Aij%arcsinui Suj > Zij A”%:’(:l; Finally, use
the fact that E [sgn(r - u;) sgn(r - u;)] = 2 arcsinu; - u;, and the fact that 21

T 7 y(m)
the factor given in the lemma above, as in Theorem 2 in [9)].

is equal to

2.5 Notation

» Definition 10 (Pauli matrices). We denote the Pauli matrices on a qubit as Wy := 1 =

10 0 1 0 —2 1 0

On n qubits, we write Wy; := W; @ I\ (py, where W; is on the qubit p, and Ij,)\(py s the
identity on the rest of the qubits.

3 The algorithm and analysis

The setup

A 2-local Hamiltonian is given as a set of Hamiltonians {H,, : (p,¢) € E}, for some edge
set E C [n] X [n], where H,, operates on qubits p and g. This means H,, is a 4 X 4 matrix
on the Hilbert space H, ® H, that represents the joint space of qubits p,q. Given such a
list of Hamiltonians on 2 qubits, the goal is to approximate the maximum eigenvalue of
H .= Z(p’q)eE Hpq @ I\ {p,q)- In this paper we assume each term Hp, is a PSD matrix. We

, where wy,q; > 0 for

will decompose H,, using its eigenvectors H,, = 2?21 Wpq,t|Vpg.t) (Vpg,t
all p,q,t.

Let OPT denote the maximum eigenvalue of H over quantum states. Stated in terms
of energy, OPT = max 4 (¢|H|p). We seek to produce an approximately optimal state;
however, since our approximation algorithms are classical polynomial-time algorithms, we
output an efficient representation of such a state. Our approach is to formulate an SDP that
upper-bounds the maximum energy of the given Hamiltonian. We then randomly round the
solution vectors of the SDP to real numbers to get a product quantum state, admitting a
polynomial-size representation, with a relatively high energy.
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A semidefinite program relaxation

We start with an SDP relaxation that gives an upper bound on the optimal energy. By
“relaxation”, we mean an SDP for which each quantum state generates a feasible solution,
with objective function value matching its energy. This way, we know that the value of the
SDP is at least the highest energy possible by a physical state.

For each pair of qubits (p,q) € E (E consists of ordered pairs pg with p < ¢), we have a
local Hamiltonian Hyy = 311 Wpq.t|7pq.t) (pq.i|- We denote the Pauli decomposition of the
local terms Cpqij = Tr(Hp(W; ® W;))/4. Note that the matrix Cpq = (Cpqij)ij is real for
all (p,q) € E, since tensor products of Pauli matrices form a real-coefficient basis for the
Hermitian matrices. Consider the SDP:

3
Maximize Z Z ChqijVUpi * Vgj (S1)
(p,g)€E 1,5=0
subject to:
[lvol| =1
|lvpill = 1, Vp,i
vo - Vpo = 1, Vp

Upi ~Up; =0, Vp, 4,7 >0:05#j
V0, Upi ERN, Vp, i

3 4
Z Cpqijvpi * Vqj < Z Wpq,t» V(p, Q) S
,j=0 t=1

and N can be taken to be the total number of vectors, vy and the v,; in the program, which is
4n+1. The motivation for this relaxation is that, for any quantum state |¢), we may construct
additional complex unit vectors by applying tensor products of Pauli matrices to |¢). In
particular, setting v := |@), and vp; := Wp;|¢), for all p and 4, yields a solution that is “almost”
feasible for the above SDP. The first three constraints are satisfied, noting that Wpyo = Wy =1
for all p. For the fourth constraint, we have that vy, - vp; = (@|WpiWpjlo) = —(d|Wp; Wil @),
since distinct nontrivial Pauli matrices anticommute. This implies that Re(vp; - vp;) = 0.
Indeed, we obtain a true solution to the SDP by modifying the vectors so that the imaginary
part of their inner products is discarded. This is formalized in the claim below.

