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Abstract

Quantum hardware has the potential to efficiently solve computationally difficult problems in
physics and chemistry to reap enormous practical rewards. Analogue quantum simulation
accomplishes this by using the dynamics of a controlled many-body system to mimic those
of another system; such a method is feasible on near-term devices. We show that previous
theoretical approaches to analogue quantum simulation suffer from fundamental barriers
which prohibit scalable experimental implementation. By introducing a new mathematical
framework and going beyond the usual toolbox of Hamiltonian complexity theory with an
additional resource of engineered dissipation, we show that these barriers can be overcome.
This provides a powerful new perspective for the rigorous study of analogue quantum
simulators.

Introduction

The simulation of quantum systems has long been identified as a potential application for quantum
technologies®, for which long-term benefits may range from condensed matter physics to quantum
chemistry and the life sciences?3. This problem is classically intractable, owing to exponential growth in
the number of parameters required to describe the state of a many-body system, whereas the advantage
of quantum hardware for this purpose is obvious: one merely has to prepare the required many-body
state. On a universal quantum computer, time evolution can then be discretised and approximated
by a quantum circuit, through a series of quantum gates?. This approach, known as digital quantum
simulation®, has seen extensive theoretical development®” and remains a promising route towards
attaining quantum advantage®. However, useful and scalable simulations remain out of reach for
near-term technology® due to the requirement of a large universal fault-tolerant quantum computer. In
this work, we focus on an alternative approach: analogue quantum simulation.

Broadly speaking, an analogue quantum simulator consists of an engineered and well-controlled many-
body system with adjustable interactions, with the capability to prepare initial states and perform
measurements'’. By tuning such a system, one aims to mimic a different target system; in this way,
computing the dynamics of the target system can be accomplished through the native time evolution
of the simulator, without requiring the application of a universal set of gates. These more modest
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Figure 1: Qutrit-to-qubit encoding energies. A sketch of the on-site energies for a system of non-
interacting qutrits under a low-energy encoding, before and after simulation in the sense introduced
by Cubitt et al.''. In this example, each qutrit is mapped to a system of two qubits. The original
Hamiltonian consists of a sum y PU) of rank two projectors PU) applied to each qutrit, resulting in
energy levels 0,1,1. In order to simulate the qutrit Hamiltonian, an energy penalty of at least A must
be given to one of the four local states at each site. This is a simplification: in general the simulator
sites 7-[; may interact and hence local energies are not well-defined.

physical requirements promise near-term potential for analogue quantum simulation, despite the inherent
limitations fixed by a given experimental apparatus.

Characterisation of analogue quantum simulators is, unlike the digital case, relatively under-explored
from a theoretical perspective. Existing work in this direction includes that of Cubitt et al.!l| in
which the authors define a notion of Hamiltonian simulation in terms of low-energy encodings: a
low-energy subspace of the simulator Hamiltonian is required to approximate the spectrum of the
target Hamiltonian. This notion has been extraordinarily successful in making complexity-theoretic
reductions between various Hamiltonians, leading to the classification of many so-called universal
families 12:13:14:15,16 wwhich have the power to simulate all of many-body physics. Such reductions do
not necessarily aim to capture experimental possibilities, however: as we prove, the relatively simple
task of encoding a system of n non-interacting qutrits into a linear number of qubits in this regime
ends up requiring a simulator system whose individual interactions scale as 2(n). This scaling arises
due to the dimension mismatch when one encodes a qutrit into a set of qubits, resulting in unwanted
local configurations which must be prohibited in the low-energy subspace by a large energy penalty
(see Fig. 1). Similar scalings are observed to arise through the use of Hamiltonian gadgets'”'®, a tool
used for many Hamiltonian reductions. Although the qutrit-to-qubit result does not extend to the case
where the n qutrits are simulated by €(n?) qubits, we also note that blowing up the system size may in
some cases necessitate strong interactions in order for correlations to spread fast enough through the
enlarged system.

We argue that for practical applications to large-scale many-body simulations such as for quantum
chemistry, the simulation of an n-site many-body system should not require the implementation of



individual interactions whose magnitude scales with n. The necessity of this requirement is clear from a
logistical perspective, since an experimental device will only be able to implement a bounded range
of energy scales on for a single interaction. However, there is also philosophical motivation to be
suspicious of such scalings: a many-body Hamiltonian is inherently a modular object, and an analogue
quantum simulation should reflect this. The addition of a few qubits and local interactions to one end
of the physical system should require an analogous action on the simulator — it should not require the
adjustment of every other interaction in the system.

Despite this additional requirement of scalability, there is also a sense in which the framework of!!

can be relaxed: the requirement to simulate the full physics of a target Hamiltonian in the low-energy
subspace of a simulator is unnecessary in many cases. For example, one may only wish to simulate
a specific set of local observables, or exploit symmetries to restrict to an invariant subspace under
the Hamiltonian (a regime explored, in the case of a low-energy subspace, by Aharonov et al.!?).
Furthermore, as the experimental distinction between analogue and digital devices becomes increasingly
blurred®2°, it is important to consider a range of experimental possibilities beyond pure Hamiltonian
evolution, such as intermediate unitary pulses and open-system dynamics.

In this work, we propose a mathematical framework for analogue quantum simulators to address the
above points and capture the full scope of experimentally realisable systems. We additionally develop a
general characterisation for Hamiltonian gadgets, and find rigorous no-go results for their scalable use
for locality reduction. Finally, we construct a new dissipative gadget which circumvents the restrictions
we find in the pure Hamiltonian case. In the regime of scalable quantum simulators we do not expect to
talk about a simple class of universal Hamiltonians which can simulate all others in any sense resembling
previous results. On the other hand, the more general notion of simulation which we outline in this
work gives rise to a new notion of universality, not phrased in terms of Hamiltonian classification but
rather the dynamics of observables. We expect that here a resource theory of simulation should arise,
with the power of simulators related by a partial order in analogy to the theory of multipartite states
and tensor networks?122:23,

Results

The analogue quantum simulator. In this section, we describe our mathematical framework for
analogue quantum simulation, for which further details can be found in the Methods section. The
capabilities of a simulator are characterised by a target Hamiltonian H, a set of states (gtate, and a set
of observables (),},s; the goal of the simulator is then to approximate the evolution of the observables in
Qops under H, starting from initial states in gate. Restricting the set of states Qgtate may offer practical
and theoretical benefits: for example, one could reduce to those that can be reliably prepared on an
experimental device, or take advantage of the symmetries of H to restrict {2gate to a specific invariant
subspace and simulate only the reduced Hamiltonian. Likewise, {245 may reflect the capabilities of the
measurement apparatus, or for a many-body system one might take advantage of a highly localised set
of observables to only simulate their Lieb-Robinson light cone??, significantly reducing the hardware
overhead necessary to simulate for small times. Such techniques have been studied in the context of
many-body state exploration??2%, and more recently in the realm of analogue simulation?”.

An analogue quantum simulator can be mathematically described in terms of three components, which
we illustrate in Fig. 2. Firstly, a state encoding Egate, Which maps initial states from the target
set p € Qgtate into the simulator system. This is defined in terms of a quantum channel, allowing
one to interpret the target state as a quantum input to the simulator, in contrast to the regime of
fault-tolerant digital quantum computers whose input is ultimately classical. Next, the simulator’s
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Figure 2: Analogue and digital simulation. A schematic description of our framework for analogue
quantum simulation, in contrast with the digital approach. Both approaches aim to compute the
observable expectation value (O)(t) = tr[Oe~ " pei®f] given an initial state p. The analogue simulator,
which uses state encodings Esate and Eqpg Tespectively, has accuracy e if | tr[Oe ™ pe ] —tr[Eps (O) (Tyo

Estate) (P)] | <e

time evolution is specified by a family of quantum channels {Tt}te[o,tmaxy These describe the dynamics
of the simulator, for example the evolution under a simulator Hamiltonian H’. However, one could
also consider T; accounting for interactions with a bath (such capability is required by the criteria for
analogue simulators given by Cirac et al.'?), modelling errors, or capturing other engineered controls
reflecting the possibilities of the experimental apparatus. The final component of the simulator is
an encoding for observables &5, a unital and completely positive map which sends an observable of
interest O € (gps to the relevant observable to be measured on the simulator system.

After the encoding and time evolution steps for a given initial state p € Qgtate and time ¢ € [0, tyax], the
simulator system lies in the state (T3 0&tate)(p), upon which one measures the encoded observable E,s(O)
for a chosen O € Qgs. The simulation has accuracy e if the expectation value of this measurement
is within € of its target value — that is, the expected value of measuring O on e~ pe*H . Note that
rather than a Hamiltonian H, one could just as easily consider the simulation of an open target system,
for instance described by a quantum dynamical semigroup 2829,

For practical simulators, some constraints must be placed on the maps used in this definition. We
generally assume that both Egate and &y are local in a sense we define, to ensure that local errors
correspond to local noise on the target system, and that local observables can be measured locally
on the simulator system. Moreover, the time evolution channel T} should be implementable without
the need for feed-forward measurement results for adaptive control: the lack of error correction is an
important and characteristic feature of analogue simulators.

Generalising Hamiltonian gadgets. A ubiquitous technique for Hamiltonian reductions in com-
plexity theory is the use of so-called Hamiltonian gadgets3%:173L18  These provide a recipe to simulate
complicated many-body interactions from a more restrictive family, for example to simulate a 3-body
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Figure 3: Hamiltonian gadget characterisation. (a) The interaction hypergraph of a Hamiltonian
containing a 3-local interaction which is replaced by a 2-local gadget. The gadget property requires
that the spectrum is unchanged up to € + (|| Helse|, for €, > 0, when restricted by a projector P’. (b)
Structure of gadget results; boxes highlighted in yellow indicate the central argument for the energy
scaling no-go. We first formalise the desirable properties of gadgets and show that they imply a
general definition, from which we can prove the energy scaling theorem along with various combination
properties, including a generalisation of a result of Bravyi et al.3! for ground state energy (GSE)
estimation.

interaction using 2-body interactions. In this section we arrive at a general formalism for such con-
structions, in order to prove that they are associated with unavoidable energy scalings which pose
a significant challenge for experimental realisations. The usual procedure, as formulated by Bravyi
et al.!® for example, is as follows: starting from a target Hamiltonian H (which might be a single
interaction in a far larger system), one first adjoins an ancillary qubit m. On this enlarged system
one defines the gadget Hamiltonian by H' = A|1)(1],, + V, where A > 1 is a large parameter used to
define a low-energy subspace approximately in terms of the |0) state of the mediator qubit, and V is a
relatively small term which, via a perturbative approximation, effectively simulates the target H in this
low-energy subspace.

It is not surprising that this method of construction generically requires strong interactions corresponding
to the large value of A needed to provide a sufficiently high energy penalty, but it is not immediately
clear that there is no way around this cost (possibly outside of the perturbative regime). Indeed, several
works 323334 have explored the optimisation of Hamiltonian gadgets for practical implementation,
though generally the problem scaling interactions is not eliminated entirely. In this work we produce a
generalised framework for gadgets in order to prove a lower bound for such scalings, suggesting that
such techniques may be unsuitable for experiments on large systems. Our results are summarised in
Fig. 3(b), and full mathematical details can be found in the Methods section.

Let H be the target Hamiltonian on a Hilbert space H, and let the gadget Hamiltonian H’ act on the
space H ® A, for A some ancillary system. We require the following two properties of H’, illustrated in
Fig. 3(a):



e Accuracy: The spectrum of H should be approximated by that of H’, in some subspace defined
by a projector P’ € Proj(H ® A), up to error € > 0.

e Combination: The above property should hold even when any additional Hamiltonian Hege is
added to both H and H’, at the expense of an additional spectral error (||Hese||, where || - ||
denotes the operator norm.

For small error parameters € and (, these properties are — non-trivially — sufficient to force H’ to
satisfy the following definition, which resembles previously studied notions of simulation!™'®. We say
that H' is an (7, €)-gadget (where 7 is a new parameter related to (, also measuring the ability of
the gadget to combine with other terms) for H if there exists a projector P € Proj(A) \ {0} and a
unitary operator U € U(H ® A) satisfying two conditions. Firstly, U must be n-close to the identity:
|U —1|| <. Then, defining the projector P’ by P’ = U(I1®P)UT (so that 7 in some sense quantifies
how close P’ is to a pure projection on the ancillary system), the second condition ensures that the
spectrum P’H'P’ should approximate that of H, up to some multiplicity: ||P’H'P'—U(H ® P)U'|| < e.

This gadget definition expresses the quality of a gadget through two parameters: € can be thought of as
the absolute error of the gadget, whilst 7 bounds the error incurred when the gadget is combined with
other interactions in a Hamiltonian. In particular, when ||Hgjge|| ~ n grows with the size of the system,
n must correspondingly shrink to hold the error constant.

