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Application of the adiabatic model of quantum computation requires efficient encoding of the so-
lution to computational problems into the lowest eigenstate of a Hamiltonian that supports universal
adiabatic quantum computation. Experimental systems are typically limited to restricted forms of
2-body interactions. Therefore, universal adiabatic quantum computation requires a method for ap-
proximating quantum many-body Hamiltonians up to arbitrary spectral error using at most 2-body
interactions. Hamiltonian gadgets, introduced around a decade ago, offer the only current means
to address this requirement. Although the applications of Hamiltonian gadgets have steadily grown
since their introduction, little progress has been made in overcoming the limitations of the gadgets
themselves. In this experimentally motivated theoretical study, we introduce several gadgets which
require significantly more realistic control parameters than similar gadgets in the literature. We em-
ploy analytical techniques which result in a reduction of the resource scaling as a function of spectral
error for the commonly used subdivision, 3- to 2-body and k-body gadgets. Accordingly, our im-
provements reduce the resource requirements of all proofs and experimental proposals making use of
these common gadgets. Next, we numerically optimize these new gadgets to illustrate the tightness
of our analytical bounds. Finally, we introduce a new gadget that simulates a Y'Y interaction term
using Hamiltonians containing only {X,Z, XX, ZZ} terms. Apart from possible implications in a
theoretical context, this work could also be useful for a first experimental implementation of these
key building blocks by requiring less control precision without introducing extra ancillary qubits.

Although adiabatic quantum computation is known to be a universal model of quantum computation
[IH5] and hence, in principle equivalent to the circuit model, the mappings between an adiabatic process and
an arbitrary quantum circuit require significant overhead. Currently the approaches to universal adiabatic
quantum computation require implementing multiple higher order and non-commuting interactions by means
of perturbative gadgets [4]. Such gadgets arose in early work on quantum complexity theory and the resources
required for their implementation are the subject of this study.

Early work by Kitaev et al. [6] established that an otherwise arbitrary Hamiltonian restricted to have at
most 5-body interactions has a ground state energy problem which is complete for the quantum analog of
the complexity class NP (QMA-COMPLETE). Reducing the locality of the Hamiltonians from 5-body down
to 2-body remained an open problem for a number of years. In their 2004 proof that 2-LOCAL HAMILTONIAN
is QMA-CoMPLETE, Kempe, Kitaev and Regev formalized the idea of a perturbative gadget, which finally
accomplished this task [7]. Oliveira and Terhal further reduced the problem, showing completeness when
otherwise arbitrary 2-body Hamiltonians were restricted to act on a square lattice [3]. The form of the
simplest QM A-COMPLETE Hamiltonian is reduced to physically relevant models in [4] (see also [§]), e.g.

H=> hZi+>» JijZiZj+Y K;XX;. (1)
i i<j i<j

Although this model contains only physically accessible terms, programming problems into a universal

adiabatic quantum computer [4] or an adiabatic quantum simulator [9), [I0] involves several types of k-

body interactions (for bounded k). To reduce from k-body interactions to 2-body is accomplished through

the application of gadgets. Hamiltonian gadgets were introduced as theorem-proving tools in the context
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of quantum complexity theory yet their experimental realization currently offers the only path towards
universal adiabatic quantum computation. In terms of experimental constraints, an important parameter in
the construction of these gadgets is a large spectral gap introduced into the ancilla space as part of a penalty
Hamiltonian. This large spectral gap often requires control precision well beyond current experimental
capabilities and must be improved for practical physical realizations.

A perturbative gadget consists of an ancilla system acted on by Hamiltonian H, characterized by the
spectral gap A between its ground state subspace and excited state subspace, and a perturbation V' which
acts on both the ancilla and the system. V' perturbs the ground state subspace of H such that the perturbed
low-lying spectrum of the gadget Hamiltonian H = H + V captures the spectrum of the target Hamiltonian,
Hiarg, up to error €. The purpose of a gadget is dependent on the form of the target Hamiltonian Hy.rg.
For example, if the target Hamiltonian is k-local with k& > 3 while the gadget Hamiltonian is 2-local, the
gadget serves as a tool for reducing locality. Also if the target Hamiltonian involves interactions that are
hard to implement experimentally and the gadget Hamiltonian contains only interactions that are physically
accessible, the gadget becomes a generator of physically inaccesible terms from accessible ones. For example
the gadget which we introduce in Sec. [VI| might fall into this category. Apart from the physical relevance to
quantum computation, gadgets have been central to many results in quantum complexity theory [4, 8] [1T],12].
Hamiltonian gadgets were also used to characterize the complexity of density functional theory [I3] and are
required components in current proposals related to error correction on an adiabatic quantum computer [14]
and the adiabatic and ground state quantum simulator [9, [I0]. Since these works employ known gadgets
which we provide improved constructions of here, our results hence imply a reduction of the resources required
in these past works.

The first use of perturbative gadgets [7] relied on a 2-body gadget Hamiltonian to simulate a 3-body
Hamiltonian of the form Hiare = Helse + @+ A® B ® C with three auxiliary spins in the ancilla space. Here
H.jse is an arbitrary Hamiltonian that does not operate on the auxiliary spins. Further, A, B and C are
unit-norm operators and « is the desired coupling. For such a system, it is shown that it suffices to construct
V with [|[V|| < A/2 to guarantee that the perturbative self-energy expansion approximates Hyayrg up to error
e [3L [7, IT]. Because the gadget Hamiltonian is constructed such that in the perturbative expansion (with
respect to the low energy subspace), only virtual excitations that flip all 3 ancilla bits would have non-trivial
contributions in the 15 through 3*¢ order terms. In [15] Jordan and Farhi generalized the construction in [7]
to a general k-body to 2-body reduction using a perturbative expansion due to Bloch [16]. They showed that
one can approximate the low-energy subspace of a Hamiltonian containing r distinct k-local terms using
a 2-local Hamiltonian. Two important gadgets were introduced by Oliveira and Terhal [3] in their proof
that 2-LOCAL HAMILTONIAN ON SQUARE LATTICE is QMA-COMPLETE. In particular, they introduced
an alternative 3- to 2-body gadget which uses only one additional spin for each 3-body term as well as a
“subdivision gadget” that reduces a k-body term to a ([k/2] + 1)-body term using only one additional spin
[3]. These gadgets, which we improve in this work, find their use as the de facto standard whenever the use of
gadgets is necessitated. For instance, the gadgets from [3] were used by Bravyi, DiVincenzo, Loss and Terhal
[11] to show that one can combine the use of subdivision and 3- to 2-body gadgets to recursively reduce a
k-body Hamiltonian to 2-body, which is useful for simulating quantum many-body Hamiltonians. We note
that these gadgets solve a different problem than the type of many-body operator simulations considered
previously [I7, 18] for gate model quantum computation, where the techniques developed therein are not
directly applicable to our situation.

While recent progress in the experimental implementation of adiabatic quantum processors [19-22] sug-
gests the ability to perform sophisticated adiabatic quantum computing experiments, the perturbative
gadgets require very large values of A. This places high demands on experimental control precision by
requiring that devices enforce very large couplings between ancilla qubits while still being able to resolve
couplings from the original problem — even though those fields may be orders of magnitude smaller than
A. Accordingly, if perturbative gadgets are to be used, it is necessary to find gadgets which can efficiently
approximate their target Hamiltonians with significantly lower values of A.

Results summary and manuscript structure. Previous works in the literature [3, [l [7, 11} 12] choose
A to be a polynomial function of ¢~! which is sufficient for yielding a spectral error O(e) between the
gadget and the target Hamiltonian. Experimental realizations however, will require a recipe for assigning
the minimum A that guarantees error within specified e, which we consider here. This recipe will need to
depend on three parameters: (i) the desired coupling, «; (ii) the magnitude of the non-problematic part of
the Hamiltonian, ||Hese||; and (iii) the specified error tolerance, e. For simulating a target Hamiltonian up



to error €, previous constructions [3 11} [12] use A = ©(e~2) for the subdivision gadget and A = ©O(e~?) for
the 3- to 2-body gadget. We will provide analytical results and numerics which indicate that A = ©(e~!) is
sufficient for the subdivision gadget (Sec. [[Iland Sec. and A = O(e?) for the 3- to 2-body gadget (Sec.
and Sec. |A]), showing that the physical resources required to realize the gadgets are less than previously
assumed elsewhere in the literature.

In our derivation of the A scalings, we use an analytical approach that involves bounding the infinite series
in the perturbative expansion. For the 3- to 2-body reduction, in Appendix [A] we show that complications
arise when there are multiple 3-body terms in the target Hamiltonian that are to be reduced concurrently
and bounding the infinite series in the multiple-bit perturbative expansion requires separate treatments of
odd and even order terms. Furthermore, in the case where A = ©(e~2) is used, additional terms which are
dependent on the commutation relationship among the 3-body target terms are added to the gadget in order
to compensate for the perturbative error due to cross-gadget contributions (Appendix .

The next result of this paper, described in Sec. [V} is a 3- to 2-body gadget construction that uses a 2-body
Ising Hamiltonian with a local transverse field. This opens the door to use existing flux-qubit hardware
[19] to simulate Hiarg = Helse + ®Z;Z;Z), where Hejge is not necessarily diagonal. One drawback of this
construction is that it requires A = ©(e~®), rendering it challenging to realize in practice. For cases where
the target Hamiltonian is diagonal, there are non-perturbative gadgets [23H25] that can reduce a k-body
Hamiltonian to 2-body. In this work, however, we focus on perturbative gadgets.

The final result of this paper in Sec. [VI] is to propose a gadget which is capable of reducing arbitrary
real-valued Hamiltonians to a Hamiltonian with only XX and ZZ couplings. In order to accomplish this,
we go to fourth-order in perturbation theory to find an XXZZ Hamiltonian which serves as an effective
Hamiltonian dominated by YY coupling terms. Because YY terms are especially difficult to realize in some
experimental architectures, this result is useful for those wishing to encode arbitrary QMA-HARD problems
on existing hardware. This gadget in fact now opens the door to solve electronic structure problems on an
adiabatic quantum computer.

To achieve both fast readability and completeness in presentation, each section from Sec. [[I] to Sec. [V]]
consists of a Summary subsection and an Analysis subsection. The former is mainly intended to provide
a high-level synopsis of the main results in the corresponding section. Readers could only refer to the
Summary sections on their own for an introduction to the results of the paper. The Analysis subsections
contain detailed derivations of the results in the Summary.

I. PERTURBATION THEORY

In our notation the spin-1/2 Pauli operators will be represented as {X,Y, Z} with subscript indicating
which spin-1/2 particle (qubit) it acts on. For example X3 is a Pauli operator X = |0)(1| + |1)(0] acting on
the qubit labelled as 2.

In the literature there are different formulations of the perturbation theory that are adopted when con-
structing and analyzing the gadgets. This adds to the challenge faced in comparing the physical resources
required among the various proposed constructions. For example, Jordan and Farhi [I5] use a formulation
due to Bloch, while Bravyi et al. use a formulation based on the Schrieffer-Wolff transformation [I1]. Here
we employ the formulation used in [3] [7]. For a review on various formulations of perturbation theory, refer
to [26].

A gadget Hamiltonian H = H + V consists of a penalty Hamiltonian H, which applies an energy gap
onto an ancilla space, and a perturbation V. To explain in further detail how the low-lying sector of the
gadget Hamiltonian H approximates the entire spectrum of a certain target Hamiltonian Hiaye with error e,
we set up the following notations: let A; and [¢;) be the 4t eigenvalue and eigenvector of H and similarly
define :\j and |1/~13> as those of H, assuming all the eigenvalues are labelled in a weakly increasing order
(A1 < A < ---, same for );). Using a cutoff value \,, let £_ = span{|y;)|¥j : A; < A} be the low energy
subspace and £ = span{[¢;)|Vj : \; > A, } be the high energy subspace. Let II_ and II; be the orthogonal
projectors onto the subspaces £_ and L respectively. For an operator O we define the partitions of O into
the subspaces as O_ =II_OIl_, O4 =11, O0Il;, O_; =1I_OIl; and O4_ =11, OIl_.