» Remark 11. The complex vectors vy, as constructed above from |¢), suggest a complex
SDP relaxation; however, the real version, (51) is simpler and equivalent in terms of optimal
objective value. The relationship vy, - v4; = (¢|WpiWy;|¢) connects 2-moments of the state
|¢) to SDP relaxations. Considering higher-order moments leads to larger but stronger SDP
relaxations, and considering n-moments leads to an exact SDP formulation of exponential
size. Restricting the moments considered to products over only Wy3 = Z,, for different p
yields an SDP hierarchy equivalent to the celebrated classical Lasserre hierarchy.

> Claim 12. This SDP is a relaxation, i.e., there is a mapping from pure quantum states to
vectors such that objective value is the energy of the state.

Proof. Let |¢) be a quantum state, and let vy := (Re(|¢)), Im(|¢))), and vp; := (Re(Wpi|9)),
Im(Wy|@))), for p € [n],i € {0,1,2,3}. Here Re(u) := (Re(u;))ie[q), Im(u) := (Im(u;))ieqql
for a d-dimensional complex vector .

59:9
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To check the SDP constraints, first note the vy has norm 1, and vy = vpg for all p. Next,
each vector vp; has norm 1, and two different vectors on qubit p are orthogonal:

Vpi Uy = (Re(Wipil6)), T (Wipil #))) - (Re(Wpy[)), Tm (Wyy]6))
= Re({¢|WpiWp;|9)) = dij,

forall i, € {1,2,3}, p € [n]. This follows from the Pauli matrices anticommutation relations
Win + WJWZ = 2(5”1
Next, we consider two vectors on different qubits. Let p := |¢){¢|. Then

Upi - Vg5 = (Re(Wpil@)), Im(Wp|¢))) - (Re(Wy;|)), Tm(We;|9)))
= Re({¢|WpiWy;l9)) = Re(Tr(WpWy;p)),

for all p # ¢, and i,j € {0,1,2,3}. This follows from the fact that two Pauli matrices
commute when they act on different qubits.
The SDP objective is therefore equal to the enegy of the state:

3 3
1
Z Z ChpaqijUpi - Vgj = Z Z 1 Tr(Hpg(W; @ W;))Re(Tr(Wy;Wy;p))

(p,g)€E ©,5=0 (p,)€E 1,5=0

3
1
=Re| Y > 1 Tr(Hpg (Wi @ W) Te((Wi @ W) ppg)
(p,q)EE ,j=0
= Z Tr(Hpqppq) = Tr(Hp),
(P.9)EE

where pp, is the reduced density matrix of p onto qubits {p, ¢}. The second last equality is
because the Pauli matrices form an orthogonal basis. The last constraint of (S1) asserts that
the energy contribution from the site (p, ¢) should not exceed the sum of the eigenvalues of
(p, q). The seemingly unnecessary last constraint will be useful in the analysis. N

We can solve the SDP to arbitrary multiplicative quality 1 — € using existing SDP solvers
(for example, [1]), in time polynomial to the size of the program and log(1/e¢). This gives us
a solution of quality OPTspp(1 — €), where OPTgpp is the optimal value of the SDP. We
will ignore (1 — €) factor because it can be absorbed into our approximation ratio.

The algorithm and analysis

Algorithm 1 MAX-2-Local Hamiltonian with PSD local terms.

Input: {Hpq : (p,q) € E}, E C [n] x [n].

Calculate (Cpgij = Tr(Hpq(W; @ W;))/4)pqi;-

Solve the SDP (S1), and get (vo, (Vpi)pi)-

Pick a uniformly random unit vector r € R (use N := 4n + 1).

Set (xo, (pi)pi) = (sgn(vo - ), (sgn(vpi - 1))pi)-

I£> e (Z?Zl CpgioTpiTo + Z?:l Cpqojxoxqj) <0, set Tp; := —xpx for all p and
1 <4 < 3. Otherwise set Tp; := zp;zo for all p, 1 <74 < 3.