Despite the generality of this definition, it is sufficient to guarantee that such gadgets can be combined
in parallel. That is, given a many-body Hamiltonian H = ), H; and sufficiently good gadgets H] for
each of the individual terms H;, the Hamiltonian H' = )", H] constitutes a good gadget for H. A
similar result holds for low-energy gadgets (for which the projector P’ is replaced by a projector onto
the low-energy subspace of H'), and also leads to a generalisation of the ground state energy estimation
result of Bravyi et al.3!.

On the other hand we show that, when used for certain types of reduction, gadgets come at an
unavoidable energy cost. In particular, any attempt to simulate a k-body interaction H via a gadget
H' consisting of k’-body interactions for k' < k necessarily requires interaction strengths scaling as
Q(n~1). In order to control the absolute error of a many-body system, ~! must grow with the size of
the system, leading to unfeasible energy scalings and constituting a significant barrier for Hamiltonian
reductions in the regime of experimentally realisable analogue quantum simulators.

Gadgets from the quantum Zeno effect. To circumvent our no-go result for scalable Hamiltonian
locality reduction, in this section we exhibit a new kind of gadget, taking advantage of the non-unitary
possibilities afforded by a general simulation channel 7T;. This works by restricting the mediator qubit
to its |0) state not with a strong interaction but through inertia induced by the quantum Zeno effect.
This powerful resource can be used to build a direct k-to-([k/3] + 1)-local gadget, without interactions
scaling with the size of the system.

The recipe for this construction is qualitatively similar to that for usual Hamiltonian gadgets: starting
from a target interaction H, a mediator qubit m is adjoined to the system, and evolves under a simulator
Hamiltonian H'. In this case, however, H' need not contain an interaction A|1)(1],,, with A scaling
with the size of the system. Instead, a dissipative channel is applied to the qubit m at regular intervals
separated by time dt. Provided that ¢ is small enough, the quantum Zeno effect keeps m effectively
fixed in its |0) state with high probability, whilst the remainder of the system evolves as though under
the target Hamiltonian H. This is illustrated by Fig. 4, and a rigorous description can be found in the
Methods.
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Figure 4: Dissipative gadget evolution. Circuit representation of the non-unitary gadget procedure for a
single timestep. The initial state |1(0))#]0) 4 is evolved under a Hamiltonian H' for time §t, resulting
in a superposition of states with the ancillary qubit in the |0) 4 and |1) 4 positions. After applying the
dissipative channel to the A system, the system collapses to its |0) 4 state with high probability due to
the quantum Zeno effect. Meanwhile, the resulting state on the H system approximately corresponds
to evolution under a different Hamiltonian, Hy.

These non-unitary gadgets may be combined with other terms in a Hamiltonian at no extra cost
(effectively corresponding to a gadget with combination error parameter n = 0), yielding an improvement
on any possible pure Hamiltonian gadget. On the other hand, the construction has various caveats:
strong interactions (though not scaling with system size) are still necessary for high accuracy of a single
gadget, and we expect that combining multiple such gadgets will require strong interactions, to suppress
the probability of any ancillary qubit transitioning into the |1) state. Moreover, the precisely engineered
stroboscopic dissipation channel constitutes a new experimental challenge.

Nevertheless, this construction provides insight into the ways in which non-unitary dynamics might be
exploited for practical analogue quantum simulation problems — indeed, similar tools have already found

35,36 and in practice®” for digital quantum computing. In light of our theorems

applications in theory
implying extensive interaction scaling for qutrit-to-qubit mappings and gadget locality reduction, which
effectively serve as no-go theorems for practical universal simulators built from pure Hamiltonian
dynamics, we anticipate that similar hybrid techniques will constitute a powerful tool for attaining

useful quantum advantage with quantum simulators.

Methods

Criteria for quantum computation and simulation

In a review of the prospective possibilities of quantum computing?®® the author provided a set of
requirements, now known as the DiVincenzo criteria, designed to serve as a full specification for
implementations of universal quantum computers. These are summarised in Fig. 5.

As well as concretely providing the experimentalist with a necessary set of criteria to aim towards,
the sufficiency of the DiVincenzo criteria provides the theorist with a canonical yardstick to judge
the applicability of their protocol to idealised quantum hardware. It is therefore important that such
requirements reflect exactly what can be expected from quantum technology in the long term, neither
excluding feasible technologies nor including unfeasible procedures.



The DiVincenzo criteria for quantum computation The Cirac-Zoller criteria for quantum simulation

A. A scalable physical system with well- . A system of bosons/fermions confined in a
characterised qubits. region in space, containing a large number
of degrees of freedom.

B.  The ability to initialise the state of the qubits 1. The ability to approximately prepare a
to a simple fiducial state, such as 000 ...). known quantum state — ideally pure.

C. Long relevant decoherence times, much 1. The ability to engineer and adjust the
longer than the gate operation time. values of a set of interactions between the

particles, and possibly external fields or a
reservoir.

D. A universal set of quantum gates. V. The capability to measure the system,
either on specific sites or collectively.

E. A qubit-specific measurement capability. V. A procedure for increasing confidence in
the results of the simulation.

Figure 5: A summary of the DiVincenzo3® and Cirac-Zoller ! criteria. The DiVincenzo criteria provide
necessary and sufficient requirements for universal digital quantum computers. Similarly, the Cirac-
Zoller criteria offer a set of requirements for analogue quantum simulation, for which universality may
not be available.

A similar set of criteria for analogue quantum simulators is discussed by Cirac et al.'?, also summarised

in Fig. 5. These are all natural requirements to ask of a quantum simulator, but it is noteworthy
that criterion III does not provide any restriction on the interactions that one should expect the
simulator to include. This leads to a problem which does not arise for the DiVincenzo criteria: whereas
a quantum computer can approximate arbitrary k-qubit gates from the compact set U((C?)®F) of
unitary transformations relatively cheaply due to the Solovay-Kitaev theorem3?, the task of an analogue
quantum simulator is to implement k-qudit interactions from the unbounded set of possible Hamiltonians
Herm((C?)®¥). The ability to realise arbitrarily strong interactions on a physical device is clearly an
impossibility.

Thus, the key extra criterion which we demand of an analogue quantum simulator is that the encoding
of the target Hamiltonian should be size-independent. Concretely, if the Hamiltonian H to be encoded
consists of local interactions (h;)!", on n sites then the encoding of individual terms should not depend,
for instance by polynomial scaling of interaction strengths, on the size of the physical system n. In
particular, we argue that methods for practical analogue quantum simulation must respect a limit on
the interaction strengths of the simulator Hamiltonian. The strongest interactions should be bounded by
some constant fixed by physical limitations, and the weakest interactions should be similarly bounded
from below (since sufficiently weak interactions will be overwhelmed by noise in the simulator). In
addition, in order to ensure the local and size-independent encoding of each site into the simulator, we
argue that the the simulator should grow no faster than linearly with the size of the target system. If
each site is encoded into more than O(1) simulator sites, it will be impossible to encode the full system
into a simulator of the same dimension while preserving geometric locality (without introducing scaling
interactions). We summarise these requirements with the following qualitative definition:

Definition 1 (Size-independent simulation). We say that an analogue quantum simulation is size-
independent if the simulation of a n-site Hamiltonian can be implemented scalably with n. By this, we
mean that the number of qubits used in the simulation should grow no faster than linearly in n, and the
interaction strengths necessary should remain ©(1).
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Figure 6: Example Hamiltonian interaction hypergraph. A Hamiltonian H on 4 qubits, and its associated
interaction hypergraph. The Hamiltonian consists of a 3-local (orange) and a 2-local (red) term, so we
say that H is 3-local.

It is worth noting that further formalisation is required to make this definition robust. For example,
suppose we are given a Hamiltonian H = hy + hy where ||hy]|, ||h2]| = O(n~1), which violates the
size-independence requirement. One could simply define b} = hy + K, hl, = hg — K, for some K = (1),
and then H = h} + hf can be written in a form which does not obviously violate Definition 1. To
exclude such possibilities, we could impose an additional requirement that H is given in a canonical
form, such as that described by Wilming et al. 4.

As well as being experimentally and qualitatively desirable, encoding interactions independently has
quantitative benefits; as noted by Cubitt et al.'!, for a suitably local Hamiltonian encoding, local errors
on the simulator system will correspond to local errors on the target system. For NISQ hardware, this
represents an extremely useful way to mitigate the negative effects of a noisy simulation: rather than
random scrambling, noise can be viewed as the manifestation of physically reasonable noisy effects on
the target system.

Finally, studying the power of Hamiltonians subject to interaction energies that are constant in system
size is well-motivated in its own right, from the perspective of Hamiltonian complexity. For example,
Aharonov et al. ' show that restriction to such Hamiltonians will necessarily sacrifice some sense of
universality of the simulator. Earlier results in Hamiltonian complexity theory3!, however, show that in
many cases it is still possible to simulate ground state energies up to an extensive error.

Hamiltonian complexity theory

We say that a Hamiltonian H on the space of n qubits H = (C2)®" is k-local if it can be written as
H = Z;V: 1 hj, where each of the terms h; acts on at most k of the qubit sites. We consider the h;
individual interactions in the Hamiltonian and make reference to the interaction hypergraph, whose
vertices are qubits and whose (hyper)edges are interactions (joining the qubits on which they act),
illustrated in Fig. 6.

Informally, the k-local Hamiltonian problem asks whether the ground state energy of a k-local Hamil-
tonian is less than a, or greater than b, for some real numbers a < b separated by a suitably large
gap. This problem lies in the QMA complexity class: the natural quantum analogue to the classical
NP, containing problems whose solutions can be efficiently verified (but not necessarily found) on a
quantum computer.



Definition 2 (k-local Hamiltonian problem). The k-local Hamiltonian problem is the promise problem
which takes as its input a k-local Hamiltonian H = Z;V:1 hj on the space of n qubits H = (C%H®n  where
N = poly(n), and for each j we have ||h;| < poly(n) and h; is specified by O(poly(n)) bits.

Given a < b with b —a > 1/ poly(n), let \o(H) denote the lowest eigenvalue of H. Then the output
should distinguish between the cases

e Output 0: The ground state energy of H has \o(H) < a.

e Output 1: The ground state energy of H has \o(H) > b.

Through the Feynman-Kitaev circuit-to-Hamiltonian construction!, it was established that the 5-local
Hamiltonian problem is QMA-complete, and subsequent works optimising the construction3® and using
gadget techniques?? reduced this further to show the QMA-completeness of the 2-local Hamiltonian
problem. Various further optimisations have been found to refine the problem and further restrict
the family of allowed Hamiltonians (see for example?344); indeed hardness results have been shown
to hold even under the significant restriction to 1-dimensional translationally invariant systems*’.
QMA-completeness is closely related to a notion of universality for simulators; an equivalence was
proved by Kohler et al.'?.

The constructions involved in the aforementioned results contain Hamiltonian interaction strengths
which scale polynomially, or exponentially, with system size — such Hamiltonians are infeasible for an
analogue simulator. A notable exception to this is the work of Bravyi et al.3!, in which the authors use
the Schrieffer-Wolff transformation to show that bounded-strength interactions are sufficient for one to
reproduce the ground-state energy of the original Hamiltonian up to an extensive error.

As much of this Hamiltonian simulation literature focuses on specific complexity-theoretic problems,
comparatively little work has been done to actually define a mathematical framework for analogue
quantum simulation to be used in experiment. Notable recent work in this direction includes that
of Cubitt et al.!', in which the authors study methods of encoding Hamiltonians via a map Egps :
Herm(H) — Herm(H'), which satisfy the natural requirement of preserving the spectrum of observables.
Additionally, in the case that H = ®]*_;H; is a space of many sites, they introduce the further notion of
local encodings, which map local observables in H to local observables in H' = ®;i17-[; By deriving
the most general possible form of a spectrum-preserving Hamiltonian encoding, and then imposing
natural locality conditions, the authors arrive at the following definition.

Definition 3 (Local Hamiltonian encoding!!). A local Hamiltonian encoding is a map
Eobs : Lin(®"_H;) — Lin(®@"_H}) of the form

Eops(M)=V(M@P+M®Q)VT, (1)

where P and Q are locally distinguishable orthogonal projectors on an ancillary space A= A,
and V = @, V; where V; € Isom(H; @ A;, H}) for all i. Here M denotes the complex conjugate of the
matriz M.

Projectors P, Q € Proj(®;.A;) are locally distinguishable if, for all i, there exist orthogonal projectors
P;,Q; € Proj(A;) such that (P, @ )P = P and (Q; ® I)Q = Q. Generally, we consider the case of
rank(P) > 0 (referred to as standard '), for which one can define a corresponding state encoding

gstate(p) = V(p ® T)VT ) (2)
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where 7 is a state on A satisfying Pr = 7.

Moreover, the authors define the following notion of simulation, which relaxes the requirements of
locality and allows for some error in the simulated eigenvalues.