With the definitions above, one can turn to perturbation theory to approximate H_ using H and V.
We now consider the operator-valued resolvent G(z) = (21 — H)~!. Similarly one would define G(z) =



(21 — H)~'. Note that G~'(z) — G~!(z) = —V so that this allows an expansion in powers of V as
G=G'-V)'=G1-VG@) '=G+GVG+GVGVG+GVGVGVG +--- . (2)

It is then standard to define the self-energy ¥_(z) = z1l — (G_(z))~!. The self-energy is important because
the spectrum of ¥_(z) gives an approximation to the spectrum of H_ since by definition H_ = 21 —
IT_(G~1(2))II_ while ¥_(2) = 21 — (IT_G(2)IT_)"'. As is explained by Oliveira and Terhal [3], loosely
speaking, if ¥_(z) is roughly constant in some range of z (defined below in Theorem then ¥_(z) is
playing the role of H_. This was formalized in [7] and improved in [3] where the following theorem is proven
(as in [3] we state the case where H has zero as its lowest eigenvalue and a spectral gap of A. We use
operator norm || - || which is defined as || M| = max|y)er [(¥|M|¢)] for an operator M acting on a Hilbert
space M):

Theorem 1.1 (Gadget Theorem [3,[7]). Let ||V|| < A/2 where A is the spectral gap of H and let the low and
high spectrum of H be separated by a cutoff A, = A/2. Now let there be an effective Hamiltonian H g with
a spectrum contained in [a,b]. If for some real constant € >0 and Vz € [a — €,b+ €] witha <b < A/2 —,
the self-energy X_(z) has the property that |X_(z) — Hegl| < €, then each eigenvalue S\j of H_ differs to the
jt eigenvalue of Heg, Aj, by at most €. In other words |5\j — | <e, Vj.

To apply Theorem a series expansion for X _ (z) is truncated at low order for which Heg is approximated.
The 2-body terms in H and V' by construction can give rise to higher order terms in Hqg. For this reason
it is possible to engineer Heg from X_(z) to approximate Hy,g up to error e in the range of z considered
in Theorem [L.1| by introducing auxiliary spins and a suitable selection of 2-body H and V. Using the series
expansion of G in Eq. [2| the self-energy ¥_(2) = 21 — G='(2) can be expanded as (for further details see

7)
2 (2)=H_ +V_+V GL()Veu + Vi G (VLG (2)Vom + - (3)

The terms of 2°¢ order and higher in this expansion give rise to the effective many-body interactions.

II. IMPROVED OLIVEIRA AND TERHAL SUBDIVISION GADGET

Summary. The subdivision gadget is introduced by Oliveira and Terhal [3] in their proof that 2-LOCAL
HAMILTONIAN ON SQUARE LATTICE is QMA-COMPLETE. Here we show an improved lower bound for the
spectral gap A needed on the ancilla of the gadget. A subdivision gadget simulates a many-body target
Hamiltonian Hyarg = Helse + - A ® B (Helse is a Hamiltonian of arbitrary norm, ||A|| =1 and ||B|| =1) by
introducing an ancilla spin w and applying onto it a penalty Hamiltonian H = A|1)(1],, so that its ground
state subspace £_ = span{|0),,} and its excited subspace £, = span{|1), } are separated by energy gap A.
In addition to the penalty Hamiltonian H, we add a perturbation V of the form

V = Hoe + 10]0)(0) + /02 (sgm(0) 4 - B) © X, (4)

Hence if the target term A ® B is k-local, the gadget Hamiltonian H = H + V is at most ([k/2] + 1)-local,
accomplishing the locality reduction. Assume Hiayg acts on n qubits. Prior work [3] shows that A = ©(e72)
is a sufficient condition for the lowest 2™ levels of the gadget Hamiltonian H to be e-close to the corresponding
spectrum of Hiaye. However, by bounding the infinite series of error terms in the perturbative expansion, we
are able to obtain a tighter lower bound for A for error e. Hence we arrive at our first result (details will be
presented later in this section), that it suffices to let

2
A% (2o 1) 2lHal + o]+, )

In Fig. [2| we show numerics indicating the minimum A required as a function of « and €. In Fig. the
numerical results and the analytical lower bound in Eq. [b|show that for our subdivision gadgets, A can scale
as favorably as ©(e~1). For the subdivision gadget presented in [3], A scales as ©(e~2). Though much less
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FIG. 1: Numerical illustration of gadget theorem using a subdivision gadget. Here we use a subdivision
gadget to approximate Hiarg = Helse + 21 Z2 with ||Heise| = 0 and o € [—1,1]. € = 0.05. “analytical”
stands for the case where the value of A is calculated using Eq. [12| when |o| = 1. “numerical” represents
the case where A takes the value that yield the spectral error to be e. In (a) we let o = 1.

2 € [~ max z, max z] with max 2z = ||Hejse|| + maxa + €. The operator ¥_(z) is computed up to the 3
order. Subplot (b) shows for every value of « in its range, the maximum difference between the eigenvalues
S\j in the low-lying spectrum of H and the corresponding eigenvalues Aj in the spectrum of Hiarg ® 0)(0]..

than the original assignment in [3], the lower bound of A in Eq. [5] still satisfies the condition of Theorem
In Fig. 2] we numerically find the minimum value of such A that yields a spectral error of exactly e.

Analysis. The currently known subdivision gadgets in the literature assume that the gap in the penalty
Hamiltonian A scales as ©(e~2) (see for example [3, [[1]). Here we employ a method which uses infinite
series to find the upper bound to the norm of the high order terms in the perturbative expansion. We find
that in fact A = ©(e™!) is sufficient for the error to be within €. A variation of this idea will also be used
to reduce the gap A needed in the 3- to 2-body gadget (see Sec. .

The key aspect of developing the gadget is that given H = A|1)(1],,, we need to determine a perturbation
V to perturb the low energy subspace

L_ = span{|y) ® |0),,, |t) is any state of the system excluding the ancilla spin w}

such that the low energy subspace of the gadget Hamiltonian H=H+V approximates the spectrum of
the entire operator Hiarg ® [0)(0],, up to error e. Here we will define V' and work backwards to show that it
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FIG. 2: Comparison between our subdivision gadget with that of Oliveira and Terhal [3]. The data labelled

as “numerical” represent the A values obtained from the numerical search such that the spectral error

between Hiapg and H_ is e. The data obtained from the calculation using Eq. |5 are labelled as
“analytical”. “{OTO06]” refers to values of A calculated according to the assignment by Oliveira and Terhal
[3]. In this example we consider Hiarg = Helse + @Z1Z2. (a) Gap scaling with respect to . Here

[[Hese|| = 0 and o = 1. (b) The gap A as a function of the desired coupling a.. Here ||Hejse|| = 0, € = 0.05.

satisfies Theorem [[L1 We let
1
V = Hepe + Z(H2A2 +A2B?) ®(0)(0], + (kA + AB) ® X,, (6)

where k, A are constants which will be determined such that the dominant contribution to the perturbative
expansion which approximates H_ gives rise to the target Hamiltonian Hiarg = Helse +a- A® B. In Eq. |§| and
the remainder of the section, by slight abuse of notation, we use KA+ AB to represent K(A® 1)+ (14 ® B)
for economy. Here 1 4 and g are identity operators acting on the subspaces A and B respectively. The
partitions of V' in the subspaces, as defined in Sec. [ are

1
VJr - else & ‘1><]~|w7 V. = ( else Z(52A2 + >\QB2)]].> ® |O><O‘w,
Voy = (kA+2AB) ®|0)(1]w, Vi— = (kA+AB)® [1)(0]s.

(7)

We would like to approximate the target Hamiltonian Hia,e and so expand the self-energy in Eq. I up to 274
order. Note that H_ = 0 and G (z) = (z — A)~}|1)(1],,. Therefore the self energy () can be expanded
as

VIV,
V¥Vt
E,(Z) = V_ +7AV +V+ +ZW
KA z Vo VEV, (8)
= (Helse - AA®B> ® |0><0|w+m(mA+>\B) @ 10)(0]y + Z w.
Hegr error term
By selecting © = sgn(a)(|a|A/2)1/2 and A = —(Ja|A/2)Y/2, the leading order term in ¥_(z) becomes

Hegr = Hiarg ®[0)(0]. We must now show that the condition of Theorem [I.1|is satisfied i.e. for a small real
number € > 0, ||X_(2) — Hegr|| < €,Vz € [min 2z, max z] where max z = || Hepse|| + |t| + € = — min z. Essentially



this amounts to choosing a value of A to cause the error term in Eq.[8[to be < €. In order to derive a tighter
lower bound for A, we bound the norm of the error term in Eq. [§] by letting z — max z and from the triangle
inequality for operator norms:

max z 12 2|or| max z
il S Yo e v eiiatedh
- A(A max z) A —max z

Z [ |
(A — max z)k+1 (9)
2|k - ||HclsCHk'2|’i| - 2|a|A||HclSCHk
< = A2 Helsell
- Z (A — max z)k+1 Z (A — max z)k+1

k=1 k=1

Using Hesr = Hiarg © 0)(0]y, from (8]) we see that

A

KA+ AB)? ®|0)(0],

===

i V. VY,
(z — Akt

k=1

2|a|maxz 2 2|a| Al Hegel

A — maxz 1 (A — max z)k+1

2 2 A Hese
_ Zofmaxz | 2ald el )

A—maxz A —maxz A —maxz— ||[Hesel

[13%-(2) = Hyarg © [0) (0l || < (10)

Here going from Eq. [10] to Eq. [T1] we have assumed the convergence of the infinite series in Eq. which
adds the reasonable constraint that A > |a| + € + 2||Heise||. To ensure that |[X_(2) — Hiarg ® [0) (0| < € it
is sufficient to let expression Eq.[T1] be < ¢, which implies that

2
A> (lfl + 1) (lof + € + 2| Hersell) .

which is ©(e 1), a tighter bound than ©(¢~2) in the literature [3 [7, [[1]. This bound is illustrated with a
numerical example (Fig. [1). From the data labelled as “analytical” in Fig. |[lh we see that the error norm
IX_(2) — Heg|| is within e for all z considered in the range, which satisfies the condition of the theorem for
the chosen example. In Fig. 7 the data labelled “analytical” show that the spectral difference between H_
and Heg = Hyarg ® 0)(0],, is indeed within € as the theorem promises. Furthermore, note that the condition
of Theorem [[1]is only sufficient, which justifies why in Fig. [[p for a values at max o and min « the spectral
error is strictly below e. This indicates that an even smaller A, although below the bound we found in Eq.
to satisfy the theorem, could still yield the spectral error within e for all « values in the range. The
smallest value A can take would be one such that the spectral error is exactly € when « is at its extrema.
We numerically find this A (up to numerical error which is less than 1075¢) and as demonstrated in Fig.
[Ib, the data labelled “numerical” shows that the spectral error is indeed € at max(a) and min(a), yet in
Fig. [lp the data labelled “numerical” shows that for some z in the range the condition of the Theorem
1= (2) — Hiarg @ |0)(0],|| < €, no longer holds. In Fig. [1] we assume that € is kept constant. In Fig. Ph we
compute both analytical and numerical A values for different values of e.

Comparison with Oliveira and Terhal [3]. We also compare our A assignment with the subdivision gadget
by Oliveira and Terhal [3], where given a target Hamiltonian Hiary = Helse + @ ® R it is assumed that @
and R are operators with finite norm operating on two separate spaces A and B.

The construction of the subdivision gadget in [3] is the same as the construction presented earlier: introduce
an ancillary qubit w with energy gap A, then the unperturbed Hamiltonian is H = A|1)(1],. In [3] they
add a perturbation V that takes the form of [3, Eq. 15]

[A
V H/lse 5(_Q+R) ®X’u} (13)
where H'

! se = Hetse + Q?/2 + R?/2. Comparing the form of Eq. 13| and Eq. |§| we can see that if we redefine

= +/|a]A and R = \/|a|B, the gadget formulation is identical to our subdivision gadget approximating
Htarg = Hese + €A ® B with o > 0. In the original work A is chosen as [3, Eq. 20]

(H clsc” + C2T)6

A= 2

€



where Cy > v/2 and r = max{||Q||, || R||}. In the context of our subdivision gadget, this choice of A translates
to a lower bound

/ 6
A > (HHelse + |a|]lH + 2|Oé|) ) (14)

€

In Fig. we compare the lower bound in Eq. with our lower bound in Eq. and the numerically
optimized A described earlier.

III. PARALLEL SUBDIVISION AND k- TO 3-BODY REDUCTION

Summary. Applying subdivision gadgets iteratively one can reduce a k-body Hamiltonian Hiarg =
Hgeo + a®f=1 o; to 3-body. Here each o; is a single spin Pauli operator. Initially, the term ®f=1 o;
can be broken down into A ® B where A = @_, 0; and B = ®f:r+1 o;. Let r = k/2 for even k and
r = (k+1)/2 for odd k. The gadget Hamiltonian will be ([k/2] + 1)-body, which can be further reduced
to a ([[k/2] +1]/2 + 1)-body Hamiltonian in the same fashion. Iteratively applying this procedure, we
can reduce a k-body Hamiltonian to 3-body, with the i*! iteration introducing the same number of ancilla
qubits as that of the many-body term to be subdivided. Applying the previous analysis on the improved
subdivision gadget construction, we find that A; = @(e‘lAf’f 21) is sufficient such that during each iteration

the spectral difference between IA{Q and PNIZ-,l is within €. From the recurrence relation A; = @(e’lAfﬁ), we
hence were able to show a quadratic improvement over previous k-body constructions [11].