7: Output state p := ®Z:1 pp, Where p, := 11+ %Z?Zl %ﬁpiWi
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Algorithm 1 describes our rounding procedure. Let Cp,, € R*** refer to the matrix
(Cpgij)ij, let cpg := Cpgoo = iZ?:l Wpq t, let ay, € R? refer to the vector (Cpyio)iziso, and
bpg = (Cpq0j)j:j>0 is defined analogously. Finally Cpq € R3*3 is (Cpgij)ijiij>0- So we have

Cpg bT
Cpq =

apg  Cpg

To apply the bound from [9], we need a symmetrized and PSD version of Cpq, so define

T T

Cpg  Qpq bpq
+ ~ X7
Cpg = | apq Ccpgl Chpq e R™*%.

bpg cr Cpgd Wqi

prq

ix CF i ; - —
The matrix Cp, is clearly symmetic. To see that C), = 0, use the fact that H,, =

>t Ypg.t) (Vpg.t| | t s, and get
-1 Wpa,t | Ypa,t) (Ypg,t| for non-negative wyq+’s, and ge

4

AWy, Cpng Z Wpq,tRe (Tr [[Vpg,t) (Vpa,t[Wpai W)
t=1

4
Z“’pq t(ReWpgil ¥pa,t)), Im(Wigi[Vpa,t))) - (Re(Whpgsvpa,e)), Im(Wig; [Vpq.t)))

where (qui)OSiSG = (I, Wi@I,Wo @I, Wy I, 1 Wi, I ®Wo,I® W3) Since O;Z is
therefore a non-negative-weighted sum of Gram matrices, it is PSD. Now we state the main
theorem.

» Theorem 13. Algorithm 1 runs in polynomial time and outputs a product state with expected
energy at least 0.328 OPT, where OPT is the mazimum energy of the 2-local Hamiltonian
H= qu)eE Hpq @ I\ {p,qy where Hy,q is PSD for all (p,q) € E.

Proof. Algorithm 1 outputs a product state, whose reduced part on p and ¢ is

.’,Epl

1 2 Tp3 Tq1 Tq2 Zq3
® pg = — Wy + pW+pW)®(I+qW+qW+ qW)
S 4( VRV R VRV MRV

Thus the total energy of the approximate solution is E, [Z(p’ per Tr(Hpg(pp ® pq))} , which

is equal to
3 ~ 3 ~ 3 = o~ o~
2 izt ApqiTpi + Zj:l bpqjTq; Zi,j:l Chgij Tpilq;
E, Z Cpg + /3 + 3 (1)
(p,9)€E

Meanwhile, the SDP objective value is
3

3 3
Z Cpg t Z ApqiUpi * Vo + Z bpq;vo - Vg5 + Z CpqijUpi * Vgj | - (2)

(p,q)EE i=1 Jj=1 1,j=0
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Fix an edge (p, ¢) € E, and let vpg := (vo, Up1, Up2, Up3, Vg1, Vg2, Vg3 ). By applying Lemma 9
to C}f, and vy,q, we get

3 3 3
E; |Tepg +2 Z pgiTpiTo + 2 Z bpgjToq; + 2 Z ChgijTpiTqj | =
i=1 j=1 ij=1
3 3 3
ar | Tepg +2 Z QpgiVpi - Vo + 2 Z bpq;jvo - Vgj + 2 Z ChqijUpi * Vgj | - (3)
i=1 j=1 ij=1

The coefficients 7 and 2 above come from how many times each parts are in Cp"[]. We
would like to compare the energy of our solution (1) against the SDP objective (2) using
the inequality (3). For the series of inequalities that will appear below, we define some
short-hand:

[ 3 3
L, = E E ApqiTpiTo + E bqu.%'()l‘qj R
i=1 j=1

3

Qs = E E , CpaijTpiTaj | »

(p.9)EE [1,5=1

[ 3 3
L,:= E § GpgiVpi " Vo + § bpgjvo - Vgj |
(p.)€E [ =1 J=1

3
Qv = E § CpaqijVpi * Vg5 | »

(p.9)€E [i,5=1

[ 3 3
Ly = E , E :apqixpi"‘E :bquxqj )
i=1 j=1

(p,9)EE

3
Qs = E , E :Cpqijxpixqj )

(p.9)€E [i,5=1

C = E Cpq-

(p,9)EE

After summing the inequality (3) over the edges and moving the terms, we get

Lm—i-Qz] - ar(fe+ L, +Q,) — i

E,
[c + 3 2 3

(4)