Definition 4 ((A,n,e)-simulation'!). A Hamiltonian H' € Herm(H') = Herm(®D_,H!) is said to
(A, n,€)-simulate a Hamiltonian H G_Herm(?—l) = Herm(®]_H;) if there exists a local encoding
(Definition 3) Eops(M) =V (M @ P+ M ®@ Q)V' such that

(i) There exists an encoding Eps(M) = V(M @ P4+ M @ Q)V' (where ‘:/ € Isom(H ® A, H') need not
have a tensor product structure as in Definition 3) such that |V — V|| <n and Eops(1) = P<aary
is the projection onto the low-energy (< A) subspace of H', and

(i) ||P<a(uryH' P<a(ry — Eobs(H)|| < €.

This approach (later generalised by Apel et al.*® and refined with resource constraints by Zhou et
al.16) provides an elegant framework to capture a notion of one Hamiltonian fully simulating another.
However, we believe that this regime does not capture the scope of possibilities for analogue quantum
simulation experiments. On one hand, the formalism requires the entire physics of the target system
to be encoded into the low-energy subspace of a simulator — this rules out simulators which only
simulate part of the target system, or in a different subspace. On the other hand, the formalism is too
broad in the sense that it does not prohibit unrealistically scaling interaction strengths in violation of
Definition 1.

Framework

The generic task of an analogue quantum simulator is to estimate the dynamics of observables in a
system ‘H under the evolution of a target Hamiltonian H, up to some maximum time tpyax. In particular,
it is not always necessary to simulate the entire target system in arbitrary configurations: it may be
convenient to restrict to a particular subset of initial states (state, for example lying in a subspace
invariant under the Hamiltonian or corresponding to the states which can be reliably prepared by the
simulator, and similarly to a particular subset of observables of interest Q5. We denote by H’ the
Hilbert space corresponding to the simulator system, and for ¢ € [0, tyax] we write Ty : D(H') — D(H')
for the family of time evolution quantum channels implemented by the simulator, where D(H’) is the
set of density matrices on H’. This approach, in which we view simulations in terms of individual
observables rather than the entire Hamiltonian, has been considered in earlier work2%:26:27,

The minimal requirement for a simulator is that it should approximate the expectation values of the
elements of Qups. That is, tr[Oe =1t peit] should be close to tr[O'Ti(p')] for all p € Qgpate and O € Qps,
where p/ and O’ are some encoded versions of the states and operators respectively. Notice that, in
principle, the experimentalist could be using a completely different simulator for each choice of p and
O, with H’ a space large enough to contain all of them and by encoding p into several copies. However,
this would violate the size-independence requirement of Definition 1 if Qgps and Qgtate both do not only
contain O(1) elements. Furthermore, it is natural to consider analogue quantum simulators as machines
taking quantum, rather than classical, input — possibly prepared by another experiment — which
cannot be cloned. For this reason, we assume that the state encoding takes the form of a quantum
channel Egtate : D(H) — D(H'). Correspondingly, to accommodate for quantum outputs, we require the
observable encoding O — O’ to be a unital and completely positive map Eops : Herm(H) — Herm(H').
This ensures that the Hilbert-Schmidt dual operator £ . is a quantum channel, so measurement of
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Eobs(O) on p’ can equivalently be thought of as a measurement of O on a decoded state £% (p). This
perspective sets analogue quantum simulators apart from the framework of digital quantum computation,
for which fault-tolerant architectures require both inputs and outputs to be classical.

This definition is still sufficiently versatile to capture the simulation of global observables that are a
sum of local parts O =), O, (a task, for example, useful for variational quantum algorithms*7), in the
following way. Often the Oj cannot be simultaneously measured due to non-commutativity relations or
experimental limitations. The simplest approach to estimating O is to run many simulations, measuring
one of the O, each time (this process can be sped up by combining simultaneously measurable terms?®),
and summing the average results.

The above discussion leads us to the following definition, which is illustrated by Fig. 2.

Definition 5 (Analogue quantum simulation). Given a set of states Qgate on a Hilbert space H, a
normalised set of observables Qops (i.€. [|O] =1 for all O € Qops, where || - || denotes the operator norm),
a time tymax > 0, a Hamiltonian H € Herm(H), and € > 0, we say that a family of quantum channels
T; : D(H') — D(H'), fort € [0,tmax] simulates H with respect to Qgtate and Qops with accuracy e if
there exists

1. A state encoding quantum channel Egate : D(H) — D(H') which maps states to the simulator
Hilbert space H',

2. An observable encoding, given by a unital and completely positive map Eops : Herm(H) —
Herm(H'),

such that | |
‘ tr[Eobs (O)(T © Estate) (p)] — tr[O(e_ZtheZtH)]H <e, (3)

for all p € Qstate, O € Qops, and t € [0, tmax]-

Our use of a Hamiltonian H for the target system is mostly for simplicity; the simulation of more
general dynamics, of open quantum systems for example, can be defined analogously, with the target
Hamiltonian H replaced by any generator of a quantum dynamical semigroup?®2°. It should be noted
also that Definition 5 could equivalently have been phrased in terms of a set of POVMs rather than
observables Qops. We use the latter for convenience in relating our work to other results. It is plausible
that one could engineer a time-dependent observable observable encoding &y, but here we restrict our
focus to the time-independent case to avoid the complexity of the simulation task being hidden in this
step.

By the triangle inequality, (3) holds for any convex combination of the states and observables in Qggate
and Qgps respectively, so we could without loss of generality assume that the two sets are convex to
begin with.

Often the simulation channels T} in Definition 5 are taken simply as time evolution under some simulator
Hamiltonian H' € Herm(H'), but it is useful to consider a more general case. Firstly, this allows one to
directly account for, and possibly exploit, dissipative errors in the experimental setup®. Secondly, it
enables the possibility of a more complicated simulation experiment, for example involving intermediate
measurements. Moreover, it is important to allow the simulation of open quantum systems for our
definition to be consistent with criterion III of Fig. 5. Despite the generality afforded by Definition 5,
we emphasise that experimentally practical simulations should be size-independent as in Definition 1.
That is, the implementation of T} should not require engineering a system of size which grows more than
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linearly in n, or boundlessly scaling interaction energies. Another important constraint is that 73 should
not include the use of adaptive channels based on feed-forward measurements — hence distinguishing
the process from digital quantum computation.

We note that Hamiltonian models of quantum computation such as quantum walks®® and previous
notions of dynamical Hamiltonian simulation®! are not consistent with our definition of analogue
simulation: such constructions also incur scalings in both the system size and in necessary evolution
time (corresponding to scalings in interaction strength, if time is normalised) which violate the size-
independence conditions of Definition 1.

Local encodings

Although Definition 5 is phrased in terms of general encoding maps, it is practically useful to ensure
that states and observables are encoded in a way which is both practical to implement and behaves
favourably with respect to noise. In this section, we present such a notion of local encodings and state
some basic properties; proofs are contained in Appendix A. A similar discussion is presented for the
stronger case of local Hamiltonian encodings of Cubitt et al.!'!, and a discussion of the stability of local
observable measurements to local noise is given by Trivedi et al.?7.

Definition 6 (Local state encoding). Let H = Q1 H; and H' = ®?/:17-L9 We say that a state encoding
Estate : D(H) — D(H') is local if it has a Stinespring representation of the form

Estate(p) = tre[U(p © |0)0[F)U'] (4)

where F = @ F), and E = ®,E; are ancillary systems and U € UH ® F,H' ® E) is a constant-depth
quantum circuit.

It is immediate that constant-depth quantum circuits (built from one-qubit and two-qubit gates)
preserve locality. That is, given a local operator A on H ® F, the operator UAUT is local (acting on
the forward light cone of the support of A) on H' ® E, and similarly for the inverse UT. In fact, it is
known in the theory of quantum cellular automata that this constraint is equivalent to representability
as a constant-depth quantum circuit 52,

For simulating physical systems, one particularly desirable feature of a simulator is local error back-
propagation. That is, local noise on the simulator system should correspond in some way to local
(perhaps realistic) noise on the target system. Ideally, we would like to prove that for any state p € D(H)
and local error channel N’ : D(H') — D(H’) on the simulator, there exists a corresponding local error
channel N : D(H) — D(H) on the target system satisfying

N0 Estate(p) = Estate © N (p) - (5)

However, we cannot hope to prove this in general, since the noise operator N’/ may take the simulator
system outside the image of Eate. Instead we have a slightly weaker version of this statement, which is
a direct consequence of the causal structure of local state encodings.

Proposition 7 (Local error back-propogation). Let Egate : D(H) — D(H') be a local state encoding
as in Definition 6, and let N' : D(H') — D(H') be a channel whose Kraus operators {X}} each act
on O(1) sites in H'. Then there exists a channel N : D(H ® F) — D(H ® F) whose Kraus operators
{Xk} each act on O(1) sites in H @ F, and such that for all p € H,

N0 Eate(p) = trp[UN (p ® [0)(0]p)UT] - (6)
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In other words, local noise on the simulator corresponds to local noise on the target system and ancillary
encoding system. The corresponding result with locality replaced by geometric locality holds in the
case when the light cones of U are local with respect to the underlying geometry of the simulator and
target systems.

Similarly, we have local forward-propogation under such an encoding, in the sense that local operations
on a site H; to p € D(H) will not affect the reduced density matrix tr4[Estate(p)], where A is the
forward light cone of H; under U in H'.

We define local observable encodings analogously to the state encoding case.

Definition 8 (Local observable encoding). Let H = @ H; and H' = ®§L/:1’H; We say that an
observable encoding Eons : Herm(H) — Herm(H') is local if it is the adjoint (with respect to the
Hilbert-Schmidt inner product) of a local state encoding.

It is immediate from this definition that one can measure the encoded observable Eps(O) by first
applying the constant-depth quantum circuit €% : D(H') — D(H) to p’ € D(#H’'), and then measuring
O. When O is local, we can alternatively implement the measurement via a local POVM directly on
the simulator system.

Proposition 9 (Encoded measurements). Let Eps be a local observable encoding as in Definition 8,
and let O be a local operator on H. Then Eqpg(O) can be measured using a local POVM on H'.

Applications of the framework

In this section, we discuss some basic applications of our notion of analogue quantum simulation in
the sense we have introduced in Definition 5. Firstly, we give an example of a trivial but illustrative
situation in which encoding qudits into qubits incurs an unavoidable cost for low-energy encodings, but
which is not an issue in our framework. We then demonstrate the robustness of the definition under
noise, and show that it is consistent with the existing notion of simulation given in Definition 4. Finally,
we note how Lieb-Robinson bounds can be used to reduce the overhead of simulating local observables.

Qudits to qubits To motivate this example, we first notice that the requirement of Cubitt et al.!!
(Definition 4) that the simulator Hamiltonian should reproduce the target dynamics in its low-energy
subspace is too strong for some practical situations. As observed by the authors, this can require
the simulator to use strong interactions to push unwanted states out of the low-energy subspace.
Proposition 10 provides a formal statement of this fact (proved in Appendix B) in the context of
encoding a simple qutrit Hamiltonian into qubits.

Here we consider qutrits with individual state spaces C? spanned by a basis {|}),]0),|1)}. We write
Po(] ) = |0)(0] and PT(J ) = |T){(1], where the superscript indicates that the projectors act on the jth qutrit.

Proposition 10. Let H = (C3)®" be the space of n qutrits acted on by the Hamiltonian
H, = Z(P(J) + P(J)) <7>
n 0 1 .
j=1

Suppose H), = Z]K:1 R} is a k-local Hamiltonian on H' = (C?)®™ where m = O(n'*®), for a >0 and
k= O(1). Assume the interaction hypergraph of H), has degree bounded by d = O(1).
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If H], is a (A, n,€)-simulation for H, in the sense of Definition 4, forn € [0,1) and € > 0, then

max ||| = Qn' (1 =) . (8)

From (8) we see that simulating this simple system with a low-energy encoding, an interaction hypergraph
of bounded degree, and bounded locality, requires either the qubit count or interaction energy (or a
mixture) to scale unfeasibly with n. This constitutes a violation of the requirements of Definition 1 and
imposes an unnecessary experimental requirement for the task of simulating non-interacting qutrits.
The proof of this fact follows from a dimension-counting argument, since the state space of the qutrits
cannot be surjectively encoded into the qubit simulator, see Fig. 1. In contrast, the simulation task is
trivial in our framework given in Definition 5 because the low-energy encoding requirement is relaxed.

Letting H,, = Z?’Zl(Péj )y PT(j )) as in Proposition 10, we can simulate all observables under H,, on

H = ®?:1(C2 ® C?) via any isometry
V:C-C’eC?, (9)
encoding each qutrit into two qubits. To realise a simulator in the sense of Definition 5, we let
Estate : p = VEp(VEMT | Ebe - O = VEROVEM)T (10)

and
T, = e-z‘t&,bs(Hn)(.)eitfobs(Hn) , (11)

which is just time evolution under a 2-local Hamiltonian with bounded strength interactions.