Analysis. The concept of parallel application of gadgets has been introduced in [3, [7]. The idea of
using subdivision gadgets for iteratively reducing a k-body Hamiltonian to 3-body has been mentioned
in [3| MI]. Here we elaborate the idea by a detailed analytical and numerical study. We provide explicit
expressions of all parallel subdivision gadget parameters which guarantees that during each reduction the
error between the target Hamiltonian and the low-lying sector of the gadget Hamiltonian is within e. For the
purpose of presentation, let us define the notions of “parallel” and “series” gadgets in the following remarks.

Remark III.1 (Parallel gadgets). Parallel application of gadgets refers to using gadgets on multiple terms
Hiarg,i in the target Hamiltonian Higrg = Hegge + Z?il Hiorgs concurrently. Here one will introduce m
ancilla spins wy,--- ,wy, and the parallel gadget Hamiltonian takes the form of H = S H; +V where
H; = A|1)(1]w, and V = Hejse + Y vy Vie Vi is the perturbation term of the gadget applied to Hyqrg, ;.

Remark III.2 (Serial gadgets). Serial application of gadgets refers to using gadgets sequentially. Suppose

the target Hamiltonian Hiqry s approximated by a gadget Hamiltonian HY such that HY

approximates
the spectrum of Hyqrg up to error €. If one further applies onto HW another gadget and obtains a new

Hamiltonian H® whose low-lying spectrum captures the spectrum of H® | we say that the two gadgets are
applied in series to reduce Hygry to H®.

Based on Remark a parallel subdivision gadget deals with the case where Hiagi = 0 A; ® B;.
«; is a constant and A;, B; are unit norm Hermitian operators that act on separate spaces A; and B;.
Note that with H; = A|1)(1],, for every i € {1,2,---,m} we have the total penalty Hamiltonian H =
S H = > vefo,1pm M(@)Alz) (x| where h(z) is the Hamming weight of the m-bit string z. This penalty
Hamiltonian ensures that the ground state subspace is £_ = span{|0)®™} while all the states in the subspace
Ly = span{|z)|z € {0,1}"™, 2 # 00---0} receives an energy penalty of at least A. The operator-valued
resolvent G for the penalty Hamiltonian is (by definition in Sec.

O S NG (15)

ze{0,1}m

The perturbation Hamiltonian V' is defined as

_ 1 . 2 42 2 2 -
V = Hyeo + X ;(ni A2+ \2B?) + ;(mAi + XNiBs) ® Xy, (16)



where the coefficients x; and \; are defined as k; = sgn(a;)v/|a|A/2,\; = —/|a;|A/2. Define P_ =
|0)®™(0|®*™ and Py = 1—P_. Then if Hy,ye acts on the Hilbert space M, II_ = 1 y®P_ and Iy = 1 &Py
Comparing Eq. [16| with Eq. |§| we see that the projector to the low-lying subspace |0)(0|,, in Eq. |§| is replaced
by an identity 1 in Eq. @ This is because in the case of m parallel gadgets P_ cannot be realized with only
2-body terms when m > 3.

The partition of V' in the subspaces are

1 «— 1 —
Vo= (HEISE + Z Z(’kﬁA? + )‘ZQBZQ)> ® P_, V+ = <Helse + Z Z(K’ZQAzQ + A?B?)) ®P+

. i=1 m i=1 (17)
Vi = Z(KiAi +\B;)® P_X,, Py, Vi = ZOﬂAi + \B)® Py X, P
i=1 i=1
The self-energy expansion in Eq. [3| then becomes
_ 1 Q=) 2 42 22 1 2
Y (2) = <H1 +x D (k2A7+NBY) | @ P_ + Y Z(niAi +\Bi)?® P_
> =1 =1 (18)
+ ) Vo (GLV)RGL V.
k=1
Rearranging the terms we have
m 2,{ 1 1 m
= i ) ) - 2 42 2 2
L@)_<QM+XXZ &®BJ>®R+<A+-4J?;M&+&BJ®R
LHeff Eq (19)
1 1 m
+ (A +> Z%,)\ A; @ B; ®P_+;V LG VORGLV,
Es E3

where the term Heg = Hiarg ® P— is the effective Hamiltonian that we would like to obtain from the pertur-
bative expansion and E7, Es, and E3 are error terms. Theorem [[.1] states that for z € [— max(z), max(z)],
if |2 (2) — Hiarg ® P_|| < € then H_ approximates the spectrum of Hiag ® P— by error at most e. Sim-
ilar to the triangle inequality derivation shown in @, to derive a lower bound for A let z — max(z) =
| Heisell + D1 || + € and the upper bounds of the error terms E7 and E» can be found as

1E|

IN

max z) i max(z 1/2
< —— -
A — max(z Z e A max(z <Z|a | )
- (20)
| E2|l

AN
l>
E
E><
53
N
]
Y
£}
—<
no
\_/

From the definition in Eq. [15[ we see that ||G1(2)] < m. Hence the norm of E3 can be bounded by

i 1200 (i Ai + N Ba) 1P| Hetse + & 2oimy (7 A7 + AFBE)L|*

Byl <
1Bs]l < e (A — max(z))*+1
f: QA(Z?;l |O‘i|1/2)2(||Helse|| + Z:il |O‘i|)k (21)
T (A — max(z))kt+1
2A(Z?;1 |O‘i|l/2)2 | Heise || + Z?il |ovi

A —max(z) A -max(z) - (| Hesell + 32724 Jail)’

Similar to the discussion in Sec. [l to ensure that ||X_(2) — Hiarg @ P—|| < ¢, which is the condition of
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Theorem it is sufficient to let || E1|| + || E=|| + || Es]| < e:

2
2 max(z) iz 1

E E E _— |12

1B+ 1B + 1Bl < ) (Zm )

A

20T, ol V22 [ELaell + S0 o (22)
A — max(z) A —max(2) — (|| Helsell + Z?il |evil)
_ 2(Zi:1 |ai|1/2)2(max(z) + || Helse|| + Zi:1 i)

+

o Se
A —max(z) = (| Hetsell + 3224 |ail)
where we find the lower bound of A for parallel subdivision gadget
AT, [ ]1/2)? "
8z |l ] ) + 2l +0, (23)

=1

Note that if one substitutes m = 1 into Eq. 23] the resulting expression is a lower bound that is less tight
than that in Eq. This is because of the difference in the perturbation V' between Eq. and Eq. [0]
which is explained in the text preceding Eq. Also we observe that the scaling of this lower bound for
A is O(poly(m)/e) for m parallel applications of subdivision gadgets, assuming |a;| = O(poly(m)) for every
1 € {1,2,--- ;m}. This confirms the statement in [3 [7, II] that subdivision gadgets can be applied to
multiple terms in parallel and the scaling of the gap A in the case of m parallel subdivision gadgets will only
differ to that of a single subdivision gadget by a polynomial in m.

Iterative scheme for k- to 3-body reduction. The following iterative scheme summarizes how to use parallel
subdivision gadgets for reducing a k-body Ising Hamiltonian to 3-body (Here we use superscript ) to
represent the i iteration and subscript ; for labelling objects within the same iteration):

HO = Hiavg; Hiarg acts on the Hilbert space MO,
while H® is more than 3-body
Step 1: Find all the terms that are no more than 3-body (including Hese from H(®) in H—1)
and let their sum be H élg)e
Step 2: Partition the rest of the terms in A~ into o\” 4" @ BY,
aéi)Agi) ® Béi), cee aﬁ,?A,(f;) ® B,(f;). Here algi) are coefficients.
Step 3: Introduce m ancilla qubits wgi), wéi), e w,&? and construct H® using the
parallel subdivision gadget. Let P = 0---0)(0---0] 6., Define " = Ty ® pPY,
3.1: Apply the penalty Hamiltonian H(®) = Z?G{O,l} h(x)lA(l)|x><m|
Here A is calculated by the lower bound in Eq. [2

‘a(i)lA(L)

3.2: Apply the perturbation V® = else + Z] 1
+3 e,
3.3: HO = HO 4+ V(@ acts on the space M@ and the maximum spectral difference
between ﬁ(f) = H@ﬁ(i)ﬂ@ and H(-D @ P@ is at most e.
t—i+1

(sgn(al)AY - By @ X

end
(24)
We could show that after s iterations, the maximum spectral error between AT and 7O ®;_, P (=)

is guaranteed to be within se. Suppose we Would like to make target Hamiltonian Hy, we construct a gadget
H = H® + vV according to algorithm (2 ([24), such that INHD) = \(H®)| < € for low-lying eigenvalues

A(+). Note that in a precise sense we should write |/\(H(71)H(1)H(7)) MNHO @ p ))| Since the projectors
H@ and P do not affect the low-lying spectrum of H® and HOY | for simplicity and clarity we write
only HG=D and HO. After HY is introduced, according to algorithm the second gadget H® js
then constructed by considering the entire H® as the new target Hamiltonian and introducing ancilla
particles with unperturbed Hamiltonian H(?) and perturbation V(2 such that the low-energy spectrum of
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51.525554|5556.57 iteration (tree depth) 4
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10 A @77 ° ___
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FIG. 3: (a) Reduction tree diagram for reducing a 7-body term to 3-body using parallel subdivision
gadgets. Each S; is a single-qubit Pauli operator acting on qubit ¢. The vertical lines | show where the
subdivisions are made at each iteration to each term. (b) An example where we consider the target
Hamiltonian Htarg = 0151525354555657 with a = 5 % 1073, Sz = X,’, Vi € {1, 2, s ,7}, and reduce it to
3-body according to (a) up to error e = 5 x 10~%. This plot shows the energy gap applied onto the ancilla
qubits introduced at each iteration. (c) The spectral error between the gadget Hamiltonian at each iteration
H® and the target Hamiltonian Hiarg. For both (b)(c) the data labelled as “numerical” correspond to the
case where during each iteration A is optimized such that the maximum spectral difference between
H@ﬁ(i)ﬂ@ and H-1 @ PEi) is e. For definitions of A @) H@ and Pﬁi), see Eq. ﬁ Those labelled
as ‘analytical’ correspond to cases where each iteration uses the gap bound derived in Eq.

H® approximates the spectrum of H® up to error e. In other words |A(H™M) — A(H®)| < e. With
the serial application of gadgets we have produced a sequence of Hamiltonians HO ﬁ O 5 7@ -
.o — H®) where H® is the target Hamiltonian and each subsequent gadget Hamiltonian H®) captures the
entire previous gadget H(~1 in its low-energy sector with |A(H®) — A(H~1)| < e. Hence to bound the
spectral error between the last gadget H®) and the target Hamiltonian H©O) we could use triangle inequality:
ACHE)) = NHO)| < AE®) = AHCED)| + -+ AHD) = AHO)| < se.

Total number of iterations for a k- to 3-body reduction. In general, given a k-body Hamiltonian, we apply
the following parallel reduction scheme at each iteration until every term is 3-body: if k is even, this reduces
it to two (k/2+1)-body terms; if k is odd, this reduces it to a (42 4+ 1)- and a (%51 +1)-body term. Define
a function f such that a k-body term needs f(k) iterations to be reduced to 3-body. Then we have the
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recurrence

2

f(k) =
f(TH)H k odd

f(k—i—l)—i—l k even
(25)

with f(3) = 0 and f(4) = 1. One can check that f(k) = [log,(k — 2)], k > 4 satisfies this recurrence.
Therefore, using subdivision gadgets, one can reduce a k-body interaction to 3-body in s = [log,(k — 2)]
iterations and the spectral error between H(®) and H©) is within [log,(k — 2)]e.

Gap scaling. From the iterative scheme shown previously one can conclude that AGHY) = @(e~1(A1)3/2)
for the (i + 1)'" iteration, which implies that for a total of s iterations,

A — @ (;2[(3/2)5*1—1](Au))(s/m*l) . (26)
Since s = [log,y(k — 2)] and A1) = ©(¢~1) we have
A — @ (;3(%(1@721)1"&(3/”72) —0 (efpolyac)) (27)

accumulating exponentially as a function of k. The exponential nature of the scaling with respect to k agrees
with results by Bravyi et al. [I1]. However, in our construction, due to the improvement of gap scaling in
a single subdivision gadget from A = ©(¢~2) to ©(¢~1), the scaling exponents in ACGTY = (¢~ (A1)3/2)
are also improved quadratically over those in [IT], which is AGHD = @(e=2(A1)3).