Because L, > 0 (Step 6 of Algorithm 1), and L, + @m > L, + Q, for every r, we can
bound the energy of the approximate solution:

Lo  Qu
ct+—=+ —
v3 o3

where the last inequality follows from (4). We can now bound the approximation factor,

Lo+ Qx

E,. > E,

7 1
- T{C+L$+Qw}>a7(26—|—LU+Qv)—20

3 - 3 ’

ZI 5:1:
E, [C+ﬁ+7} - ar(fe+ Ly +Qy) — 3¢ ar(ic+5)— 3¢

c+Ly+Qy ~—  3(c+L,+Q,)  3c+S)
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letting S := L, + @, for convenience. The value of the SDP (S1) is ¢+ S and the energy of
the maximally mixed state is ¢ = Z(p,q)eE cpq- The SDP value ¢ + S should at least be the
energy of the maximally mixed state, so ¢+ S > ¢. This implies that S > 0. By summing the
last constraint of (51) over the edges, we get c+.5 < > () e 1<i<4 Wpqt = 4c. Therefore,
the approximation ratio is at least

7 1 1 1
ar7(5c+8)—5¢ _ ar(F)— 3
min 272t Zge 0rl§) 75 (505,
S€[0,3¢] 3(c+9) 3
The min occurs at S = 3¢ since a7(§(6;r‘2;%6 = a7(c+§2j+a§)gcféc =S+ %c is decreasing
for c+ 5 > 0. <

4 Improved approximation in for tensor product projectors using a
different SDP and rounding

In this section we show that a better approximation factor is possible when each local
term is a rank 1 projector that is a product of 2 rank 1 projectors on a qubit. Namely,
Hpg = Hpgp @ Hpg q, and Hpg p,, Hpqq are rank 1 projectors on qubit p, ¢ respectively for
all (p,q) € E. The algorithm is similar to the previous one in that Goemans-Williamson
approach is used. This time, however, we formulate the SDP and round the vector solution
in a different way: we first formulate a quadratic programming (QP) in the real space that
has the highest energy by a product state as the objective value, and relax the QP to an
SDP. The previous rounding reduced the norms of the solution vectors by 1/4/3, but here
we will keep the norms. The first observation we make is that the value of the following
quadratic program (@) is the maximum energy achieved by a product state.

Quadratic program for MAX-2-Local Hamiltonian over product states:

3
Maximize 42 Z CopqijTpiTgj (@)
Pq i,j=0
subject to:
1
Tpo = 3 Vp
3
1
D= 3 P
i=0
Tp; € Ra vpa i.

The Pauli coefficients C)q;; are the same as defined previously. The constraints will
restrict us to the set of quantum states that are product states. We use the Pauli basis so
that all numbers we solve for are real valued. Representing qubits as density matrices, let

D, 1= |¢p)(¢p| for all p.

For any density matrix, there exists a unique decomposition into Pauli matrices. So
we can write &, = Z?:o xpi Wi, and Hyy = Z?’FO ChqijW; ® W,. Moreover, we know that
Tr[®,] = 1 because the state |¢,) is norm 1, and also Tr[®2] = 1 if we assume, without loss of

generality, that the state |¢,) is pure. This implies that (i) x,0 = 5 for all p, (i) >, 22, = §
for all p, (iii) Cpgo0 = i for all p, q, and (iv) Zij ngij = i for all p,q.
The reverse process also works: Given real numbers (2,0, Zp1, Zp2, Tp3) as a part of a
3

feasible solution to (@), one can construct a state |¢,) such that |¢,)(dp| = D i o xpiWi.