Although Proposition 10 does not necessarily rule out simulations in which the n qutrits are encoded
into Q(n?) qubits, such approaches suffer from a different problem. Generally, if each qudit in a
D-dimensional system is encoded into (n®) qudits for « > 0, whilst keeping the dimension fixed, then
the inflated system size will necessarily cause the distances between encoded sites to grow with n. In a
system of interacting qutrits (for which the proof of Proposition 10 still holds), this means that scaling
interactions can be necessary to overcome Lieb-Robinson bounds and ensure that correlations can
spread sufficiently fast through the enlarged system. The following simple geometric lemma provides
some intuition for a quantitative lower bound on the growing length scales in such situations.

Lemma 11. Let {z;}]", be the points in a hypercube of side length L ~ /P in the square lattice

xi € ZP. Let £ : xy — X; CZP be a map which encodes each point z; into a connected set of points in
ZP such that | X;| = Qn®) and X; N X; = 0. Let d(z,y) : ZP x ZP — 7Z be the taxicab metric on ZP.

For a radius R = O(L), and any y € ZP, the number of encoded points intersecting with the ball of
radius R centred at y is bounded by

|Br(y)| := {X;: 3z € X; with d(z,y) < R}| = O(nlfmi“{a’l/D}) . (12)

Letting A = min{a, 1/D}, we see that there are at most O(n'~?) sites X; within radius R = O(L) =
O(n*/P) of any X;. On the other hand, there are at least Q(n'=*) of the 2; within radius O(n(!=»/P)
of x; in the original lattice. In particular, this implies that there exist a pair of sites x;,z; with
d(zi, ;) = O(n1=Y/P) whose encodings have d(X;, X;) = Q(n'/P) — in the encoded system, the
distance is increased by a factor of n*P.

The scalings here apply as a result of the requirement that analogue quantum simulators reproduce
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the dynamics of a target system. In other situations, such as adiabatic quantum simulation in which
an approximately simulated ground state is the only requirement, encodings with superlinear qubit
overhead are possible?®3%4,

Noisy analogue simulators Suppose we have quantum channels T}, for ¢ € [0, t;yax] Which simulate
some H € Herm(#H) with respect to Qgtate and Qops up to accuracy e as in Definition 5, corresponding
to encoding maps Egate and Egps.

In practice, the experimental setup will suffer from noise in the steps of state preparation, evolution, and
measurement. This will correspond to noisy versions of the above maps, which we denote by T, ¥, c‘fstate,
and E.ps. For any O € Qgps, p € Qstate, we may bound the additional error in observable expectation
values incurred by the noisy maps by

| t1[Eobs (O) (T} © Estate) (p)] — tln[g‘obS(Oth o ~state(/0)”
= ’ tl"[O( ;bs o T} o Estate — ggbs o Tt o ~state) (P)]

< ||5c>>kbs o T} o Estate — ggbs o T;t o ~state||1—>1

S || (;kbs - ~(;kbs”l—ﬂ + ”ﬂ - jjt”l—ﬂ + ”Sstate - gstate”l—)l 3 (13>
where || - |11 denotes the one-to-one norm [|All1—1 = sup, [[A(p)[|1 (defined as the induced trace
norm® — note that this is in particular upper bounded by the diamond norm), and £* denotes the

Hilbert-Schmidt dual of a superoperator £. Hence the noisy simulator T, also simulates H with respect
to Qgtate and Qops, up to error

6/ <e+ Slip ||T% - Tt”lﬁl + ||gstate - ~staute”l%l + ”(c;:bs - ggbsulﬁl . (14)

Local Hamiltonian simulation in a subspace Suppose that H' is a (A, 7, €)-simulation of H as
defined by Cubitt et al.!! (Definition 4), corresponding to encodings Estate and Eqps, With the projector
Q = 0. Here we show that the time evolution channel under H, (-) — e~ (.)e!*!" gives a simulation
in our sense, Definition 5.

We make use of the following lemmas. Lemma 12 ensures that measurement and time evolution are
consistent with the encodings of Definition 4, and Lemma 13 bounds the error of (A,n, €)-simulations
under time evolution.

Lemma 12 (Cubitt et al., Proposition 4'1). If Esate and Eqns are encodings as in Definition 4 and (2),
then for all observables O and states p on the target system H,

t1[Eobs (O)Estate(p)] = tr[Op] (15)
Moreover if the encoding is standard (rank(P) > 0 in Definition /) then

e_igobs(H)tg gobS(H)t

state(p)ei = state(e_thpeth) . (16)

Lemma 13 (Cubitt et al., Proposition 28'1). Let H' be a (A,n,€)-simulation of H in the sense of
Definition 4 corresponding to encodings Eops, Estate- If p' 18 a state in the simulator system H' satisfying
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Eobs(D)p' = p', then for all t

He—iH’tpleiH’t o e—iSObS(H)tpleiSObs(H)t||1 < et + 477 . (17)

Combining these lemmas, we see that for any observable O and state p on H,

| tr[gobs(O)e_iH/tgstate(p)eiH,t} - tl"[Oe_th/)ethH
= | tr[gobs(O) (e_iH,tgstate(P)eiH/t — G_igObs(H)tgstate(p)ei&)bs(H)t)]|
< |O[|(2et + 4n) . as)

Hence the channels Tj : p' — e~ /et for t € [0, tmay] simulate H in the sense of Definition 5 with
respect to any Qgtate and Qgps, Up to error

€ < 2etmax + 41. (19)

This provides some consistency between existing work and our notion of simulation; we have shown
that evolution under a simulator Hamiltonian in the sense of Cubitt et al.!! constitutes an analogue
quantum simulator in our framework given by Definition 5.

Short-time simulation with Lieb-Robinson bounds One advantage of only requiring the simula-
tion of a particular set of observables €),1s in Definition 5, as opposed to reproducing the entire physical
system, is that one can take advantage of the limited spread of correlations for short-time dynamics?*.
The idea of exploiting Lieb-Robinson bounds to reduce necessary hardware overhead has already been
considered for the study of many-body quantum states on quantum computers®>2%, and more recently

in the setting of analogue simulators?”. We explain here how the latter fits into our framework.

Consider the case of a Hamiltonian H,, on a d-dimensional lattice of n qubits H = (C?)®", such that

o, = i:lhx ) (20)

where the h; is a nearest-neighbour local interaction with ||h,| < 1, translated to position z in the
lattice, so that H,, is translationally invariant.

If one is only interested in simulating the finite-time dynamics of a few local observables 2,5 which
are contained within a small neighbourhood of the origin, starting from a state p = [0)(0|®", then it is
sufficient (up to exponentially small error) to simulate a far smaller subsystem, corresponding to the
Lieb-Robinson light cone, as in Fig. 7. This situation is studied by Trivedi et al.?”, in particular for the
thermodynamic limit n — co.

Let H,,, = Ezq’zl hy be the simulator Hamiltonian, defined identically to H,, but on a lattice of size
m < n, H' = (C?)®™". We encode p and O simply by restricting them to the smaller subsystem. Then
a simulation of an observable O € Qs up to accuracy e, satisfying

‘tr[OeiiHntpeiHnt] - tr[gobs(O)eiiHMtgstate(p)eiHMt]| <e ’ (21)

can be accomplished in the large-n regime for all ¢ € [0, tyax] if one takes m = O(logd(l Je) + )
(see Trivedi et al.?”, Lemma 1).
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Figure 7: Simulation with Lieb-Robinson bounds. Simulation of a 1-dimensional spin system under a
Hamiltonian H for time ¢. In theory, the system extends infinitely, but to estimate the value of a local
observable O it is only necessary to simulate a subsystem corresponding to the Lieb-Robinson light
cone.

Modular encodings and gadgets

In this section, we focus on the case of a simulator channel T} given by time evolution under a local
simulator Hamiltonian H’, which should reproduce the dynamics of the local target Hamiltonian
H =", H;. In light of the size-independence requirement of Definition 1, it is natural to encode each
H; term separately into some term HJ, but systematically doing so is a non-trivial task: we need the
encoded terms to interact with each other in a way which mimics the original system.

This problem can be tackled using perturbative gadgets. Perturbative gadgets were initially introduced
by Kempe et al.?? as a means of proving QMA-completeness of the 2-local Hamiltonian problem by
reduction from the 3-local case3?, and have since been used extensively in the field of Hamiltonian
complexity theory. In this work, we especially focus on the use of gadgets for Hamiltonian locality
reduction, though it should be noted that perturbative gadgets can also be used to simplify the structure
of the interaction hypergraph!” and in general to reduce Hamiltonians to more restrictive families of
interactions®%°744 Moreover, beyond Hamiltonian complexity-theoretic results, gadgets can be tailored
to improve the performance of variational quantum algorithms3?.

In this work, we introduce a formalism which we argue encompasses any attempt at gadgetisation, in a
sense which we make precise (Definition 14), in order to prove general properties of such constructions.
Note that our approach, and the (7, €) accuracy parameters, are closely related to those used in other
definitions of simulation!!''®. We refine the approach of the latter by generalising to a potentially
non-perturbative regime and by considering the feature of combining well with other interactions as a
generic requirement for gadgets. We use these results to argue that any size-independent encoding of
a Hamiltonian H into another H' cannot reduce the locality of interactions (for example, reducing a
3-local Hamiltonian to a 2-local Hamiltonian).

The setup is as follows: we consider a large system H = ®;_,H;, within which a local interaction
H € Herm(H) acts on a subsystem of O(1) sites. With the introduction of a small ancillary system A,
we aim to replace H by some gadget H' € Herm(H ® A), which acts on O(1) sites in H and A.

A simulator Hamiltonian in the sense of Definition 5 need not necessarily capture the entire spectrum
of its target Hamiltonian. In this case, however, we are thinking of H as a single interaction in a
larger system, and as such we cannot generally assume that its eigenspaces will be preserved under
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time evolution. Therefore, we require as a minimum that H’ should (when restricted to some subspace
defined by a projector P’) approximately reproduce the full spectrum of H. Moreover, for H' to be a
useful gadget, it must combine well with other Hamiltonian terms acting on H. That is to say, there
should exist P’ € Proj(H ® A) such that P'(H' + Hee ® I) P approximates the spectrum of H + Hejse,
for any Helse € Herm(H) (see Fig. 3(a)). We formalise this with the following definition.

Definition 14 (((,¢)-gadget property). Given a Hamiltonian H € Herm(H) acting on a system
H = QF H;, and H € Herm(H ® A) for A an ancillary system, we say that (H', A) satisfies the
(¢, €)-gadget property for H if there exists P' € Proj(H ® A), P € Proj(A) \ {0} such that, for any
Hise € Herm(H), there exists a unitary Uy, € UH ® A) with

else

HP/(H/ + Helse ® I)P/ - ﬁHeLse ((H + Helse) ® P)ﬁ;[ || <e+ CHHelseH . (22>

else

In other words, (H', A) satisfies the ((, €)-gadget property for H if, when restricted a subspace defined
by P', H + Hese ® I approximates the spectrum of H + Hepse up to error € 4 (|| Helse||. Notice that P
is almost arbitrary; its rank determines the multiplicity of each eigenvalue of H + Hgjse in the simulator
system, but otherwise it can be rotated by Up.. . which rotates the eigenvectors of (H + Hepse) ® P

else?

approximately onto those of P'(H' + Hese @ 1) P'.

As noted by Cubitt et al.'!, there are two distinct types of gadgets used in literature:

e Mediator gadgets, in which ancillary qubits are inserted between logical qubits to mediate
interactions, and

e Subspace gadgets, in which single logical qubits are encoded into several physical qubits, restricted
to a two-dimensional subspace by strong interactions.

Definition 14 encompasses the former, but not the latter. Qualitatively this is because whereas mediator
gadgets replace interactions, subspace gadgets replace entire qubits, including all of the interactions
they take part in. It would be possible to extend our formalism to subspace gadgets, by restricting the
range of Hejge in Definition 14 to terms which do not interact with the target qubit. We do not consider
this here, however, for brevity and because subspace gadgets do not reduce the locality of interactions,
which is our primary motivation for this section.

Although Definition 14 is a natural requirement, it is not convenient to work with due to the appearance
of the general Hg acting on the entire of H, upon which U depends. The following alternative
definition does not suffer from this problem.

Definition 15 ((n, €)-gadget). Let H € Herm(H) be a Hamiltonian on a Hilbert space H, and let A be
an ancillary Hilbert space. For H' € Herm(H ® A), we say that (H', A) is a (n,€)-gadget for H if there
exists P € Proj(A) \ {0} and U € U(H ® A) such that

|U—-T|<n, [[PH'P'-UHeP)U<e, (23)

where P' = U(IQP)U' € Proj(H ® A).

The advantage of Definition 15 is that it is stated in terms of a local rather than global property.
Assuming that H, H', P’ act on only O(1) sites in H and A, we can without loss of generality restrict to
this significantly smaller subspace to check whether H' is a gadget. This is in contrast with Definition 14,
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which requires us to in principle consider interactions over the full n-site space in order to check the
gadget property.