Qubit cost. Based on the reduction scheme described in Eq. (illustrated in Fig. for 7-body), the
number of ancilla qubits needed for reducing a k-body term to 3-body is & — 3. Suppose we are given a
k-body target term 5155 --- Sy (where all of the operators S; act on separate spaces) and we would like to
reduce it to 3-body using the iterative scheme Eq. At each iteration, if we describe every individual sub-
division gadget by a vertical line | at the location where the partition is made, for example S1.55.5354|S55657
in the case of the first iteration in Fig. [Bh, then after [log,(k — 2)] iterations all the partitions made to the
k-body term can be described as S153]55|S4] - - |Sk—2|Sk—15k. Note that there are k — 3 vertical lines in
total, each corresponding to an ancilla qubit needed for a subdivision gadget. Therefore in total k — 3 ancilla
qubits are needed for reducing a k-body term to 3-body.

Ezample: Reducing 7-body to 3-body. We have used numerics to test the reduction algorithm Eq. [24]
on a target Hamiltonian Hiare = 5152535455567, Here we let S; = X;, Vi € {1,2,--- , 7T}, e =5 X 1074
and o = 5 x 1073, During each iteration the values of A®) are assigned according to the lower bound in
Eq. From Fig. we can see that the lower bounds are sufficient for keeping the total spectral error

between H® and H© ®f=1 P within 3e. Furthermore, numerical search is also used at each iteration to
find the minimum value of A() so that the spectral error between W FEOTY and A ®;:1 PY s e
The numerically found gaps A®) are much smaller than their analytical counterparts at each iteration (Fig.

[b), at the price that the error is larger (Fig. [3k). In both the numerical and the analytical cases, the error
appears to accumulate linearly as the iteration proceeds.

IV. IMPROVED OLIVEIRA AND TERHAL 3- TO 2-BODY GADGET

Summary. Subdivision gadgets cannot be used for reducing from 3- to 2-body; accordingly, the final
reduction requires a different type of gadget [3, [7, [I1]. Consider 3-body target Hamiltonian of the form
Hiarg = Helse + 0A® B® C. Here A, B and C are unit-norm Hermitian operators acting on separate spaces
A, B and C. Here we focus on the gadget construction introduced in Oliveira and Terhal [3] and also used
in Bravyi, DiVincenzo, Loss and Terhal [I1]. To accomplish the 3- to 2-body reduction, we introduce an
ancilla spin w and apply a penalty Hamiltonian H = A|1)(1],,. We then add a perturbation V of form,

V=Hese + pC @ 1) (1| + (kA+AB) @ Xy + V1 + V2 (28)
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where V; and V, are 2-local compensation terms (details presented later in this section):

1 25\ 1
Vi = = (k2400w + 22 A0 B — (k2 + A)uC @ |0)(0].
A A AZ (20)
25\
Vo = 7Fsgn(oz) (5% 4+ A2)[0)(0], + 2kAA ® B} .

Here we let & = sgn(a) (a/2)"® A3/4, X = (a/2)"% A3/4 and p = (a/2)"® AV/2,

For sufficiently large A, the low-lying spectrum of the gadget Hamiltonian H captures the entire spectrum
of Hiarg up to arbitrary error e. In the construction of [11] it is shown that A = ©(e~?) is sufficient. In [7],
A = O(e3) is also assumed, though the construction of V is slightly different from Eq. By adding terms
in V to compensate for the perturbative error due to the modification, we find that A = ©(e~2) is sufficient
for accomplishing the 3- to 2-body reduction:

1
A> 1(—b + Vb2 — 4c)? (30)
where b and ¢ are defined as

94/3,2/3
b = — {5—!— f(maxz+n+§2)}

24/3a2/3 (31)
c = - (1 + f) (max z + )

€

with max 2 = || Hetse|| + || + €, 7 = || Hetse|| +2%/3a*/3 and € = 271/3a1/3 4 21/302/3, From Eq. [30] we can see
the lower bound to A is ©(¢2). Our improvement results in a power of ¢! reduction in the gap. For the
dependence of A on ||Hese|, @ and e~* for both the original [3] and the optimized case, see Fig. 4l Results
show that the bound in Eq. [30]is tight with respect to the minimum A numerically found that yields the
spectral error between H_ and Hiag ® 0)(0],, to be e.

Analysis. We will proceed by first presenting the improved construction of the 3- to 2-body gadget
and then show that A = ©(e~2) is sufficient for the spectral error to be < e. Then we present the construc-
tion in the literature [3, I1] and argue that A = ©(¢~?) is required for yielding a spectral error between H
and Heg within e using this construction.

In the improved construction we define the perturbation V as in Eq. Here the coefficients are chosen
to be kK = O(A3/*), A = ©(A3/4) and u = O(AY/?). In order to show that the assigned powers of A in the
coefficients are optimal, we introduce a parameter r such that

« [0

Kk = sgn(a) (5)1/3 A", A= (%)1/3 A", = (5)1/3 A2 (32)

It is required that [|[V| < A/2 (Theorem for the convergence of the perturbative series. Therefore let
r < 1 and 2 — 2r < 1, which gives 1/2 < r < 1. With the definitions £_ and £ being the ground and
excited state subspaces respectively, V_, V, V_,, V,_ can be calculated as the following:

1 1 2K
V. = {Hdsc + K(KZA +AB)? - E(nz + Xl — %sgn(a)(mﬁl + )\B)z] ®10)(0]w
2K\ 4K2\2
V, = {Helse + uC + TA ® B - ngn(a)A ® B| @ [1)(1]w (33)

Vo, = (kA+AB)®|0)(1]u
Vi = (kA+AB)® [1){0]s.
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The self-energy expansion, referring to Eq. |3] becomes

1 1 VRV
Bo(2) = Vot RV Vit gV Ve Ve +Zw
_ l 2 l 2 2K\ 9 1 9
= Helse + A(HA-F)\B) A(/i + A )uC — A3 ——sgn(a)(kA+ AB)* + 7A(I€A+)\B>
@ (®) (c) @ e
1 26\ 4K2N? (34)
— (kA B) |H, — AR B———r A® B A B
+ (Z _ A)Q (K‘ + A ) else T MC + A X A‘3 sgn(a) X (,‘i + A )
)] (9) RS S
> V_ VvV, _
+ Z i e s s

= (Z _ A)kJrl :

()

Now we rearrange the terms in the self energy expansion so that the target Hamiltonian arising from the
leading order terms can be separated from the rest, wheih are error terms. Observe that term (g) combined
with the factors outside the bracket could give rise to a 3-body A ® B ® C term:

1 2K\ 1 1
———
1 (92) (g2) (35)
+ m(ﬁ2 + )\2),&0.

(93)

Here (g1) combined with term (a) in gives Hyarg. (g92) and (g3) are error terms. Now we further
rearrange the error terms as the following. We combine term (b) and (e) to form Fj, term (c¢) and (g3) to
form FEy, term (f) and the factors outside the bracket to be E5. Rename (g2) to be E4. Using the identity
(kA + AB)(A ® B)(kA + AB) = sgn(a)(kA + AB)? we combine term (d) and (h) along with the factors
outside the bracket to be E5. Rename (¢) to be Eg and (j) to be E;. The rearranged self-energy expanision
reads

28 1 1
Z_(Z) = |:Helse+ %A@B@C—F (A + —A) (KA‘F/\B)Q
Hiarg E4

+ ((Z_lA)z Alz) (K? +)‘2)/~LC+(%)Q(KA—F)\B)HCEC(HA—FAB)

Es pe
+ ((zlA)Q Alz) 2kAUA ® B® C + ((zlA)Q _ A12) %sgn(a)(m omp
E4 pe
(z _IA)z ' 422;\2 (KA-I-)\B)Q} ® |0) O\w+z +V Zi; .
Es ~

We bound the norm of each error term in the self energy expansion Eq. by substituting the definitions
of k, XA and u in Eq. 32 and letting 2z be the maximum value permitted by Theorem [[.I] which is maxz =
la| + € + [|Hetse|:

max z-24/3a2/3 A2 1 (2A — max z) max 2

=0(A72), B < ra=06(A"h)  (37)

1Bl < >

A —maxz (A —max z)
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24/3@2/3A2T|‘He1se” _
(A —maxz)?

(2A — max z) max z

Es|| <
I1Es]l < (A —max 2)?

O(AT™2), || B4l < a=0(A"") (39

4a2A6r—3
(A —max z)?

1Bs ]| < (2A — max z) max z L 9B/3 A3 AMT—3 _ @(A4r—4)7 1Bl <

(A —max z)? =O(A"") (39

||E H < i (HA—’—)\B)(HEISe"’_,UC“F%(].—‘rQAﬁiz)\)A@B)k(HA_'_)\B)
no k=2 (A — max z)k+1
24/302/3 A2r 22 (HHelseH 4+ 2-1/3g1/3A2-2r | 91/3,2/3A\2r—1 | 22/3a4/3A4,,_3)k (40)
~ (A —maxz) pa (A — max z)F

_ @(Amax{lf2r,6;f5,10r79})'

Now the self energy expansion can be written as
S (2) = Hyarg @ 0) (0] + (AT )

where the function f(r) < 0 determines the dominant power in A from ||E || through ||Es|:

f(r) = max{l — 2r,6r — 5}, % <r<l (41)

In order to keep the error O(e), it is required that A = ©(e!/f("). To optimize the gap scaling as a function of
€, f(r) must take the minimum value. As is shown in Fig.[fb, when r = 3/4, the minimum value f(r) = —1/2
is obtained, which corresponds to A = ©(e~2). We have hence shown that the powers of A in the assignments
of k, A and p in Eq. 32| are optimal for the improved gadget construction. The optimal scaling of ©(¢~?2) is
also numerically confirmed in Fig. . As one can see, the optimized slope dlog A/dlog e~ is approximately
2 for small e.

One natural question to ask next is whether it is possible to further improve the gap scaling as a function
of e. This turns out to be difficult. Observe that the 6r — 5 component of f(r) in Eq. 41| comes from FEg
and E; in Eq. In E7, the ©(A%~5) contribution is attributed to the term % (kA + AB)? in V; of Eq.
which is intended for compensating the 2°¢ order perturbative term and therefore cannot be removed from
the construction.

We now let » = 3/4 be a fixed constant and derive the lower bound for A such that for given o, Hejse
and e, the spectral error between the effective Hamiltonian Heg = Hearg ® 0)(0],, and H_ is within €. This
amounts to satisfying the condition of Theorem

[X-(2) — Hegtl| < e. (42)

Define the total error E = ¥ _(z) — Hegg = F1 +- - -+ E7. For convenience we also define n = || Hesol| +22/304/3
and £ = 271/3a1/3 4 21/302/3 Then

. 94/3,,2/3 A3/2 X (n+€A1/2)k 94/3,,2/3 A3/2 N+ EAL/? 2 A
< = .
1Bl < A—maxz (A —maxz)* A —maxz— (n+ EAL/2) (Amaxz) (43)
The upper bound for || E| is then found by summing over Eq. and
IE| < max z:24/302/3AY2  (2A — max z) max z 94302 4 24/302/3 \3/2y)
A —max z (A —max z)? (A —max z)?
94/3,2/3 \3/2 N+ EAL/? 2 (44)
L — (n + EAL/2) (A — maxz) '



16

10 T T ‘ | T
i | |
10 [ SR ) S ﬁ”ET'D
N =
(a| :
5 : .o :
1O O .. SR
10° -0
us, Tumerical
O [OT06], numerical
. s, analytical
4 ‘ 5 5 EEd 10 i i T H 1
10101 10° 10° 2 4 6 8 10
E_l o
(a) (b)

FIG. 4: Comparison between our 3- to 2-body gadget with that of Oliveira and Terhal [3]. As A is not
explicitly assigned as a function of «, ||Hese|| and € in [3], we numerically find the optimal A values for
their constructions (marked as “{OT06]”). (a) shows the scaling of the gap A as a function of error
tolerance e. (b) shows the gap A as a function of the desired coupling a.. For the meanings of the labels in
the legend, see Fig.[2} The fixed parameters in each subplots are: (a) ||Heisel| =0, @ = 1. (b) € = 0.01,

|[Heise]| = 0. Note that our constructions have improved the A scaling for the ranges of & and e considered.
fr) £r)
17, 1t
. 6r —5
N ~ N ~ 3
. . I
1 1 r
0 1 , 0 1 1
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/ N 2 N
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FIG. 5: The function f(r) shows the dominant power of A in the error terms in the perturbative
expansion. (a) When the error term Ej in Eq. which contributes to the 4r — 3 component of f(r) in Eq.
is not compensated in the original construction by Oliveira and Terhal, the dominant power of A in the
error term f(r) takes minimum value of —1/3, indicating that A = ©(e~3) is required. (b) In the improved
construction, min,¢(1/2,1) f(r) = —1/2 indicating that A = ©(e~?2).