59:13
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This is because of the properties of the Pauli basis:

3 3 3
(1)127 = Z :cpixijin = IL'?}OWOQ + 2primp0Wi + Z l'pi(Eijin

i,7=0 =0 i,j=1
1 3 3 3
— E § : 2 2 z :
= ZW() + I’m‘Wi + mez + zpixpjwiwj
1=0 i=1 1<4,5<3,i#j
1

3 3 3
= 4WO + Z TpiWi + foﬂWo + Z Ipiﬁcpj(Win + W]WZ)
i=0 i=1 1<i<j<3

3
= EWO + > @ Wi + %WO +0=2,.
i=0

The fact that <I>12, = &, implies that ®, is a projector, and Tr ®, = 1 implies that it is a
rank 1 projector. So there exists a vector |¢,) such that |¢,)(¢p| = @, = Z?:o ZTpi Wi

Exactly solving this program is NP-hard, because as noted in Section 2.2, MAX-2-CSP can
be cast as an instance of MAX-2-LH. Additionally, an optimum solution to such a MAX-2-LH
instance is always, without loss of generality, a product state. We can, however, solve this
approximately by first relaxing the program to an SDP, solving the SDP in polynomial time,
and performing randomized rounding to the SDP solution we get to obtain a valid solution

to the original program. Below is the SDP to which we relax. The coeflicients Cpq;;’s are
given as constants.

SDP relaxation for MAX-2-Local Hamiltonian over product states:

3
Maximize 42 Z ChpqijVpi * Vgj (52)
pq 4,5=0
subject to:
1
leoll = 5
1
=—,V
logoll = 5, Vo

1
Vo * Upo = 1 Vp

2 1
> lowal? = 5. vp
=0

Vg € RN
Up; € RN, Vp,i.

The first three conditions simply force that for all p, v,0 = vg. The SDP is in fact a
relaxation of the quadratic program in the sense that given a solution z;, for all p,i, to
the first program, the vector solution vg := (1,0,...,0),vp; := pVg, for all p, i, is a feasible
solution to the SDP that achieves the same objective value. Therefore the value of the SDP
is at least the value of the first program. Algorithm 2 details our approach.

» Theorem 14. Given a local Hamiltonian on n qubits H =3 Ppq, where Pyy is a product
of a rank 1 projector on qubit p and a rank 1 projector on qubit q, Algorithm 2 outputs a
product state that has an expected energy of at least oy - OPTpr04, where ag = 0.796. .., and
OPTprod = MaX|py),...,|dn) <¢1‘ s <¢n|H|¢1> s ‘¢n>



S. Hallgren, E. Lee, and O. Parekh

Algorithm 2 MAX-2-local Hamiltonian with PSD local terms.

Input: {H,, : (p,q) € E}, E C [n] x [n].

Calculate (Cpgij := Tr(Hpq(W; @ W;))/4)pqij-

Solve the SDP (52), and get (vo, (vpi))-

Pick a random unit vector r € RV (use N :=4n + 1).

For all p € [n] and i € {0,1, 2,3}, assign xp; := ||vpill sgn(vo - r) sgn(vy; - r).
Output @, := ®Z:1 E?:o xpiW; as the resulting product state assignment.

Proof. We express the rank 1 projector Hpq as |pq){(Vpq| for some state |ypq). OPTproq is
the value of the program (Q). We relax the program (@) to the SDP (52) and get v,,; for
all p,7 as a solution to the SDP. To get real-valued z,;, we perform randomized rounding
reminiscent of the Goemans-Williamson algorithm: x,; = ||v,;|| sgn(vo - 7) sgn(vy; - 7). The
Zp; are used in Step 6 of the algorithm to produce a product state; these variables constitute
a feasible solution to (Q) because z,0 = [|vyol| sgn(vo - ) sgn(vyo - 7) =  sgn(vo - )% = 3, and

3 3
Z Z l[vpil |? sgn(vo - r)* sgn (vpi - 7) Z vall2
i=0 i=0

We apply Lemma 16 below to analyze the performance of the rounding term by term to
yield:

3 3
E 42 Z Cpqijmpixqj > a24z Z Cpqijvpi *Vgj = Qi OPTspp > a9 OPTprOd . 4

pq i,j=0 Pq i,j=0
» Corollary 15. Algorithm 2 outputs a product state achieving 0.40 - OPT.