To motivate the use of Definition 15, we show that the above notions are in correspondence; things that
look like gadgets are always gadgets, and vice-versa. This is formalised by the following two theorems,
proved in Appendix C.

Theorem 16 ((n, €)-gadgets have the (, €)-gadget property). Suppose that (H', A) is a (n,€)-gadget
for H. Then (H', A) satisfies the ((,€)-gadget property for H, where { = O(n).

Theorem 17 (The ((, €)-gadget property requires a (1, €)-gadget). Suppose that (H', A) satisfies the
(¢, €)-gadget property for H, where H, H', and P’ act on O(1) sites in H = QF_H;. Then (H', A) is a

1

(n,€')-gadget for H, where n = O(e) + O(¢2) and € = O(e) + O(C).

The roles of the n and € parameters are to bound the error in the eigenvectors and eigenvalues respectively.
Roughly speaking, n quantifies how well the gadget combines with other terms, and e quantifies the
spectral error of the gadget in isolation. A good gadget requires both of these parameters to be small.
In the next section we present a 3-to-2 local gadget which is an extreme case of this, with e = 0 at the
cost of a large n error.

Prior work in Hamiltonian complexity theory has focused on gadgetisation in the context of ground state
estimation %4418 or simulation in a low energy subspace'!; as a result, a case of particular relevance is
when P’ projects onto the low-energy subspace of H'. For A € R, we write P< gy for the projector

onto the span of the eigenvectors of H' with eigenvalues in the range (—oo, Al.

Definition 18 ((A,n, €)-gadget). Let H € Herm(H) be a Hamiltonian on a Hilbert space H, and let A
be an ancillary Hilbert space. For H' € Herm(H ® A), we say that (H', A) is a (A,n, €)-gadget for H if
there exists P € Proj(A) \ {0}, and U € U(H ® A) such that P<a(gry = U(I ®@P)U', and

U =TI <n, |PcanH Peaury —UH @ PUT| <e. (24)

In other words, the pair (H', A) satisfy Definition 15, in the special case where we can use P’ = Pon(mry-

Notice that Definition 18 imposes a significantly stronger requirement on H’ than Definition 15; a priori
there is no reason to expect that there will exist any choice of P and U such that P<a gy = U(I ®P)UT.
Definitions 15 and 18 are sufficient to guarantee desirable combination properties, and are satisfied by
widely-used constructions.

Examples of gadgets

Lemmas 4-7 of Bravyi et al.'® can be naturally adapted to give several constructions for (A,n,¢)
gadgets, which we use to demonstrate that Definition 15 encompasses commonly-used techniques. In
the following we take H' = H ® A, and A = C2. For V an operator on H' we write it in block-diagonal
form with respect to the basis of A as

Voo V01)
V= 7 25
(VIO Vi1 (25)

where, for instance, Voo = (I@(0])V(I®|0)).
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Lemma 19 (First-order gadgets, adapted from Bravyi et al.'®). Suppose H € Herm(H) and V €
Herm(H') are such that

€
1 = Vool < 5 - (26)

Then H' = AHy+ V defines a (O(A),n,€)-gadget for H, where Hy = 1®|1)(1|, provided that A >
O(e VI +n~ V).

Lemma 20 (Second-order gadgets, adapted from Bravyi et al.'®). Let H € Herm(H), and suppose
VW VO e Herm(H') are such that |V, [|[VO| < A, Vl(g) = 0(10) = VO(OI) =0, and

0 1) (1 €
18 = Vo' + Ve Vil < 5 - (27)
Then H' = AHy+ A2VD) + VO 45 g (O(A),n, €)-gadget for H, where Hy = 1®|1)(1], if
A > O(e2A% 4 772A%) . (28)

Lemma 21 (Third-order gadgets, adapted from Bravyi et al.'®). Let H € Herm(H), and suppose
V@ v® vO e Herm(H') are such that |V, VO, VO <A, V) = v =@ = v —o,
Voo =0,

1H -V —ViPvPvRI << and V) = VPV (29)

DO ™

Then H' = AHy+ A3V® + A3V 4+ VO 45 6 (0

—

A),n,€)-gadget for H, where Hy = 1®|1)(1], if
A > O(e3A2 4 73A3) . (30)
We illustrate the application of these lemmas to our definition with the following ubiquitous gadgets

from Oliviera et al.l7:

Given a target Hamiltonian H = A® B € Herm(H s ® Hp), the subdivision gadget on Ha @ Hp @ He
(where He = C?) is defined by

H' = AHy+ A2V 4 vO (31)
where

Hy =101e|1)(1] (32)

1
Vvl = —(~A®I+IB)® X , 53
75 ) (33)

1
v — §(A2 @I+I@BH @1 . (34)

Then by Lemma 20 we see that, for sufficiently large A, (H', H¢) defines a (O(A), n, €)-gadget for H
(see Fig. 8(a)).

Given a target Hamiltonian H = A ® B® C € Herm(H4 ® Hp ® Hc), the 3-to-2 local gadget on
HaRHp @ He @ Hp (where Hp = C?) is defined by

H = AHy+ A3V® £ Asy O Ly O (35)
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Figure 8: Existing gadgets. (a) Interaction hypergraphs of a 2-system interaction before (above) and
after (below) the use of the subdivision gadget. (b) Interaction hypergraphs of a 3-system interaction
before (above) and after (below) the use of the 3-to-2 gadget.

where
Hy=I0laIx|1)1], (36)
v = %(—A®I+I®B)®I®X—I®I®C®|1>(1| , (37)
v = %(—A®I+I®B)2®I®I, (38)
v = %(A2®I+I®Bz)®0®1 : (39)

By Lemma 21 we see that, for sufficiently large A, (H', Hp) defines a (O(A),n, €)-gadget for H (see
Fig. 8(b)).

We provide the following example to illustrate the importance of the n parameter as a quantifier of how
well a gadget combines with other terms.

Let H=A® B® C € Herm((C?)®3) be a 3-qubit interaction, and diagonalise A, B, and C as
A= 2G10)01 =AML, B =AFI0)0[ + AT1)(L] . C = AFI0)0] + AT[1)(1] . (40)
Let H' € Herm((C?)®%) be defined as
H=)A-NDelalalC
+ A P10 - D) eleC
+ XM 1I®I®BRC , (41)
and let P’ € Proj((C?)®?%) be
P' = (I®[0)(0] @ [0)(0] + [0){0] @ T@[1)(1) & T . (42)

Then in fact the restriction of H’ to the image of P’ exactly reproduces the spectrum of H. This
hence defines a 3-to-2 (n,0)-gadget — or a (A, n,0)-gadget, if one adds a term of the form O(A)(I—P")
to H'. The caveat is that this gadget has a large n parameter, and hence it does not combine well
with other interactions. For instance, in Definition 15 we might take P = [0)(0| ® I® I®I, and
U= (F®|0)0+IxIx[1)1])®I, where F is the two-qubit swapping operator. This gives n = 2.

The construction of H' can be thought of as splitting the A qubit into two qubits (see Fig. 9), and
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Figure 9: The exact 3-to-2 gadget. The (blue) 3-local interaction between A, B, and C' is replaced by a
series of (blue) 2-local interactions, where the A site has been split into two sites A; and As. However
after this process, the 2-local interaction (red) between A and another qubit E is replaced by two
3-local interactions between E, A1, B and E, As, B. Compare this with Fig. 8(b), for which additional
interactions on qubit A will remain on qubit A of the gadgetised Hamiltonian without any need for
adjustment.

controlling whether the first or second qubit is excited depending on the value of the B qubit. Therefore,
if the full Hamiltonian contains another interaction term which acts on the A site in H, then the locality
of this term will be increased under the gadgetisation procedure. Such a gadget cannot be used to
systematically reduce the locality of a Hamiltonian with many interactions.

Gadget combination results

The following results show that gadgets satisfying Definition 15 or Definition 18 can be systematically
combined as desired. Our techniques and proofs extend prior work3\17%® using the convenient formalism
of the direct rotation®®. The scalings of the parameters 7/, ¢’ are not necessarily optimal, though they
sufficient for application to the subdivision and 3-to-2 gadget constructions exhibited above. The proofs
of our gadget combination results can be found in Appendix D.

We summarise the setup below, which will be used throughout the following results.

Setup 22. Let H € Herm(#H) be a Hamiltonian on n sites, H = Q@ H;. Assume H = Zf\il H;, where
N = O(n), such that each H; acts on at most k = O(1) of the sites H;, and each site participates in at

most d = O(1) interactions. Assume also that H has bounded interaction strengths, that is, ||H;|| < J
for all 1.

In the below propositions we consider a family (depending on n) of gadgets (H!, A;) for H;, with U;, P;,
and P! defined as in Definition 15, for each i. Assume that A; consists of O(1) ancillary sites and that
H! is a local Hamiltonian consisting of O(1) interactions, such that

1| < J", Il(TeP)HIPH)| < Jo - (43)

Firstly, we state the main result: that gadgets as in Definition 15 may be systematically combined to
produce new gadgets.

Proposition 23 (Parallel (7, €)-gadget combination). Let H =), H; be as in Setup 22, and suppose
that each (H[, A;) defines a (n,€)-gadget for H;.
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Define
H = ZH{ € Herm ('H ® (®z‘~Ai)) . (44)
i
Then (H',®;A;) is a (1, €)-gadget for H, where
¢ = O(ne+nnJ +nn>Jh +nn*J) , 1 =O0(nn) . (45)
For completeness, we also prove a similar result that (A, 7, €)-gadgets can be combined to create a new
(A", €)-gadget. It follows from Proposition 23 that the combination of many (A, 7, €)-gadgets defines

a (', €)-gadget, however it still remains to show that the projector P’ in the sense of Definition 15 may
be taken as a low-energy projector P<ar(gry.

Proposition 24 (Parallel (A, n, €)-gadget combination). Let H = ). H; be as in Setup 22, and suppose
that each (H[, A;) defines a (A,n,€)-gadget for H;, where

A o IH] +J + N(e +2m)

% Y =0(nJ), (46)
and assume that the scaling of n with n is bounded as
n=o(nz). (47)
and moreover that, for large J',
ne +nnJ +nnPJh +nntd =o(J), J =0(A). (48)
Define
H' =" Hj € Herm(H @ (®:A;)) . (49)
Then (H',®;A;) is a (A', 1, €)-gadget for H, where
A = %A , € =0(ne+nn +nnPJy+n*ntJ) , o =0(nn) . (50)

For an example of how these conditions can be satisfied, consider the case of combining many of the
3-to-2 gadgets described above. Setting J = 1 for convenience, we have J' = O(A), J;, = @(A2/3),
and e, = O(A~'/3). The errors € and 1’ both grow as O(nA~Y/3), so a good gadget will require
A = Q(n3). A direct computation verifies that this condition also ensures that (46-48) are satisfied.
Hence reduction from a 3-local to 2-local Hamiltonian in this way requires interaction strengths to scale
as ns.

To combine (A, n,€) gadgets using Proposition 24 requires the unappealing conditions of (46)-(47),
which explicitly require the gadget energies to scale with n. In fact, as noted by Bravyi et al.?!, the
regime of bounded-strength interactions does still allow approximation of the ground state energy of H
— the caveat being that the errors are extensive. Below is a generalisation of their main result.

Theorem 25 (Ground state energy estimation with (A, n, €)-gadgets, generalising Bravyi et al., Theorem
13Y). Let H=", H; be as in Setup 22,and suppose that each (H], A;) defines a (A,n,€)-gadget for H;.
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Define
H = ZHZ/ € Herm(H ® (®44;)) - (51)

Then the ground state energies of H and H' satisfy

Xo(H) — Xo(H")| = O(ne +nnJ +nn®Jo +nnJ') . (52)

Gadget energy scaling

Here we present the main result of the section: general locality reduction gadgets cannot exist with-
out unfavourably scaling energies. This result holds in the most general setting of (7, €)-gadgets
(Definition 15), and hence follows even from the relaxed ((, €)-gadget property of Definition 14.

Theorem 26 (Gadget energy scaling). Let H = (C2)®* be the space of k = O(1) qubits, and let H be
the k-fold tensor product of Pauli Z operators with strength J > 0,

k
H = J® Zi . (53)
=1

Suppose (H', A) is a (n,€)-gadget for H for H' a k'-local Hamiltonian, where k' < k.

Then, provided € < J, the gadget must have energy scale ||H'|| > % =Qnh.

The method of proof (found in Appendix E) is simple, and very likely does not provide an optimal lower
bound for ||H’||, due to the lack of any dependence on k. We expect that such dependence should be
present; any approach which iteratively lowers the locality of an interaction from k-local to 2-local will
accumulate scalings from each round of gadgetisation, but this does not rule out a more direct approach.
Existing methods to reduce locality, such as the subdivision and 3-to-2 gadgets of Oliviera et al.'” and
higher-order gadgets®0:34, give scalings that suggest that any k-to-2-local gadget construction should
require energies which scale exponentially in k. The question of whether such exponential scaling is the
best possible was first raised by Bravyi et al.3', and is still unresolved. Using the formalism introduced
here, this problem can be precisely stated, and optimisation of Theorem 26 may provide a negative
result. Furthermore, we expect that it may be possible to answer similar questions about gadget energy
scaling in other cases, for example in simplifying the structure of an interaction graph or reducing to
smaller families of interactions.