By rearranging the terms in Eq. [44] we arrive at a simplified expression for the upper bound presented below.
Requiring the upper bound of ||F|| to be within € gives

2 1/2
24/3a2/3(maxz+n+§ )AY2 4 ¢(max z + n) <e

FE| <
1Bl = A — (A2 — (max z + 1)

(45)

Eq. is a quadratic constraint with respect to A'/2. Solving the inequality gives the lower bound of A
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given in Eq. Note here that A = ©(e~2), which improves over the previously assumed A = ©(e~?3) in the
literature [3 [7, [IT]. This bound is shown in Fig. as the “analytical lower bound”. Comparison between
the analytical lower bound and the numerically optimized gap in Fig. [@p indicates that the lower bound is
relatively tight when || Hese|l = 0.

Comparison with Oliveira and Terhal [3]. Given operators @, R and T acting on separate spaces
A, B and C respectively, the 3- to 2-body construction in [3, [7] approximates the target Hamiltonian
Hiarg = Helse + Q ® R®T. In order to compare with their construction, however, we let oo = || Q|| - || R|| - || T|
and define Q = a'/3A, R = o'/3B and T = o'/3C'. Hence the target Hamiltonian Hiwg = Heolse + AR BRC
with A, B and C being unit-norm Hermitian operators. Introduce an ancilla qubit w and apply the penalty
Hamiltonian H = A|1)(1],. In the construction by Oliveira and Terhal [3], the perturbation V is defined as

V = Hejge @ 1y + pC @ [1) (1] + (kA + AB) @ X, + V/ (46)

where the compensation term V] is

1 1
quaZ0w$+ABF——150¥A2+A?B%MC. (47)

Comparing Eq. with the expression for V; in Eq. one observes that V; slightly improves over V] by
projecting 1-local terms to £_ so that V will have less contribution to V., which reduces the high order error
terms in the perturbative expansion. However, this modification comes at a cost of requiring more 2-local
terms in the perturbation V.

From the gadget construction shown in [3, Eq. 26], the equivalent choices of the coefficients x, A and p are

= (§) A= () e (§) =

where r = 2/3 in the constructions used in [3} [II]. In fact this value of r is optimal for the construction

in the sense that it leads to the optimal gap scaling A = ©(e~?). Expanding the self-energy to 3" order,
following a similar procedure as in , we have

2K\ 1 1
5:@):[Hmﬁ—ZfA®B®c+<A+A>MA+MW

Htarg El
1 1 1
+ <(2’—A)2A2> (52A2+)\2B2)’u0+m(1@4+)\3) Hso(kA + AB)
Ey Es
1 1 4 1 1 9 1o 9o ) (49)
+ W.Z(KAJW\B) REENEh A2( A2+ X°B?)u(kA+ AB)? ® C' | @(0){(0],,
E4 B
+V+V+_
+ Z AT
Esg

Similar to the derivation of Eq. and [39| by letting z — max z, where max z = |a| + € + | Hese|| is the
largest value of z permitted by the Theorem and using the triangle inequality to bound the norm, we
can bound the norm of the error terms F; through Eg. For example,

1 1 a\2/3 . .
E1<<A—maxz_A) 2 (2)7 ar —p(am),

Applying the same calculation to Es, E3,--- we find that |[Es|| = O(A™Y), ||E3|| = ©(A*2), ||Ey| =
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O(A*=3), | E5|| = ©(A*"~*). The norm of the high order terms Fg can be bounded as

oo a 1/3 r o0
) = SVl VI Vi) 49 AT
it (A —max(z))*! 7 A —max(z) = \ A —max(z)

94/30,2/3 \27 P
B A —max(z) — p (

(50)

2
( )) — @(A2r—1+2 max{1—2r727'—2}) _ @(Amax{1—27-76r—5})
z

A —max
where p = || Hejse|| +27/3a/3A2727 1 21/302/3A%7=1 If we again write the self energy expansion Eq. 49 as
£ (2) = Hearg ® 0)(0], +O(AT),

the function f(r) < 0, which determines the dominant power in A among F; through Fg, can be found as
1
f(r) =max{l — 2r,2r — 2,4r — 3,6r — 5}, 3 <r<l. (51)

Similar to the discussion after Eq. the optimal scaling of A = ©(e'//(") gives r = argminf(r) = 2/3,
when f(r) = —1/3 and A = ©(¢~3), as is shown in Fig. . Note that the 4r — 3 component in f(r), Eq.
comes from the error term E4 in Eq.[49] The idea for improving the gadget construction comes from the
observation in Fig. B that when we add a term in V to compensate for Ey, the dominant power of A in the
perturbation series, f(r), could admit a lower minimum as shown in Fig. . In the previous calculation we
have shown that this is indeed the case and the minimum value of f(r) becomes —1/2 in the improved case,
indicating that A = ©(e~?) is sufficient for keeping the error terms O(e).

V. CREATING 3-BODY GADGET FROM LOCAL X

Summary. In general, terms in perturbative gadgets involve mixed couplings (e.g. X;Z;). Although such
couplings can be realized by certain gadget constructions [4], physical couplings of this type are difficult
to realize in an experimental setting. However, there has been significant progress towards experimentally
implementing Ising models with transverse fields of the type [19]:

Hzz =Y 6Xi+ Y hiZi+ Y JijZiZ;. (52)
i i 2%

Accordingly, an interesting question is whether we can approximate 3-body terms such as a - Z; ® Z; ® Zj,
using a Hamiltonian of this form. This turns out to be possible by employing a perturbative calculation
which considers terms up to 5" order.

Similar to the 3- to 2-body reduction discussed previously, we introduce an ancilla w and apply the
Hamiltonian H = A|1)(1],,. We apply the perturbation

V:Helse+M(Zz+Zj +Zk)® |1><1‘w +Mﬂ®Xw “V‘chomp (53)

where p = (aA4/6)1/5 and Veomp is

3

2 5 4
Veomp = 10} (0] - (“ + 7“) (Zi+ Z; + Z1) © 0)(0]y + 55

AB (BL+2Z,Z; +2Z;Z, + 2Z;Zy,) .
(54)
To illustrate the basic idea of the 5*" order gadget, define subspaces £_ and £ in the usual way and define
P_ and P, as projectors into these respective subspaces. Then the second term in Eq. [53| with ®|1)(1|,
contributes a linear combination puZ; + uZ; + pZ; to Vo = P,V P,_. The third term in Eq. induces a
transition between £_ and L yet since it operates trivially on qubits 1-3, it only contributes a constant p
to the projections V_, = P_.V P, and V,_ = P,V P_. In the perturbative expansion, the 5" order contains
a term

A2 At

Vo VAVAVAVE P (Zi+ Zj + Z)® (55)
(z— A4 B (z — A)*
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due to the combined the contribution of the second and third term in Eq. This yields a term proportional
to o - Z; ® Z; ® Zj, along with some 2-local error terms. These error terms, combined with the unwanted
terms that arise at 15¢ through 4'" order perturbation, are compensated by Veomp- Note that terms at 6th
order and higher are ©(A~'/%). This means in order to satisfy the gadget theorem of Kempe et al. ([7,
Theorem 3], or Theorem 1.1) A needs to be ©(e~°). This is the first perturbative gadget that simulates a
3-body target Hamiltonian using the Hamiltonian Eq. By rotating the ancilla space, subdivision gadgets
can also be implemented using this Hamiltonian: in the X basis, Z terms will induce a transition between
the two energy levels of X. Therefore Z;Z; coupling could be used for a perturbation of the form in Eq. @
in the rotated basis. In principle using the transverse Ising model in Eq. [52] one can reduce some diagonal
k-body Hamiltonian to 3-body by iteratively applying the subdivision gadget and then to 2-body by using
the 3-body reduction gadget.

Analysis. Similar to the gadgets we have presented so far, we introduce an ancilla spin w. Applying
an energy gap A on the ancilla spin gives the unperturbed Hamiltonian H = AJ1)(1|,,. We then perturb
the Hamiltonian H using a perturbation V described in . Using the same definitions of subspaces £
and L£_ as the previous 3-body gadget, the projections of V into these subspaces can be written as

"

Vi = {Helse +u(Zy+ Zo+ Zs) + (81 4+ 2(Z1Z2 + 2175 + Z2Z3))] } ® 1) (1]

A3
2 13 M4
Vo = {Helse A -1 - E(Zl + Zy + Z3)1 A3 (81 4 2(Z1Z2 + Z1Z5 + Z2Z3))] (56)
7
S+ 2 z) | S0/

Vi = pl@]0)(1w, Vi-=pl@[1)(0]y.

The low-lying spectrum of H is approximated by the self energy expansion Y_(z) below with z €
[~ max z, max z| where maxz = |[Hesel + || + €. With the choice of p above the expression of Vi in
Eq. [66] can be written as

Vi = (Hawe + 1(Z1 + Zo + Z5) + O(A1%)) @ 1)1 (57)

Because we are looking for the 5 order term in the perturbation expansion that gives a term proportional

to Z,Zy7Z3, expand the self energy in Eq. |3 I up to 5 order:
Vo Vi V_ ViV, Vo VL VLV,
M- = Vo®[0)(0lw + ———— ®[0) (0w + —— =5 ®10)(0lw + ———5— ®0){0]w
(=) ®H<|+Z,Aemx|+-@,M @ 10)(0h + = 0100 "
5
| 2 70 VA Ve VA Vo Vv,
0)(0]4, ————— ®10){(0|-
A ol +Z e @00

Using this simplification as well as the expressions for V_, V_ and V,_ in Eq. 56} the self energy expansion
Eq. [58 up to 5*" order becomes

6L 1 1
Y (2) = (Hclsc + A4212223> ®10)(0] + <A + z—A) 121 @ 10)(0]4
Hege Ey
1 1Y . 1 1 . )
E2 ES
1 1 p pt 2
T \GoayE At T (Zy + Za + Z3) @ [0)(0], + AR 3%+ 2o+ Z3)* ©10) (0]
Ey Eg
> i
— — — - + +
+ O(A 2/5) + O(||Heise | A 2/5) + O(HHelse”ZA 7/5) + O(HffelsengA 12/5 Z —t k+1 ® [0) (0] -
k=
Eq

(59)
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FIG. 6: (a) The scaling of minimum A needed to ensure ||X_(z) — Heg|| < € as a function of ¢~!. Here we
choose ||Heise|| = 0, @ = 0.1 and € ranging from 107%7 to 10723, The values of minimum A are numerically
optimized [27]. The slope of the line at large e~! is 4.97 ~ 5, which provides evidence that with the
assignments of u = (aA*/6)'/°, the optimal scaling of A is ©(¢~%). (b) The numerically optimized [27] gap
versus the desired coupling « in the target Hamiltonian. Here ¢ = 0.01 and || Helse|| = 0.

Similar to what we have done in the previous sections, the norm of the error terms F; through E7 can be
bounded from above by letting z — max z. Then we find that

2= (2) = Hearg @ [0) (0]l < O(AT?) (60)

if we only consider the dominant dependence on A and regard ||Hepse|| as a given constant. To guarantee
that ||E,(52) — Hiarg ® 10)(0]]| < €, we let the right hand side of Eq. |60 to be < €, which translates to
A=0(7).

This ©(e~?) scaling is numerically illustrated (Fig. @a) Although in principle the 5" order gadget can
be implemented on a Hamiltonian of form Eq. [52] for a small range of «, the minimum A needed is already
large (Fig. @b), rendering it challenging to demonstrate the gadget experimentally with current resources.
However, this is the only currently known gadget realizable with a transverse Ising model that is able to
address the case where Hg)ge is not necessarily diagonal.