Proof. By Theorem 14 the algorithm outputs a state achieving 0.796 - OPT .04, which is at
least 0.40 - OPT /2 by Theorem 3. <

Note that we have not yet used the assumption that H,, is a tensor product of rank 1
projectors. In this case we have that |vpe)(Ypel = Hpg = Hpgp @ Hpgq = |7p) (] ®
) (el = (1) © 1)) (3] © (3], for some states |y} and |7,). Consequently |ypq) =
[7p) ® |7q) is a product state, and the Pauli coefficients are Cpgi; = Tr(|Vpq) (YpqlWi @ W;) /4
= Te(() (] @ 1) () (Wi © W) /4 = Te(lp W) Tl (| W3) /4 = CpiCoy. S for
all 4, j, Cpgi; = CpiCyq;. Note that since |v,) is a 1 qubit state, C%) = (1)2 = Zle C?
conclude our analysis, we leverage this structure in the lemma below.

» Lemma 16. Let ug,...,u3,vo,...,v3 € RN be vectors such that ug = vo, ||uo|| = ||vo]| =
1/2, and S Juil? = S loll? = 1/2. Let 2 = ugllsgn(uo - r)sgnlus - ), y; =
lvj|l sgn(vo - 7) sgn(v; - r) be the rounding of the vectors with respect to a uniformly random
vector 1 € SN=L. Let Ci; = C;D; where C;,D; € R such that CE = Z?:1 C? = D} =
Z§:1 D2. Then

3 3
2 2m—30
a2ijz0 = i,5=0 S M 0<0<$£1;S_1/3 T1+3cosf

59:15

APPROX/RANDOM 2020



59:16 An Approximation Algorithm for the MAX-2-Local Hamiltonian Problem

Proof. The proof is by applying Lemma 7, Lemma 8, and the Cauchy-Schwarz inequality.
Let U; = sgn(u; - r) and V; = sgn(v; - r) and note that Uy = V. Also for convenience, set

3 3
Ag = Colluoll = D |Cillluill,  Av := > |Cil|uill(1 + sgn(C:)UoUy),
=1 =1
3 3
By = Dyllvoll = > IDjlllv;ll,  Bu =Y |Cillluil|(1 + sgn(Ci)Uols)
j=1 i=1

3 3
E | Y Ciymy;| =E | > CiDjllui|UoUillv;][VoV;
i,j=0 | 49=0
3 ,
=E |y CilluillUoUi Y Djllo; VoV
i=0 Jj=0

3 3
=E <CO||UO|| + ZCiHUiHUoUz‘) Dollvoll + > Djllv; Vo V;

=1

j=1

=E[(Ao + A1)(Bo + By)]
= AoBy +E [AlBo] +E [A()Bl] +E [AlBl] .

For convenience, set

3
A/ZZA, A/:: C,‘ U; 1+SDCiM,
/ / > Ug - Vg
Bj =By, Bj:=Y_|Dilllvill(1+ sgn(a-)W )
i=1 *

From Lemma 7,

U - Ug
E[1 + sgn(C;) sgn(ug - r) sgn(u; - )] > oy (1 + sgn(Ci)”lt;)”M)

for all i. Therefore E[A;] > a1 A} and E[By] > a1 By.
Using the fact that either exactly one of sgn(C;), sgn(D;), or sgn(C;) sgn(D;) is positive,
or all three are, Lemma 8 implies

E[(1 +sgn(Cy) sgn(uo - ) sgn(u; - 7))(1 +sgn(D;) sgn(vo - ) sgn(v; - )] >
s (s

Ug - Ug

Vo * Uj Ug * Uy
0 sgn(Dy) o Uy sgn(CZ-Du)
o [[] e ! !

[[vol[[[v;]] sl o5

for all ¢, j. Therefore E [A;B;] > an A} Bj.
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From Cauchy-Schwarz we have Ay, By > 0, and using this inequality we can bound

3
E Z Cijxiyj

i,7=0

= AoBo+E[A1By] + E[AoB1] + E[A1B4].
> AoBo + a1 A\ B + a1 A{B] + ax A} B}

> asAgBo + as A Bl + as Ay B} + ax A} B}
= az(Ag + A1)(By + By)

3 3
= Q2 E C’iDjui CV; = Qg E OZJUZ * V5. R |
4,7=0 1,j=0
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