The significance of Theorem 26 is that it essentially rules out a size-independent (Definition 1) simulation
of a k-local Hamiltonian H by another &’-local Hamiltonian H' for k¥’ < k, for the following reason. Any
modular encodings require the use of term-by-term gadgets, which must each satisfy the ({, €)-gadget
property (Definition 14) with ¢,n = O(n~!) to guarantee that they can be combined (since the rest
of the Hamiltonian will have ||Helse|| = O(n)). By Theorem 17, this requires the use of (7, ¢)-gadgets
(Definition 15) with 7 = O(n~'/2), and by Theorem 26 this will require interactions which scale at least
as Q(n'/?).

A couple of notes on gadget energy scalings in existing work: Bausch® gives a method to reduce the
exponential or doubly-exponential scaling in perturbative Hamiltonians to polynomial scaling, and Cao
et al.?3 present gadgets whose interaction strengths do not grow with accuracy. However, both cases
violate size-independence (Definition 1) in other ways such as polynomial scaling in the number of
simulator qubits or instead shrinking the interaction strengths.
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Gadgets from the quantum Zeno effect

In this section, we demonstrate an alternative approach for reducing the locality of an interaction in a
Hamiltonian — a task for which Theorem 26 establishes the need for energies which scale with the size
of the system, when conventional gadgets are used. The construction presented here, however, uses the
freedom afforded by the general simulation channel T} in Definition 5 to take advantage of an additional
resource: dissipation.

We will see that, despite some impractical features for experimental implementation, this approach
offers a theoretical improvement in scalings over the conventional gadget techniques discussed earlier
in the section. Additionally, this construction captures a key feature of our framework for analogue
simulators given in Definition 5 in contrast with existing work: we define simulators in terms of their
dynamic behaviour, rather than in terms of the properties of static Hamiltonians.

For the process we describe here, we repeatedly refer to measurement for conceptual simplicity when
talking about probabilities, but this terminology is somewhat misleading; we do not record or use the
outcome.

Let H € Herm(#) be a single interaction in a many-body system, which we intend to simulate. As
before, we will introduce an ancillary qubit A =2 C?, and evolve under a Hamiltonian H’ € Herm(H ®.A),
but now we supplement the natural time evolution with regular projective measurements on the A
system at time intervals of §t. By the quantum Zeno effect %2, this forces the A system to stay in the
|0) state with high probability, meanwhile simulating the desired interaction on the H system.

The following result, Proposition 27, provides a formal construction for the measurement-based gadgets
described above — see Appendix B for the proof. Qualitatively, this result tells us that if we evolve
|th) ®]0) for time &t under the simulator Hamiltonian H’, and then measure the ancillary qubit, we
will obtain a ‘1’ result with probability O((5t)%) (corresponding to an amplitude of O((6t)%/?). In the
more likely case that we obtain ‘0’, the post-measurement state (on the H space) is e "**H|4)), for some
new Hamiltonian H, up to error O((dt)?). By repeating this process t/§t times, we will hence obtain
a state e~ |¢) + O(t(6t)) on the H space if ‘0’ is measured in every round of measurement. The
probability of a measurement error in this process scales as ¢(6t)2, hence can be controlled provided
that 6t = O(t~1/2), which will always be satisfied if we choose 0t = O(¢t~!) in order to control the error
on the post-measurement state.

Proposition 27. For a Hilbert space H and an ancillary qubit A = C?, let H' € Herm(H ® A) be a
Hamiltonian given by
H = H@I+Hy ® X + Hjjyq @ [1)(1] (54)

for some Hy, Hx, H1y; € Herm(H) depending on a small parameter 6t such that ||Hi|| = O(1),
|l = O((6t)~/2), and | Hvyl = O((3) ™) with HRy, = w1, w = 2.

Then, for any |) € H,

e (j9) @ 0) = (7 [y) + O((61)%)) ® |0) + O((6)*?) @ 1), (55)

where
H = Hj — w_2H)(H|1><1|HX . (56)
This provides a new 3-to-2-local gadget for Pauli strings. For example, we can set Hi = —Z1,
Hx = \/$(Z2 + Z3), Hjjyq) = —wZi; this yields a 2-local Hamiltonian H' simulating the 3-local
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interaction H = Z; ® Zy ® Z3. More generally, given three commuting Pauli strings A, By, C., we can
set Hf = —A,, Hx = \/%(Bb + C.), Hjjyq) = —wA, to simulate the interaction H = A, ® By @ C..
This procedure may be used to simulate a k-local Pauli string using a ([k/3] + 1)-local Hamiltonian.

Although Proposition 27 shows that evolution and repeated measurements under H' reproduce the
dynamics of H, it is also important to guarantee that it can be combined with other interactions.
Proposition 28 provides the necessary result for this, by verifying that the conclusions of Proposition 27
also hold when an additional term Hgs € Herm(?) is added to both the target and simulator
Hamiltonian.

Proposition 28. Let Hese = Y, by be a k-local Hamiltonian on H = ®;H; such that ||h;|| = O(1), and
whose interaction graph has a degree bounded by an O(1) constant.

Introduce an ancillary qubit A = C2, and let H' € Herm(H ® A) be a Hamiltonian given by
H/:HI®I—|—H)(®X+H|1><1‘®‘1><1| , (57)

for some Hy, Hx, H1yy € Herm(H) depending on a small parameter 6t such that ||Hi|| = O(1),
|Hx|| = O((6t)~Y2), and [ Hpyall = O(6t)~1) with H|21)(1\ =w?l, w= 2. Assume that Hy, Hx, and
Hjyyq) act on O(1) sites in H.

Then, for any |¢) € H,

e DHHIEHaED (1) @ |0)) = (e e |) 4 O((68)%)) @ [0) + O((6)**) @ 1), (58)

where
H = H;— w_2H)(H|1><1|HX . (59)

The significance of Proposition 28 is that the errors do not depend on the size of the system through
| Heise ||, due to bounds we place on the Trotter error in the expansion e~ *0t(H+Heise) ny g =i0tH o—idtHeise

Discussion

Given the result of Proposition 28, we can now describe how the measurement gadget construction fits
into our framework of analogue quantum simulation described in Definition 5.

Given a Hamiltonian H = Z; ® Z ® Z3 + Hgse on n qubits H = (C2)®", with Heee € Herm(H)
satisfying the requirements of Proposition 28, we fix some dt > 0 and define the simulator space
H' =H® A, where A = C2. Let H' € Herm(#’) be given by

w
H' = -7 @1+ 5(Z2+ Z3) © X —wZi @ [1)(1] (60)

where w = %—7;. Define the state and observable encodings Egtate and Eqps by
gstate(p) =p® |0><0| ) gobs(O) =0®l ) (61)
and define channels Eg, M : D(H') — D(H') by

E&(P’) _ e—i(st(H,-‘rHelse@I) pleiét(H,'f'Helse@I) , (62)

M(p') = tra[p"(T|0)(0])] @ [0)0] + trafp’ TR[L)(L[] @ [1)(1] , (63)
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so that Ej; corresponds to evolution under the Hamiltonian H' + Hse for time ¢, and M corresponds
to a measurement of the A system. Then, for all ¢, define the time evolution channel

Ti=(MoEs)o(MoEgsg)o---0o(MoEgs) , (64)

containing |t/dt] copies of (Mo Ejs;). This evolution is described by Fig. 4. The content of Proposition 28
tells us that ‘ A
(Tt 0 Estate) (p) = (7" pe™ ™ + O(tdt)) @ [0)(0] + O(t(51)*) @ [1)(1] (65)

and hence for any observable O € Herm(H) with ||O| =1,

t2[Eobs (O) (T © Estate) (p)] = tr[Oe ™ pe'™] + O(tdt) . (66)

The channels T; therefore simulate H (in the sense of Definition 5) with respect to any states Qgate
and normalised observables s, up to accuracy € > 0 and maximum time ty,x, provided that one
chooses 6t = O(et;l.). Therefore we require interaction strengths and measurement frequency which
scale as J = O(e 'tpax) — note that this does not depend on n, the size of the system.

We can compare these scalings with those obtained if we were to use conventional gadgets. Suppose
we have a (1, €)-gadget in the sense of Definition 15, with 7 = O(n™t¢) to ensure an absolute error
of O(€) when combined with a Hamiltonian of order n, comparable with the above construction. By
Theorem 26, this must involve energy scalings of J = Q(e !n) (and even without Theorem 26, a
low-energy (A, n, €)-gadget as in Definition 18 would require energies scaling as 2(n) to ensure that
unwanted states are sufficiently penalised). In fact, this is likely not the optimal bound; the best known
3-to-2 gadget construction requires energy scales of O(¢~3 + 1~3), which in this case would require
interaction strengths scaling as J = O((e~'n)3). Even if the system size is restricted via Lieb-Robinson
bounds to set n = O(log?(1/€) +1t¢,...) (where d is the dimension of the system), the measurement-based
gadget still provides an improvement.

Despite this advantage, the measurement gadget construction involves repeated instantaneous deco-
herence of the ancillary qubit at precise time intervals without disturbing the rest of the system, and
may still require large (albeit non-scaling) interaction strengths. Moreover, if Ny.q such gadgets were
used in parallel, we expect (though do not calculate here) that an additional overhead of at least
ot = O((tmaxNgad)_l/ 2) would be necessary to control the probability of measuring a 1 at any of the
ancillary sites. Nonetheless, the construction provides a marked improvement in scalings over existing
gadgets for a single 3-local term in a Hamiltonian, and gives some positive clues as to the ways in which
simulators might take advantage of more general possibilities for channels allowed by Definition 5. We
leave the detailed study of such gadgets, and their robustness to error for future work. We anticipate
that, for a suitable adaptation of Definition 15 for the dissipative case, there may be similar no-go
results preventing locality reduction by gadgets independently of the size of the system.
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A Local encodings
In this section we prove the simple results concerning local encodings.

Proof of Proposition 7. We prove this for a single Kraus operator X, acting on O(1) sites in ', and
the result follows by linearity. Note that

X} Estate(P)(X)T = Xptre[U(p @ |0)0| ) U] (X))
= trp[UXk(p @ 0)(0]p) XU | (67)

where X}, = UT(X,’c ® Ig)U, which acts on O(1) sites in H ® F by the causality assumptions on U.

Proof of Proposition 9. 'To see this, we use the definition of local state encodings and write
Exps(P) = tra[W (0’ @ [0)(0]z) W], (68)

where W € U(H' ® E,H® G) is a constant-depth quantum circuit. Then the measurement expectation
value is

tr[Eobs(0)p] = tr[O&5,(p)]
= tr[(0O @ Ig)W (p' @ [0)(0|g) W]
= tr[(Iyr ®(0|p) W (0 @ Ig)W (Iyy |0))p'] - (69)

Assuming O is local, then WT(O ® I)W acts only on a constant-sized subsystem of H’. In particular,
we can write H' = A ® A° where A consists of O(1) sites, and then

WHOQIG)W =0 @14 , (70)

for some O’ acting on A ® E. Then
tr[Eops(0)p'] = tr[(1a (0| )0’ (14 ®|0)g)p'4] (71)
which can be estimated via a POVM on A. L]
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B Qutrit-to-qubit energy scaling

The idea for the proof of Proposition 10 is simple: by encoding a qutrit into a set of qubits, we must end
up with an “unused” state in the qubit system, since the encoding cannot be surjective by dimension
counting. Since the (A, 7, €) simulation requires all simulated states to lie in the low-energy subspace of
the simulator, this implies that the unused qubit states must lie in the high-energy (above A) subspace.

In the proof below, we start with the encoded ground state pg, and construct a state p; which differs
only from pg only in one set of qubits in which it is in such an “unused” state. The similarity of the
states and their differences in energies lead to the requirement for strong interactions.

In this proof, and subsequent sections, we make frequent use of the following standard result from

matrix analysis®.