VI. YY GADGET

Summary. The gadgets which we have presented so far are intended to reduce the locality of the target
Hamiltonian. Here we present another type of gadget, called “creation” gadgets [4], which simulate the type
of effective couplings that are not present in the gadget Hamiltonian. Many creation gadgets proposed so
far are modifications of existing reduction gadgets. For example, the ZZXX gadget in [4], which is intended
to simulate Z; X; terms using Hamiltonians of the form

Hzzxx = Y ANXi+ Y hiZi+ Y JZiZi+ > KiXiX;, (61)
i i i,J .3

is essentially a 3- to 2-body gadget with the target term A ® B ® C' being such that the operators A, B and
C are X, Z and identity respectively. Therefore the analyses on 3- to 2- body reduction gadgets that we
have presented for finding the lower bound for the gap A are also applicable to this ZZXX creation gadget.
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Note that YY terms can be easily realized via bases rotation if single-qubit Y terms are present in the
Hamiltonian in Eq. Otherwise it is not a priori clear how to realize YY terms using Hyzzx x in Eq.
We will now present the first YY gadget which starts with a universal Hamiltonian of the form Eq. [61] and
simulates the target Hamiltonian Hiarg = Helse + aY;Y;. The basic idea is to use the identity X;Z; = 1Y;
where ¢ = v/—1 and induce a term of the form X Z:Z;X; = Y;Y; at the 4t order. Introduce ancilla qubit
w and apply a penalty H = AJ|1)(1|,. With a perturbation V we could perform the same perturbative
expansion as previously. Given that the 4" order perturbation is V_, V.V, V, _ up to a scaling constant.
we could let single X; and X; be coupled with X,,, which causes both X; and X, to appear in V_ and
V4 _. Furthermore, we couple single Z; and Z; terms with Z,,. Then %(11 + Z,,) projects single Z; and Z,
onto the + subspace and causes them to appear in V. For Hy.e = Helse + aY1Y2, the full expressions for
the gadget Hamiltonian is the following: the penalty Hamiltonian H = A|1)(1|,, acts on the ancilla qubit.
The perturbation V = Vi + Vi + V5 where Vp, Vi, and V5 are defined as

VO = Helse + M(Zl + Z2) ® ‘1><1|w + ,U(Xl - Sgn(a)X2) ® Xw

2 2
V= Z (o |0)(0], + X1 Xa) (62)
2
VQ - 7@2122.

with 1 = (Ja]A%/4)1/4. For a specified error tolerance ¢, we have constructed a YY gadget Hamiltonian of
gap scaling A = O(e™*) and the low-lying spectrum of the gadget Hamiltonian captures the spectrum of
Hiarg @ (0)(0], up to error e.

The YY gadget implies that a wider class of Hamiltonians such as

Hzzvy = Y hiXi+ Y NiZi+ Y JiZiZ;+ Y  KiYiY; (63)
i % 0,J 4,3
and
Hxxyy = ZhiXi+ZAiZi+ZJinin -‘rZKinin (64)
i i iyJ irJ

can be simulated using the Hamiltonian of the form in Eq. [61} Therefore using the Hamiltonian in Eq. [61]
one can in principle simulate any finite-norm real valued Hamiltonian on qubits. Although by the QMA-
completeness of Hzz x x one could already simulate such Hamiltonian via suitable embedding, our YY gadget
provides a more direct alternative for the simulation.

Analysis. The results in [4] shows that Hamiltonians of the form in Eq. supports universal adiabatic
quantum computation and finding the ground state of such a Hamiltonian is QM A-cCOMPLETE. This form of
Hamiltonian is also interesting because of its relevance to experimental implementation [19]. Here we show
that with a Hamiltonian of the form in Eq. [61| we could simulate a target Hamiltonian Hiare = Helse + Y1 Y5.
Introduce an ancilla w and define the penalty Hamiltonian as H = A|1)(1],. Let the perturbation V' =
Vo +Vi+ Vs be

Vo = Hese + k(Z1 + Z2) @ [1) (1] + k(X7 — sgn(a) Xa) @ Xy
Vi = 2:2A7|0)(0], — sgn(a) X X,] (65)
Vo = —4KJ4A_32122.

Then the gadget Hamiltonian H = H + V is of the form in Eq. Here we choose the parameter x =
(Ja|A3/4)*/4. In order to show that the low lying spectrum of H captures that of the target Hamiltonian,
define £_ = span{|1) such that H|¢)) = AJy)), A < A/2} as the low energy subspace of H and £, =1 —£_.
Define I1_ and II; as the projectors onto £_ and L, respectively.

With these notations in place, here we show that the spectrum of H_ = TII_HII_ approximates the
spectrum of Hyiare ® [0)(0],, with error e. To begin with, the projections of V' into the subspaces £_ and L4
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can be written as

K2 5 4kt
Vo = | Helse + Z(Xl - Sgl’l(O&)Xg) - A3 Z1Zs | @ |0><O‘w
(a) ) (b) .
2 4 66
Vi = (Hease + k(21 + Z2) — %sgn(a)Xng — AHngZQ> ® 1) (1] (66)

Voi = k(X1 —sgn(a)Xz) @ |0)(1]
Vi = k(X1 —sgn(e)Xz) @ [1){0]

Given the penalty Hamiltonian H, we have the operator valued resolvent G(z) = (21 — H)~! that satisfies
Gi(z) = U G(2)IL = (z — A)711)(1|,. Then the low lying sector of the gadget Hamiltonian H can be
approximated by the perturbative expansion Eq. For our purposes we will consider terms up to the 4"
order:

= Vo VRV,

1 1 1 V.
Z,(z) =V_+ TV,+V+7 + WV7+V+V+7 + mV7+V+V+V+7 + kZ:g m (67)

A

Now we explain the perturbative terms that arise at each order. The 15* order is the same as V_ in Eq.
The 2°9 order term gives

1 1

— AV Vi = xR (0 - agn(@) X2)” @(0) (0. (68)
(¢)
At the 3" order, we have
1 1 )
mv_+V+V+_ = m K (Xl — agn(oz)Xg)Helse(Xl - sgn(a)Xg)
1 4kt _
+ Goap s Xe- sgn(am)) © |0) (0l + O(A™H/4). (69)

(d)

The 4" order contains the desired YY term:

! 1 4 ) 2 1 4
mv_+V+V+V+_ = ((Z_A)?) - 2K (Xl — bgn(a)Xg) — m%{/ﬁ‘/ ZlZQ
; (70)
4rtsgn(a) © 73(/]2 2 i
(Z_T)?)YlYQ ® |0><O|w + O(HHelse” -A ) + O(HHelse” A )

Note that with the choice of & = (|a|A3/4)Y/4, all terms of 5 order and higher are of norm O(A~/4). In
the 1% order through 4" order perturbations the unwanted terms are labelled as (a) through (f) in Egs.
and Note how they compensate in pairs: the sum of (a) and (c) is O(A~Y/4). The same holds
for (d) and (e), (b) and (f). Then the self energy is then

¥ (2) = (Hese + a¥1Y2) @ [0)(0],, + O(A™V/4). (71)

Let A = O(e~%), then by the Gadget Theorem , the low-lying sector of the gadget Hamiltonian H_
captures the spectrum of Hiarg ® [0)(0],, up to error e.

The fact that the gadget relies on 4" order perturbation renders the gap scaling relatively larger than it is
in the case of subdivision or 3- to 2-body reduction gadgets. However, this does not diminish its usefulness
in various applications.
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CONCLUSION

We have presented improved constructions for the most commonly used gadgets, which in turn implies a
reduction in the resources for the many works which employ these current constructions. We presented the
first comparison between the known gadget constructions and the first numerical optimizations of gadget
parameters. Our analytical results are found to agree with the optimised solutions. The introduction of our
gadget which simulates YY-interactions opens many prospects for universal adiabatic quantum computation,
particularly the simulation of physics feasible on currently realizable Hamiltonians.
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Appendix A: Parallel 3- to 2-body gadget

Summary. In Sec. [[IT| we have shown that by using parallel subdivision gadgets iteratively, one can reduce a
k-body target term to 3-body. We now turn our attention to considering Hiarg = Helse —&-ZZI a;A;QB; RC;,
which is a sum of m 3-body terms. A straightforward approach to the reduction is to deal with the 3-body
terms in series i.e. one at a time: apply a 3-body gadget on one term, and include the entire gadget
in the Hese of the target Hamiltonian in reducing the next 3-body term. In this construction, A scales
exponentially as a function of m. In order to avoid that overhead, we apply all gadgets in parallel, which
means introducing m ancilla spins, one for each 3-body term and applying the same A onto it. This poses
additional challenges as the operator valued resolvent G(z) now has multiple poles. Enumerating high order
terms in the perturbation series requires consideration of the combinatorial properties of the bit flipping
processes (Fig. [7)).

If we apply the current construction [3 [I1] of 3-body gadgets in parallel, which requires A = ©(e3), it
can be shown [I1] that the cross-gadget contribution is O(¢). However, if we apply our improved construction
of the 3- to 2-body gadget in parallel, the perturbation expansion will contain O(1) cross-gadget terms that
are dependent on the commutation relations between A;, B; and A;, B;. Compensation terms are designed
to ensure that these error terms are suppressed in the perturbative expansion. With our improved parallel
3-body construction, A = ©(e~2poly(m)) is sufficient.

The combination of parallel subdivision with the parallel 3- to 2-body reduction allows us to reduce an
arbitrary k-body target Hamiltonian Hiarg = Helse + @0102 - - - 0, to 2-body [1]. In this paper we have
improved both parallel 2-body and 3- to 2-body gadgets. When numerically optimized at each iteration, our
construction requires a smaller gap than the original construction [II] for the range of k concerned.

Analysis. In Sec. [[Tl] we have shown that with subdivision gadgets one can reduce a k-body interaction
term down to 3-body. To complete the discussion on reducing a k-body term to 2-body, now we deal with
reducing a 3-body target Hamiltonian of form

Htarg = Helse + Z avAv & Bv & Cl

=1

where Hg)se 18 a finite-norm Hamiltonian and all of A;, B;, C; are single-qubit Pauli operators acting on one
of the n qubits that Hiare acts on. Here without loss of generality, we assume A;, B; and C; are single-qubit
Pauli operators as our construction depends on the commutation relationships among these operators. The
Pauli operator assumption ensures that the commutative relationship can be determined efficiently a priori.
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We label the n qubits by integers from 1 to n. We assume that in each 3-body term of the target
Hamiltonian, A;, B; and C; act on three different qubits whose labels are in increasing order i.e. if we
label the qubits with integers from 1 to n, A; acts on qubit a;, B; acts on b;, C; on ¢;, we assume that
1 <a; <b; <e¢; <n must hold for all values of 7 from 1 to m.

One important feature of this gadget is that the gap A scales as O(¢~2) instead of the common ©(e~3)
scaling assumed by the other 3-body constructions in the literature [3}, [7, [TT].

To reduce the Hiarg to 2-body, introduce m qubits labelled as uq, ug, - - -, Uy, and apply an energy penalty
A onto the excited subspace of each qubit, as in the case of parallel subdivision gadgets presented previously.
Then we have

H=> A1, = Y ;@A) (A1)
i=1 ze{0,1}™

where h(z) is the Hamming weight of the m-bit string z. In this new construction the perturbation V is
defined as

m

V = Hue + f: piCi @ [1) (L, + Y (55A; + NiBi) @ Xy, + Vi + Vo + Vs (A2)
=1 =1
where V7 is defined as
:izm:mA +>\B i/{ —|—)\2,ul i (A3)
and V5 is defined as
Vo =— A3 m(nZA +NBi)* (A4)
i=1

V3 will be explained later. Following the discussion in Sec. m the coeflicients k;, A\; and p; are defined as

N N L N
liiZSgIl(Oéi) <|o;|> A1, /\1:<|O;Z|> A1, ,ul:(k;”) Az, (A5)

However, as we will show in detail later in this section, a close examination of the perturbation expansion
based on the V in Eq. [A2) shows that with assignments of x;, A; and p; in Eq. if V' has only Vi and V5
as compensation terms, the cross-gadget contribution in the expansion causes ©(1) error terms to arise. In
order to compensate for the ©(1) error terms, we introduce the compensation

into V and I_/ij is the compensation term for cross-gadget contribution [28]. Before presenting the detailed
form of V;;, let s = s{u7) 4 s(89) where
o [[Ai, Aj] #0 {
i, 1 if [Ai, 4 or
st = { [Bi, Bj] =0
0 otherwise

B:
[Ai, 4;] =0 (A6)

(i,5) _ 1 if [AZ,BJ] 75 0 or [Bl,A]] # 0
51 (A7)
0 otherwise
and further define sg’j ) as
(4,5) _ 1 if [AZ, AJ} 7é 0 and [Bl, B]] # 0
S2 (A8)
0 otherwise.