Lemma 29 (Weyl’s Perturbation Theorem). Let A, B € Herm(#H) be Hermitian matrices, with spectra
A <A <...and py < pp < ... respectively. Then

max |, 1] < | A= B (72)

Proof of Proposition 10. Write H = ®*_H;, where H; = C3 is a single qutrit site. By the definition
of local simulation given by Cubitt et al.'!, we have two encodings E,p,s and Eyps of the form (using
that H is real to set @ = 0 without loss of generality)

Eobs(M) =V (M @ P)VT | Equs(M) =V(M @ P)VT, (73)

where P is a projector on the ancillary space A, and V,V are both isometries H ® A — #'. These
encodings satisfy the properties:

e Eobs is a local encoding, in the sense that A = @7 A; and V = @, V; where V; : H; @ A; — H..
Here we write H; = (C?)®™i for the set of m; qubits into which qutrit i is encoded. Note

>, mi=m.

o &1 satisfies

Eobs(1) = VARP)WVT = Popqy) (74)
where P<a (g is the low-energy (below A) projector for H/, and

HPSA(H{L)H;’LPSA(H{L) - gobs(Hn)H <e€. (75)

o Eops and Eype are close, in the sense that

IV —=vii<n. (76)

Now we define a state 7 € span(P) and define a state encoding (in the sense of Cubitt et al.'!)

gstate(p) = ‘7(/) & T)V]L . (77>

Let po = Estate(|1)(L|®") be the encoded ground state of H,, which by definition satisfies

Poa(mrypo = po s Eobs(Hn)po =0 (78)

33



Hence we can bound the energy of pg under H/, by

tr[Hy,po] = tr[Pea(my)Hy P<a(my) ol
= tr[(P<a(a)Hy P<a(i) — Eobs(Hn)) po]
< |\P<acr)yHy Py — Eobs(Hn) ||
<e. (79)
Now without loss of generality we assume that m; = min; m;. Notice that V; : H; ® A; — H) cannot

be surjective, since

dim(#; ® A;) = 3dim Ay # 2™ (80)

We can therefore choose some pure state ¢ = |¢)(1)| in H} which is orthogonal to the image of V1, and
define

p1 =1 ®tri[po] € Lin(H') , (81)
Where tr; denotes the partial trace over the H system. This satisfies Vipi = p1V =0, so we have

-+
i=h
s
4
=
3
=,
I
=
=
&
=
=g,
!
=2

n, (82)
from which we deduce that
te[H),p1] > Atr[(I—Peaqmr))p1] — € tr[Peaqarypn] = AL —n?) —en® (83)
using that the smallest eigenvalue of H), is at least —e, by (75) and Lemma 29. Therefore, using (79),
tr[Hy (p1 — po)]l > A1 —n?) —e(1+77) . (84)
On the other hand, by expanding H], we can write
K
tr[Hy, (1 — po)] = Y tr[hf(p1 — po)] - (85)
j=1
Notice that if h’; acts trivially on H/, that is A} =1 ®ilj, then
e[l (p1 — po)] = tr[(ly @hy) (¢ @ tr1 po — po)]

= tri[y)] traz, [k tri[po]] — tr[(T@h;)po]
—0. (86)

Hence the only non-zero contributions to (85) come from j in the set

I = {1 <j < K | b} acts non-trivially on H}} . (87)
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So (85) can be bounded by
tr[H}, (p1 — po)] = Y _ tr[W(p1 — po)] < 2|1 | max || 2] , (88)
X jen
jel
using the Holder inequality for Schatten p-norms.

Now notice that, since the largest eigenvalue of H,, is n, and the encoding Eobs Preserves spectra, we
have

HgobS(Hn)H = |Hyll =7, (89)
so by (75) and Lemma 29
| PcacmryHy P<agmll > n—e. (90)

Hence, by the definition of P<a(yy), we must have A > n —e. Combining this fact with (84) and (88),

we deduce that 1
m K. —_— —)1 =) —€e(1+1%) . 91
jef}fH ]H > 2I0] ((” e)( n”) — €( n )) (91)

Finally, note that m; < m/n = O(n®) and |I;| < dmj, so for large n we have the desired scaling

max [ > Q(n17(1 - ) . (92)
Jjeh

Proof of Lemma 11. A ball of radius R contains O(RP) points in ZP, so at most O(RP /n®) = O(n'~%)
of the X; can be fully contained within.

If an X; is partially contained within the ball, then it must intersect with its boundary. There are only
O(RP~1) points on the boundary, so this can be the case for O(RP~1) = O(n'~Y/P) of the X;.

Hence the total number of X; that can be fully or partially contained within a ball of radius R is upper
bounded by .
[Br(y)| = O(n'~® 4 n'V/P) = O(n! - {e1/D}) (93)

C Gadget characterisation

In this section, we give the proofs of Theorems 16 and 17, showing the equivalence of our notions of
gadgets. The former is quite simple, but the latter requires several preparatory lemmas. In particular,
we will make heavy use of the direct rotation — for a detailed introduction see the review of Bravyi et
al.®¥. We summarise the basic definitions and properties here without proof.

C.1 The direct rotation

Consider two states |),|¢) lying in some Hilbert space H = CV. There are many unitary matrices
U € U(H) which rotate between these states (that is, U|y) = |¢)), but a particularly natural choice
is the unitary Uy,_,4 which rotates only within the subspace spanned by |¢) and |¢). Defining the
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reflections Ry, =1 —2[9)(¢)| and Ry =1 —2|p)(¢|, we can write

Up—g =/ BgRy (94)

assuming it is well-defined. This is the direct rotation from [¢)) to |¢).

This construction can be generalised to rotations between subspaces:

Definition 30 (Direct rotation). Let P and Q be linear subspaces of equal dimension corresponding to
orthogonal projectors P and @ respectively. Define

Rp=1-2P, Ro=1-20Q, (95)
then direct rotation between P and Q is

Up—o =V RoRp , (96)

where the square root is taken with a branch cut along the negative axis and such that /1 = 1. This is
well-defined whenever ||[P — Q| < 1.

Then Up_, g satisfies

UpoPUp_o=Q . (97)
Moreover, as described by Bravyi et al.?”, the direct rotation may be written in terms of its generator:
an anti-Hermitian operator S = —ST which can be chosen so that Up_,o = €°, with ||S| < 7/2 and

which is off-diagonal with respect to both P and Q:
PSP=(1-P)SI-P)=Q5SQ=(1-Q)SI-Q)=0. (98)

Notice that, writing S = i diag(61, 62, ...,60,) for 0; € (—m/2,7/2), we have

[Up-so — 1] = max|2sin(6;/2)| , S]] = max]o;] (99)
and hence o
S| < —||U —TI]l. 100
IS < 2ﬁll p—o — 1 (100)

C.2 The gadget property from gadgets

Proof of Theorem 16. This follows directly from the definition, since for any Hese € Herm(#H), we
have

|P'(H' + Hese @ )P’ — U((H + Hese) ® P)UT||
<||P'H'P' = U(H ® P)UT|| + || P'(Heise @ 1) P' — U(Heise @ P)UT|| . (101)
The first term is bounded by € by definition, and the second term can be bounded using
”P/(Helse ® I)P, - U(Helse ® P)UTH

- H(I ®P)UT(Helse ® I)U(I ®P) - Helse ® PH
< 2 Hoe| - (102)

Hence the gadget property is satisfied, putting P = P and Up., := U for all Hyje. L]

else
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C.3 Gadgets from the gadget property

The proof of Theorem 17 requires Lemma 31, a basic linear algebra fact which we prove here for
convenience. Two projectors P and ) commute if and only if they are simultaneously diagonalisable, in
which case PQP is also a projector. This lemma says that this is also true in the approximate setting:
[P, Q] is small if and only if PQP is close to some projector P.

Lemma 31. Let P,Q € Proj(H) be projectors, and define

f(P,Q):= _min |PQP—P| . (103)
PeProj(H)
Then
IR, Q= VF(P,Q) — f(P,Q)? . (104)

Proof of Lemma 31. Write P and @ in the block-diagonal basis of P, so that

(). o-(4 8

for some matrices A, B, C. The requirement @ € Proj(#) implies that BBt = A(I—A). We have

PQP = <61 8) . (106)

Let {\;}; be the eigenvalues of A; notice that these satisfy 0 < A\; < 1, since 0 < PQP < Q. Then
f(P,Q) is given by
f(P,Q) Zm?X(min{IAjl,llf/\jl}) : (107)

To see why (107) holds, note that the upper bound on f follows by constructing P to have the same
eigenvectors as PQ) P, but with each eigenvalue replaced by either 0 or 1 depending on which is closer.
The lower bound follows from Lemma 29.

Now we can compute
BBT 0 >

—[RQ]2=( 0 BB (108)

hence
I[P, Q1> = | - [P, Q1| = |IBBT|| = A0 —A)|| = max (AL = A0 (109)

Note that the maximising j in (107) and (109) must be the same (the functions min{|A[,|1 — A|} and
|A[|1 — A| are both maximised by the \; closest to 1/2), hence we can deduce

1P, QII1° = f(P,Q)(1 - f(P,Q)) (110)

which gives the result. ]

In order to obtain the correct unitary U in the gadget definition, the proof of Theorem 17 requires
constructing rotations between eigenspaces of different operators. The Davis-Kahan sin # theorem below
provides a bound on the size of these rotations. This is also used in the proof of Proposition 24.
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Lemma 32 (Davis-Kahan sin § theorem%t). Let A, B € Herm(H), and take Pa, Pg € Proj(H) projec-
tors of equal rank which block-diagonalise A and B respectively, so that

A=PyAP,+ P{AP{, B= PgBPg+ PgxBPs . (111)
Assume o, B € R and Agap are such that
spec (Alpyx) € [0 8], spec (Blpsr) © R\ (0~ Agaps B+ Agap) - (112)
Then the direct rotation U € U(H) from P4 to Pp satisfies

V2

IU =Tl < (B — A)Pall - (113)

gap
Proof of Lemma 32. The statement of Davis et al.5* is phrased in terms of a matrix Oy =
diag(y, 62, ...,6,), where the eigenvalues (possibly excluding some 1’s) of U are given by % and

w/2> 601 > 03 > --- > 0,. Specifically, the authors give the following result:

Mgl sin ©0l] < [[(B — APl . (114)
To recover our restatement of the theorem, we use the identity |1 — | = [2sin(6/2)| to deduce that
|U = 1| = |2sin(h1/2)] < V2|sin ;| = v/2||sin g . (115)

n

The following lemmas from Bravyi et al.3! are used extensively in the rest of the gadget proofs. They
provide bounds on a series expansion of e He ™, for S small and anti-Hermitian, in particular showing

that
e He™S = H +[S,H] + 15,15, H]] + %[S, 1S, 1S, H]]] + ... . (116)

Lemma 33 (Bravyi et al., Lemma 13!). Let S be an anti-Hermitian operator. Define a superoperator
adg such that adg(X) =[S, X]|, and let adlfg be the k-fold composition of adg, with ad%(X) = X. For
any operator H define ro(H) = ||[eHe | = ||H||, r1(H) = ||e°He™® — H||, and

k—1

1
rp(H) = [le®He ™ =Y " —adi(H)|, k>2. (117)
p=0 ¥
Then for all k > 0 one has
1
re(H) < Sl ad§(H)| - (118)

Lemma 34 (Bravyi et al., Lemma 231). Let S =3".S; and H = > Hj be any O(1)-local operators
acting on n qubits with interaction strengths Jg and Jg respectively (i.e. ||S;|| < Jg and ||H;|| < Ju
for alli and j). Let each qubit be acted on non-trivially by O(1) terms in both S and H. Then, for any
k=0(),

lad$(H)|| = O(nI§ ) - (119)

These lemmas provide us with the necessary tools to prove Theorem 17.
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Proof of Theorem 17. The idea of the proof is as follows.

By the gadget property, we have

HP/(H/ + Helse ® I)Pl - ﬁHelse ((H + Helse) ® p) U}:I

else

| < e+l Hetsell (120)
for any Hese € Herm(H).
1. First we consider (120) the case where H,jse dominates the expression, and argue that that P’ is
“almost” a projector I®P on A.

2. Next, by setting Hejse = 0 in (120), we observe that P’ H' P’ has approximately the same spectrum
as H® P.

3. By setting Hee = —H in (120), we argue that PPH'P' ~ H ® P.
4. Using steps 2 and 3, and Lemma 32, we construct a rotation U such that | P'H'P'—~U(H®P)UT|| <

€, by inductively rotating each eigenspace.

Here we start step 1. Assume that ||Hee| = 1, and let A > 0. Then putting Hejse > AHelse in (120)
yields 3 o
1P (Heise ® )P’ = Uiy, (Hetse ® PYTL || <C+O(NTY) (121)

for large A, which in particular, by Lemma 29, implies that P'(Hege ® I) P’ has the same spectrum
as Hege @ P, up to error ¢. (That is, the kth smallest eigenvalue, counted with multiplicity, of
P'(Hese ® I) P, differs from that of Hese ® P by an absolute error of at most (.)

In particular, if Hese = Q € Proj(#H) is a projection, then so is P'(Q @ I) P’ (up to spectral error ().
Hence by Lemma 31, we have

1P, Qa1 < V(. (122)

Without loss of generality we may assume that dimH = K = O(1), by disregarding all the systems on
which H, H', and P’ do not act, using the assumptions of the theorem. So by writing Hse as a linear
combination of at most K projections, we have

I[P, Heise @ T]|| < 71'[{\/E ) (123)
for all Helse € Herm(H) with || Hepse|| < 7.