25

Then we define Vij as

[/ 7 1 K2
Vij = g ) o B P Sé %)) (A3 (kirj)?1 — A3 /ﬁmj)\ \jA;A;B;B; ) (A9)
where sg” ) and sé” ) are coefficients that depend on the commuting relations between the operators in the

i-th term and the j-th term. Note that in Eq. @, although the term A;A;B;B; is 4-local, it arises only
in cases where sé” ) = 1. In this case, an additional gadget with a new ancilla u;; can be introduced to
generate the 4-local term. For succinctness we present the details of this construction in Appendix [B] With
the penalty Hamiltonian H defined in Eq. the operator-valued resolvent (or the Green’s function) can

be written as

O I NG (A10)

z
ze{0,1}™

Define subspaces of the ancilla register £_ = span{|00---0)} and £, = span{|z)|x # 00---0}. Define P_
and Py as the projectors onto £L_ and £. Then the projections of V onto the subspaces can be written as

Ve = (Helse+ E (ki Ai + NiB;)? A2 E (K7 4+ AP)piCi — ‘A3 2: Kidi + AiBi)! Z Z >®P+
i=1j5=1,5
+ > uici®P+I1><1\uiP++§ (kidi +XiBi) @ Pr Xy, Py = Vs +Vy

=1 i=1

Vi
m

Vo, = Z (kidi + \iBi) ® P_X,, Py, Voo = (kA + \iBi) ® Py X, P

i=1
Hepse + Z’%ZA +)‘B ;H +/\2 ﬂz i A3Z"$1A +)\B ;ZIZ )

(A11)
Here the V. projection is intentionally divided up into V¢ and V; components. V¢ is the component of V. that
contributes to the perturbative expansion only when the perturbative term corresponds to flipping processes
in the £ subspace. Vj is the component that contributes only when the perturbative term corresponds to
transitions that involve the state of the m-qubit ancilla register staying the same.
The projection of the Green’s function G(z) onto £ can be written as

Vi =

Gi(z) = Z mm(ﬂ' (A12)

We now explain the self energy expansion
So(2) = Vo Vo Gy Vi + Vo GV GV + Vo (G V)2 Gy Vi + Vo (G Vi P GiVi 4+ (A13)

in detail term by term. The 1% order term is simply V_ from Equation Eq. The 2" order term
corresponds to processes of starting from an all-zero state of the m ancilla qubits, flipping one qubit and
then flipping it back:

m

1
V7+G+V+, = m Z(I{ZAZ + )\ZBZ)z (A14)
i=1

The 3™ order term corresponds to processes of starting from an all-zero state of the ancilla register, flipping
one qubit, staying at the same state for V. and then flipping the same qubit back. Therefore only the V}
component in V, in Equation Eq. will contribute to the perturbative expansion:
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1 m
V_+G+V+G+V+_ = m ;(Iﬂ?zAz + )\ZBy) |: else T ,LL1C + — A ; IQJ + )\ B; )
Ly l v SRS Al
+ EZ [(f@?+>\f)uy0]‘ - EZ(KjAjJr/\ij)‘*JrZ > ij] (A15)
Jj=1 Jj=1 J=11=1,l#j

(FGZ‘Ai + )\sz)

The 4% order term is more involved. Here we consider two types of transition processes (for diagrammatic
illustration refer to Fig. [7):

1. Starting from the all-zero state, flipping one of the qubits, flipping another qubit, then using the
remaining V; and Vi_ to flip both qubits back one after the other (there are 2 different possible

sequences, see Fig. )

2. Starting from the all-zero state of the ancilla register, flipping one of the qubits, staying twice for the
two V4 components and finally flipping back the qubit during V, _ (Fig. )

Therefore in the transition processes of type (1), V will only contribute its V; component and the detailed
form of its contribution depends on which qubit in the ancilla register is flipped. The two possibilities of
flipping the two qubits back explains why the second term in Eq. takes the form of a summation of two
components. Because two qubits are flipped during the transition, G, will contribute a 2_12 ~ factor and

two ﬁ factors to the perturbative term.

In the transition processes of type (2), V, will only contribute its V, component to the 4" order term
since the states stay the same during both V. operators in the perturbative term. G will only contribute a
factor of ﬁ because the Hamming weight of the bit string represented by the state of the ancilla register
is always 1. This explains the form of the first term in Eq.

1 m
Vo (GLVi)2G LV, = mZ(mA —I—)\B)[ Heyge + 11:C5 + AZ kjA; + N\ Bj)?
i=1
1 m m m B 2
= AQZ 5+ )y EZ(ﬁjAj+>\ij)4+Z > le}
Jj=1 J=11=1,1#j
(/{ZA + AiB;)
o m (A16)
+ A z—m >y [KZA + \iBi)(kjA; + \jBj)

i=1j=1,j#i
(kiAi + XiB;)(kjAj + \jBy)

+ (IilAl + )\iBi)(IijAj + )\ij)(l{jAj + )\ij)("fiAi + )\sz):| .

Although the 4*" order does not contain terms that are useful for simulating the 3-body target Hamiltonian,
our assignments of k;, A\; and p; values in Eq. imply that some of the terms at this order can be ©(1).
Indeed, the entire second term in Eq. is of order ©(1) based on Eq. Therefore it is necessary to
study in detail what error terms arise at this order and how to compensate for them in the perturbation V.
A detailed analysis on how to compensate the ©(1) errors is presented in the Appendix [Bl The 5" order
and higher terms are errors that can be reduced by increasing A:

> Vo (GLVRGLV, (A17)
k=3

At first glance, with assignments of x;, A; and p; in Eq. it would appear that this error term is @(A~1/4)
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since [V | = ©(AY4), [Vi_ | = O(AY4), V4 = O(A¥4) and [|G4]| = ©(A),

o
DoIVer - NGV PN G - (V-]

Y Vo (GyV)RGL V- <
k=3 k=3
> (A18)
= Vo (G V)GV || IIG Vi |*
k=0
= o™

as > pe o |G+ Vi||® = O(1). However, here we show that in fact this term in Eq. is ©(A~1/2). Note
that the entire term Eq. consists of contributions from the transition processes where one starts with a
transition from the all-zero state to a state |z) with « € {0,1}™ and h(x) = 1. If we focus on the perturbative
term of order k + 2:

Vo (G V)GV,

after k steps. During every step one can choose to either flip one of the ancilla qubits or stay in the same
state of the ancilla register, the state of the ancilla register will go back to a state |y) with y € {0,1}™ and
h(y) = 1. Finally the |1) qubit in |y) is flipped back to |0) and we are back to the all-zero state which spans
the ground state subspace £_. Define the total number of flipping steps to be ky. Then for a given k, ky
takes only values from

K(k) =

{k,k—2,---,2} if kis even
(A19)

(k—1,k—3,--,2} if k is odd.

For the term of order k + 2, all the transition processes that contribute non-trivially to the term can be
categorized into two types:

1. If x = y, the minimum number of flipping steps is 0. The contribution of all such processes to the
(k 4 2)-th order perturbative term is bounded by [29]

k - Vo |l - Vel
< mks . VAL k—ky + +
< b ()t et e (A20)

where the factor m”*/ is the number of all possible ways of flipping k ¢ times, each time one of the m
ancilla qubits. This serves as an upper bound for the number of transition processes that contribute
non-trivially to the perturbative term. The factor (kkf) describes the number of possible ways to choose

which (k — k) steps among the total k steps involve the state of the ancilla register staying the same.
|G 4|l € x~—%—— is used in the upper bound.

A—max(z)

2. If  # y, the minimum number of flipping steps is 2. The contribution of all such processes to the
(k 4 2)-th order perturbative term is bounded by

k kf k k—k kp—2 HV—+|| . ||V+—||
. .9l V. i, =2,
(kf) (2) VAVl mts =2 e (A21)

where the factor (kkj) is the number of all possible ways to choose which (k — k¢) steps among the k

steps should the state remain the same. (ka ) is the number of possible ways to choose from the ky
flipping steps the 2 minimum flips. 2! is for taking into account the ordering of the 2 flipping steps.
1G4 < ﬁax@) is used in the upper bound.

For a general m-qubit ancilla register, there are in total m different cases of the first type of transition
processes and (7;) different cases of the second type of transition processes. Therefore we have the upper
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FIG. 7: Diagrams illustrating the transitions that occur at 4th order. The two diagrams each represent a
type of transition that occurs at 4th order. Each diagram is divided by a horizontal line where below the
line is £_ space and above is £ subspace. Each diagram deals with a fixed pair of ancilla qubits labelled ¢
and j. The diagram (a) has three horizontal layers connected with vertically going arrows. Vy and V; are
both components of V. In fact V; = V; 4+ V, where V; is responsible for the flipping and V; contributes
when the transition does not have flipping. At the left of each horizontal layer lies the expression for

G (z), which is different for states in £, with different Hamming weights. The diagram (b) is constructed
in a similar fashion except that we are dealing with the type of 4th order transition where the state stays
the same for two transitions in £, hence the V; symbols and the arrows going from one state to itself. The
diagram (a) reflects the type of 4th order transition that induces cross-gadget contribution and given our
gadget parameter setting, this contribution could be O(1) when otherwise compensated. The diagram (b)
shows two paths that don not interfere with each other and thus having no cross-gadget contributions.
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Norm of the kth order term

—&— numerical
- B -analytical upper bound
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10 g
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Order £

FIG. 8: Numerical verification for the upper bound to the norm of the (k + 2)-th order perturbative term
in Eq. Here we use the parallel 3-body gadget for reducing Hiarg = 0.1X1 2273 — 0.2X, X273 up to
error € = 0.01. The gap in the gadget construction is numerically optimized [27]. Here the calculation of
the analytical upper bound uses the result in Eq. The calculation is then compared with the norm of
the corresponding perturbative term numerically calculated according to the self-energy expansion.

bound to the norm of the (k + 2)-th term (Fig.

K < Vot [Vl
Vi (G Vi) G V|| mkerK:k) (A — max(2))F+1

{
+( ) ( ) ( ) 20 |V [Er Vi | mw.(iv_;l'a;lg;)kﬂl
.

= Y (med o IVl (ml[VED®s - VallB 5 - V|
(A — max(z))k+!
kyeK (k)

k
RN

IVoill- V| (vl N Vel )™
AL (| e 1 1 _ sl
Shy=rrere UMD I Gremrree ) BED I Gl T
k=3 k€K (k)
) (A22)
Since || 3770, 2, L Vijl is bounded by A5 377, 370 L 8(kik;)? 1, from Eq. we see that
IVall < [ Hasoll +27/2AY2Y o] /2 4 212412 Z ¥/ + Z i
z 1
28/3Z|a |4/3+Z Z 8. 2—4/3|a |2/3|a |2/3 — (A23)
i=1 j=1,j#i
Vil < 22/3A%0 Y gl V2 = wy.

i=1
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With bounds of ||V;|| and ||[V| in Eq. the summation in Equation Eq. can be written as

Vil - VA

Vo (GL VPGV < 1
||Z + + H A—max(z) (m+ )
oo 21} 2r+1 r Uf 2s %] 211 2r T Uf 2s (A24)
Zlaia) B0 Siwe) 200 )
To guarantee convergence of the summation in Eq. [A24] we require that A satisfies
_2mup (A25)
A —max(z)

m (f) o1, (A26)

both of which are in general satisfied. The summation in Eq. can then be written as

v 2
nzv (G246, ) < Wl V) ( ngm))l
()
5(m+1)
- (s5)

2
2muy v, 1
= O(A1/?),
(A - max(z)) TAC max(z)] ( )
which shows that the high order terms are ©(A~1/2). This is tighter than the crude bound ©(A~'/4) shown
in Eq. The self-energy expansion Eq. then satisfies

(A27)

15 (2) = Hearg ® P_|| < O(A™/?) (A28)

which indicates that A = ©(e~2) is sufficient for the parallel 3-body gadget to capture the entire spectrum
of Hiarg @ P_ up to error e.

We have used numerics to verify the ©(e~2) scaling, as shown in Fig. Furthermore, for a range of
specified €, the minimum A needed for the spectral error between the gadget Hamiltonian and the target
Hamiltonian is numerically found. In the optimized cases, the slope dlog A/dloge~?! for the construction in
[T1] is approximately 3, showing that A = ©(e~?) is the optimal scaling for the construction in [I1]. For our
construction both the analytical bound and the optimized A scale as ©(e~2) (see Fig. |§[)

Appendix B: Compensation for the 4-local error terms in parallel 3- to 2-body gadget

Continuing from the discussion in Appendix[Al here we deal with ©(1) error terms that arise in the 34 and
4*h order perturbative expansion when V in Eq. |A2 n is without V3 and in so doing explain the construction
of VZ] in Eq. From the previous description of the 3™ and 4*® order terms, for each pair of terms (4)
and (j) where ¢ and j are integers between 1 and m, let

M1 = (K)ZAZ + )\ZBZ)(KJJA] + )\ij)
My = (HjAj + )\ij)(FLZ‘AZ‘ + )‘sz)
and then the ©(1) error term arising from the 3¢ and 4" order perturbative expansion can be written as

1 1
(z—A)2[z—-2A

1 1
<M12 + M22) + <A + 2’2A> (M1M2 + M2M1> . (Bl)
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—+&— numerical
-=&— [BDLTO8]

FIG. 9: Scaling of the spectral gap A as a function of error € for the parallel 3-body example that is
intended to reduce the target Hamiltonian Hiapg = 212223 — X1 X2X3 to 2-body. Here € = 0.01. We show
both numerically optimized values (“numerical”) in our construction and the construction in [IT], which is
referred to as “[BDLTO08]”.

Based on the number of non-commuting pairs among A;, A;, B; and Bj, all possible cases can be enumerated
as the following:

case 0: [4;,A;] =0,[B;,B;] =0,[A;,B;] =0,[B;,;4;] =0

case 1: 1.1: [A;, Aj] = 0,[B:, Bj] = 0,[A;, B] #0
1.2: [4;,A;]=0,[B;, Bj] =0, [4; j] #0 B2)
1.3: [4;,A;]=0,[B;,Bj] #0
1.4: [A;,A;]#0,[B;,Bj] =0

case 2: [4;, A;] #0,[B;, B;] # 0.

In case 0, clearly My = Ms. Then the ©(1) error becomes

1 1 2 _
Ay (A+z_2A)'2M12:@(A R

which does not need any compensation. In case 1, for example in the subcase 1.1, A; does not commute
with B;. Then M; and M> can be written as

M

K + kj\B; Aj
My = K+ k;MA;B;
where K contains the rest of the terms in M7 and Ms,. Furthermore,
M? 4+ M3 =2K? — 2(rk;\)1
My My + MaMy = 2K? + 2(kj\;)?1.
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Hence the O(1) term in this case becomes

(z—%)? [ (i e _QQA) 9K? 4+ % - 2(k 021 (B3)

where the first term is ©(A™1) and the second term is ©(1), which needs to be compensated. Similar
calculations for cases 1.2, 1.3 and 1.4 will yield ©(1) error with the same norm. In case 2, define R =
/Qi/\inBj + )\iHjBiAj and T = HilﬁinAi + )\IA]BlBl Then
M2+ M2 = 2(R? +T?)
MMy + MoMy = 2(R2 — T2)

The O(1) error terms in the 3rd and 4th order perturbative expansion becomes

1 1 2 1
(s =2 ) 2r* - L or? B4
(z—A)2KA+z—2A> =3 } (B4)
where the first term is ©(A~!) and hence needs no compensation. The second term is ©(1). Define
(i) 1 if case O
sy = ) (B5)
0 Otherwise

With the definitions of sgi’j) and S(Qi’j) in Eq. Eq. and Eq. the contribution of the i-th and the
j-th target terms to the ©(1) error in the perturbative expansion ¥_(z) becomes

(i,j),#ii. e ISy 2
%0 (z = A)? <A+ z—QA) 2kidi + XiBi)" (k45 + A Bj)

i 1 1 2 1
+ o J)'M[(Ab_m) 'QKZ‘QJ‘M'Q(W”QH}
) B S (R R Y Y I W
2 Goagl\aTzoa) T A i i

—QHin)\i)\inAjBiBj }:| .

The term proportional to s(()i’j ) in Eq. does not need compensation since it is already ©(A~!). The term
proportional to s§” ) can be compensated by the corresponding term in V;; in Eq. that is proportional
to ng). Similarly, the ©(1) error term proportional to sé”) can be compensated by the term in Vij in Eq.

that is proportional to sgi’j). -
Now we deal with generating the 4-local term in V;;. Introduce an ancilla u;; and construct a gadget

H;; = H;j + Vi such that H;; = A[1)(1],,; and the perturbation V;; becomes

Vij = (kidi + XjBj) @ Xu,; 4 (8545 + NiByi) @ [1) (1], + Vi (B7)
where V}; is defined as
1 1
Vij = R (Ridi + X B5)* + < (5] + M) (midi + A B))? — 2650 (] + AJ) A; By (B8)

The self-energy expansion X_(z) is now

Z_(Z) = 34’Qif€j>\i)\inAjBiBj + O(A_I/Q)

-4

which is O(A*1/2) close to the 4-local compensation term in V” We apply the the gadget Hij for every pair

of qubits with séi’j ) = 1. The cross-gadget contribution between the ffij gadgets as well as those cross-gadget
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contribution between I:Iij gadgets and gadgets based on ancilla qubits u; through u,, both belong to the
case 1 of the Eq. and hence are easy to deal with using 2-body terms.

[1] Dorit Aharonov, Julia Kempe, Seth Lloyd, Wim Van Dam, Zeph Landau, and Oded Regev. Adiabatic quantum
computation is equivalent to standard quantum computation. SIAM Journal on Computing, 37:166-194, 2007.
arXiv:quant-ph/0405098|

[2] A. Mizel, D. A. Lidar, and M. Mitchell. Simple proof of equivalence between adiabatic quantum computation
and the circuit model. Physical Review Letters, 99(7):070502, August 2007. larXiv:quant-ph/0609067.

[3] R. Oliveira and B. Terhal. The complexity of quantum spin systems on a two-dimensional square lattice. Quant.
Inf. and Comp., 8(10):0900-0924, 2008. arXiv:quant-ph/0504050.

[4] J. D. Biamonte and P. J. Love. Realizable hamiltonians for universal adiabatic quantum computers. Phys. Rev.
A, 8(1):012352, 2008. larXiv:0704.1287.

[5] B. A. Chase and A. J. Landahl. Universal quantum walks and adiabatic algorithms by 1D Hamiltonians. page
arXiv:0802.1207, 2008. larXiv:0802.1207v 1l

[6] A. Kitaev, A. H. Shen, and M. N. Vyalyi. Classical and Quantum Computation. AMS Graduate Studies in
Mathematics, 2002.

[7] J. Kempe, A. Kitaev, and O. Regev. The complexity of the local hamiltonian problem. SIAM J. Computing,
35(5):1070-1097, 2006. quant-ph/0406180.

[8] Toby Cubitt and Ashley Montanaro. Complexity classification of local hamiltonian problems.  2013.
arXiv:1311.3161 [quant-ph].

[9] J. D. Biamonte, V. Bergholm, J. D. Whitfield, J. Fitzsimons, and A. Aspuru-Guzik. Adiabatic quantum simu-
lators. AIP Advances, 1(2):022126, 2011. jarXiv:1002.0368 [quant-ph].

[10] L. Veis and J. Pittner. Adiabatic state preparation study of methylene. ArXiv e-prints, January 2014.
arXiv:1401.3186 [quant-phl.

[11] S. Bravyi, D. DiVincenzo, D. Loss, and B. Terhal. Quantum simulation of many-body hamiltonians using
perturbation theory with bounded-strength interactions. Phys. Rev. Lett., 101:070503, 2008. arXiv:0803.2686v1.

[12] S. Bravyi, D. DiVincenzo, R. Oliveira, and B. Terhal. The complexity of stoquastic local hamiltonian problems.
Quant. Inf. and Comp., 8(5), 2006. quant-ph/0606140.

[13] N. Schuch and F. Verstraete. Computational complexity of interacting electrons and fundamental limitations of
density functional theory. Nature Physics, 5:732—-735, 2009. larXiv:0712.0483v2.

[14] A. Ganti, U. Onunkwo, and K. Young. A family of [[6k, 2k, 2]] codes for practical, scalable adiabatic quantum
computation. September 2013. larXiv:1309.1674 [quant-ph].

[15] S. P. Jordan and E. Farhi. Perturbative gadgets at arbitrary orders. Phys. Rev. A, 062329, 2008.
arXiv:0802.1874v4.

[16] C. Bloch. Sur la théorie des perturbations des états liés. Nuclear Physics, 6:329-347, 1958.

[17] M. D. Price, S. S. Somaroo, A. E. Dunlop, T. F. Havel, and D. G. Cory. Generalized Methods for the Development
of Quantum Logic Gates for an NMR Quantum Information Processor. Phys. Rev. A, 60:2777-2780, 1999.

[18] C. H. Tseng, S. S. Somaroo, Y. S. Sharf, E. Knill, R. Laflamme, T. F. Havel, and D. G. Cory. Quantum Simulation
of a three-body interaction Hamiltonian on an NMR Quantum Computer. Phys. Rev. A, 61:12302-12308, 2000.
arXiv:quant-ph/9908012.

[19] R. Harris et al. Sign and magnitude tunable coupler for superconducting flux qubits. Phys. Rev. Lett., 2007.
cond-mat /0608253.

[20] Sergio Boixo, Tameem Albash, Federico M. Spedalieri, Nicholas Chancellor, and Daniel A. Lidar. Experimental
signature of programmable quantum annealing. Nature Communications, 4:2067, June 2012. arXiv:1212.1739
[quant-phl!

[21] Zhengbing Bian, Fabian Chudak, William G. Macready, Lane Clark, and Frank Gaitan. Experimental determi-
nation of ramsey numbers. Phys. Rev. Lett., 111(130505), 2013. arXiv:1201.1842 [quant-phl.

[22] Kristen L. Pudenz, Tameem Albash, and Daniel A. Lidar. Error Corrected Quantum Annealing with Hundreds
of Qubits. Nature Communications, 5:3243, 2014. arXiv:1307.8190 [quant-ph].

[23] J. D. Biamonte. Non-perturbative k-body to two-body commuting conversion hamiltonians and embedding
problem instances into ising spins. Phys. Rev. A, 77(5):052331, 2008. jarXiv:0801.3800.

[24] J. D. Whitfield, M. Faccin, and J. D. Biamonte. Ground state spin logic. Euro. Phys. Lett., 99(57004), 2012.
arXiv:1205.1742v1.

[25] R. Babbush, B. O’Gorman, and A. Aspuru-Guzik. Resource efficient gadgets for compiling adiabatic quantum
optimization problems. Ann. Phys., 525(10-11):877-888, 2013. larXiv:1307.8041 [quant-ph].

[26] S. Bravyi, D. DiVincenzo, and D. Loss. Schrieffer-wolff transformation for quantum many-body systems. Ann.
Phys., 326(10), 2011. larXiv:1105.0675.


http://arxiv.org/abs/quantph/0405098
http://arxiv.org/abs/quant-ph/0609067
http://arxiv.org/abs/quant-ph/0504050
http://arxiv.org/abs/0704.1287
http://arxiv.org/abs/0802.1207
http://arxiv.org/abs/quant-ph/0406180
http://arxiv.org/abs/1311.3161
http://arxiv.org/abs/1002.0368
http://arxiv.org/abs/1401.3186
http://arxiv.org/abs/0803.2686
http://arxiv.org/abs/quant-ph/0606140
http://arxiv.org/abs/0712.0483
http://arxiv.org/abs/1309.1674
http://arxiv.org/abs/0802.1874
http://arxiv.org/abs/quant-ph/9908012
http://arxiv.org/abs/cond-mat/0608253
http://arxiv.org/abs/1212.1739
http://arxiv.org/abs/1212.1739
http://arxiv.org/abs/1201.1842
http://arxiv.org/abs/1307.8190
http://arxiv.org/abs/0801.3800
http://arxiv.org/abs/1205.1742
http://arxiv.org/abs/1307.8041
http://arxiv.org/abs/1105.0675

27]

(28]

29]

34

The notion of ‘optimized case’ refers to the search for the gap A needed for yielding a spectral error of precisely
€ between gadget and target Hamiltonian, which is described in Sec. II.

As is shown by [IT], for the gadget construction with the assignments of ;, A; and p; all being O(A?/?), the
cross-gadget contribution can be reduced by increasing A, thus no cross-gadget compensation is needed. However,
with our assignments of x;, A\; and p; in there are cross-gadget error terms in the perturbative expansion
that are of order O(1), which cannot be reduced by increasing A. This is why we need V;;. Since the O(1) error
terms are dependent on the commuting relations between A;, B;, A; and B; of each pair of i-th and j-th terms
in the target Hamiltonian, V;; depends on their commutation relations too.

Here we use the notation Cj,, to represent the combinatorial number that is the number of ways to choose n
elements from a total of m without distinguishing between different orderings.
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