Therefore, for any V € U(H), we can write V = e!felse for some Hee as above, and then by Lemma 33,
(Ve P (Viel) - P| <7k . (124)

Integrating over all V' € U(H) using the Haar measure (normalised with [dV = 1) yields

H /dV(V@I)P’(VT ®I) - P'|| <7K\/C, (125)
but
/d VIVoD)P (VeI = K ' Iy ®try[P], (126)
hence
|P' — Iy @K L try [P < mK\/C . (127)

39



In particular, by Lemma 29 this implies that K ! try[P’] has spectrum in [-7K+/C, 7K~/ U [1 —
7K/, 1+ mK+/(| (where for sufficiently small ¢ there will be a gap). We can therefore construct a
projector P € Proj(.A) by rounding the eigenvalues of K ~! try[P’] to the nearest integer, which satisfies

|P' —I@P| < 2nK\/C . (128)

Now we can apply Lemma 32, using A = Py = P', B= Pp =1®P, and Agap = 1. Then for ¢ small
enough, the direct rotation W from I®P to P’ satisfies

P =w(IeP)Wh, |W-I||<2v2rK\/C, (129)

.. S0 that P = P, since
(121) holds for all Heye and therefore rank P’ = rank I®@ P = rank I®P for small enough ¢. Hence for
all Hese € Herm(#H) we have

which completes step 1. Without loss of generality we can now adjust the Un

|P'(H' + Hose @ 1)P' — Upp,, ((H + Helse) @ P)quelseu < e+ (|| Hesel| - (130)
With the above expression, we can begin steps 2 and 3. Putting Hese = 0, this becomes
|P'H'P' — U(0)(H @ P)UT(0)]| < e, (131)
and putting Hege = —H we have
|P'H'P' — P'(H@1)P'|| < e+ C||H| . (132)
Moreover, by (129) we can bound
|P'(H®D)P' —H P|| = |W(IP)WI(HI)WIRP)W' — H® P|
= |(W -1 1eP)W(H o )W(IeP)W'
+ I@P) (W —1)(H )W (IP)WT
+(H® P)(W -T)(1oP)WT
+(HeP) (W -1)|
< 4|[H] - [|W -1
< 8V2rK+\/C||H| . (133)
Combining (132) and (133), we complete step 3:
|PPH'P' — H® P| < e+ (C+8V2rK\Q)|H| =0 . (134)
Now we begin step 4. Let H® = H @ P. Write the eigenvalues of this operator as {)\k}é\f{l, where
A1 =0and 0 < A2 < -+ < Ay are the M distinct eigenvalues of H. If H has any non-positive
eigenvalues, then we shift both H and H' by a O(1) factor of the identity for the duration of the proof;

notice that the gadget property then still holds up to a redefined € which does not affect the conclusions
of this theorem. To see this, note that for p € R,

IP'(H' + pT+Heage @ )P — U, (H + p1+Hege) ® P)US; || < €+ CllpT +Hege|
< (€+MC)+C||HelseH ) (135)

using (120) and absorbing p1I into Hege. Hence H — H' + pl and H — H + p1 also satisfy the
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assumptions of the theorem, up to replacing € — ¢ + u¢. Moreover, if we can show that H' + u1 is an
(e,m)-gadget for H 4+ p 1, then applying the gadget definition shows that

|\P'H'P —U(H & P)UT| = |P/(H' + u )P~ U((H + pT) © P)UT|
<e, (136)

hence H' is an (e, n)-gadget for H.

We define
Agap = min [A; — Az, (137)
J#k

which is O(1) since H acts on O(1) sites, and does not scale with 7 or €. Let Py be the eigenspace of
H©O) corresponding to .

We also diagonalise P'H' P’ — see Fig. 10. By (131) and Weyl’s inequality we can write the eigenvalues

as {M](jk)} such that
W’“) — k| <€, for all i, and for all k. (138)

Let P;. be the eigenspace of P'H'P’ corresponding to the eigenvalues {,u](fk)}ik, which by (131) satisfies
dim P;, = dim Py, for e sufficiently small. Note that for j # k we have

1§ = el = Agap — € - (139)

We aim to construct a unitary operator which rotates all of the P; onto the P! eigenspaces. We do this
by induction, defining W) to be a unitary operator which performs these rotations for i = 1,..., k.
Moreover the define H®*) = W *) HO) (17 *))f to be the version of H @ P whose first k eigenspaces have
been rotated in this way. We will use bounds on the direct rotation provided by Lemma 32; we will see
that the direct rotations are well-defined for sufficiently small ¢ and e.

The inductive construction we use will bound the rotations by ||[W®*) —1|| < wy, where

wk:m‘éwa—%mr—l). (140)

Ener

H® & P HP
| —\p
733 iiiii —}Pg
- | ===\
PQ iiiiiiiiii }Pz

Agap |
P

Figure 10: The degenerate eigenvalues of H ® P are approximated by eigenvalues of P’H' P’ up to error
¢, corresponding to eigenspaces P,. We construct a unitary operator which rotates the eigenspaces P;
onto the P!
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We now inductively define the H*) € Herm(H ® A) and W*) € U(H @ A) as described above. For the
base case, we see that clearly H(® satisfies the conditions with the trivial W© = 1.

For the inductive step, suppose we are given H*~1 and W*~=1_ Notice that
|P'H'P' — HOD|| < 6+ 2wy ||H]| (141)

using (134) and the bound |[W*~1) —T|| < wy_,. Hence, applying Lemma 32 to (P’H’P’)|@j>k7;/_, and

2k
H(k_l)|®jzk7’§ (using the fact that H*~1) is constructed to leave @jsk_mj’., and hence also @jZkPJ/'>
invariant), we may construct the direct rotation V*) on @jszj{ which maps from W& p, (W ==yt
to P}, and which satisfies

V2

Agap — €

V2

Agap — €

v -1) < I H Pl ipy = HE)les, |

<

(0 + 2wy [[HI|) - (142)

For the above step, it is necessary to verify that the direct rotation is well-defined. If it were not, then
there would be a nonzero vector 1)) € W*=DPW k=)t 0 (P;)+. Then, by the definition of these
subspaces,

(GIP'H'P'[§) > M1 — € 2 Mo+ Agap —€) - (WIHED]g) = Ay, (143)

which would imply that
|PPH'P' — H* V|| > A\gap — €. (144)

By (141), this is prohibited for sufficiently small ¢ and € — so we can safely assume that the direct
rotation is well-defined.

Now we can let
W = (g, oy VWL (145)

and

H® — W(k)H(O)(W(k’))T 7 (146)

which satisfies

IW® 1| < wpy + (6 + 2wp1 | HI)) = wi, . (147)

Agap — €

After M + 1 inductive steps, we have constructed the operator
HWMHD — M+ (1 @ py(w M+t (148)
whose Ag-eigenspace is Py, for all k. Hence

|P'H' P — WM (H @ PY (WM < ¢ . (149)

Moreover, since H has no zero eigenvalues (since otherwise we shifted by a factor of the identity), we are

guaranteed that the null space of H ® P is exactly that of (I®P), and rank(H ® P) = rank(I®P). By

(129) and (131) we know that rank(P’) = rank(I®P) and rank(P'H'P’) = rank(H ® P) for sufficiently
small ¢ and €. So

rank(P’) = rank(I®P) = rank(H ® P) = rank(P'H'P') , (150)
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and the null space of P'H'P’ is exactly that of P’. Hence by construction of W®M+1),
P = WM+ (1o p)(Ww M+ (151)

We have therefore shown that (H', A) is a gadget as in our definition, using U = WMAD - with
accuracy € (possibly with an additional O(() if shifting of H' was necessary earlier in the proof) and

n = O(e) + O(\/() given explicitly by

s (e

M
|| +1> _1} e+ (¢ +8V2rE\/O)|H]|] - (152)

)\gap -

D Gadget combination

In this section we prove the various gadget combination results. Below is a restatement of the general
setup for the section.

D.1 Combination of general gadgets

Here we introduce some preparatory lemmas before proving Proposition 23.

The first lemma allows us to immediately reduce gadgets to the case that the unitary U is a direct
rotation, defined in Definition 30. This allows us to write U = e° for S the generator of the direct
rotation — the off-diagonal properties of S will simplify calculations considerably.

Lemma 35. Suppose (H', A) is a (1, €)-gadget for H, where n < v/2. Let € = e + 4n||H||.

Then (H', A) is also a (n, €)-gadget for H, where the unitary U in the definition can be assumed to be
the direct rotation W 7 between the subspaces defined by (1&P) and P'.

Proof of Lemma 35. By the gadget definition we have U such that
P =UIeP)U", |U-1|<7n. (153)

As shown by Davis et al.% the direct rotation W between (I®P) and P’ minimises ||W — I|| subject
to the first equality above, hence we have

P =w(leP)W!, |W-I|<n. (154)
So

|P'"H'P' — W (H ® PYW'| < e+ |UH @ P)U" — W(H @ P)WT|
<e+||[UH®P)U'—H® P
+|W(HeP)W'—H® P
<e+4n|H]| . (155)
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A gadget H' for H has |P'H'P'|| < ||H|| + € by definition, however outside the span of P’ there are no
bounds on H’. For n small, P’ will be close to the projector I®P. The following lemma provides a
bound for H' when instead restricted to the span of IQP.

Lemma 36. Suppose (H', A) is a (n,¢)-gadget for H, with U, P', and P as in the definition, and
where U is the direct rotation between (1QP) and P'. Assume |H'|| < J', and

|IeP)H' (IPY)| < J, . (156)

Then
IIP)H' (I1@P)| < |H|| + O(e + nJb +n*J") . (157)

Proof of Lemma 36. Let S be the generator of the direct rotation U, so that ||.S|| = O(n) (see (100))
satisfies
P =eS(I@P)e ™ . (158)

Hence
|I@P)H'(I&P)|| < ||(I@P)(e *H'e® — H)1&P)|| + |P'H'P'| . (159)

By the gadget definition, we have |P'H'P'|| < ||H|| + ¢, and using Lemma 33 we can bound the first
term as

|1@P)(e SH'eS — H)(12P)| < |L&P)[S, H|I&P)|| + 00T . (160)

Furthermore, since S is off-diagonal with respect to (I®P) we have
ITeP)[S, H|IaP)| < O(nJo) , (161)

completing the proof. n

We now have the necessary tools to prove the gadget combination result Proposition 23. We are
provided with the gadgets (H/,A;) for each of the H; (corresponding to U;, P;, P/ as in the gadget
definition), which immediately suggest using P = ®;P; for the gadget H' =), H, for H =), H;. It
is not immediately clear what unitary U, and hence projector P’, should be used here, since the U; do
not necessarily commute so cannot be naively composed. The direct rotation provides a natural choice,
however; writing U; = €% for all 7, we can choose U = e2i %, The content of the proof is just a long
computation to verify that this choice indeed satisfies the gadget definition.

The following proof is a generalisation of a result of Bravyi et al.3!, for which which similar techniques
are used.

Proof of Proposition 23. We begin by reducing to the case of the direct rotation. By Lemma 35, we
may replace € with
E=e+4nJ =0(e+nJ), (162)

and hence assume that each gadget (H/, A;) uses the direct rotation U; = edi. Specifically, there exists
P; € Proj(.A;) such that
I®P)e %iHleS (I0P;) — H; ® P|| < ¢, (163)

where S; is the generator of the direct rotation between the projectors IQP; and P/ := S (I®P;)e .
We have [|S;|| < O(n) and S; is an anti-Hermitian operator which is block off-diagonal with respect to
the projectors I®P; and P!,
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We define the operators
P:=®;P, € Proj(®iA;) , S=)_5;. (164)

We now use the triangle inequality along with Lemmas 33-34 to bound
|I@P)e H'eS(1®P) — H ® P|

< S| A@P) (][5, H) + + L

2[57 [Sv Hz/H - E[Sﬂ [57 [Sv H{]]])(I(X)P)
~ H; @ P| +O(nn*J) . (165)

Now we bound the terms in the norm separately, using that S; is block-off-diagonal with respect to
(I®P;), and that (I®P;) commutes with H; and Sy, if j # k since P; acts only on the ancillary A;
system, whilst H}, and Sy, act on H @ Ay.

e (IQP)[S, H]](IP):
Expanding S = >, 5}, notice that (I®P)[S;, H!|(I®P) = 0 whenever j # i, since then we can
commute (IQP;) past H]. Hence

(IeP)[S, H{](I&P) = (I&P)[S;, H]](I&P) . (166)

e (IaP)[S,[S, H]]|I®P):
Note that if j # k, then
(I®P)[S;, Sk, H{)J(I®P) =0, (167)

since at least one of them must be also different to ¢. Then, for instance if j # i, we can commute
(I®P;) past H, and Sy. Hence it remains to consider terms of the form

(I@P)[S;, [9;, H]|IP) . (168)
In this case, if j # i, then we have
|0@P)IS;. 1S, B @P)| < 45,2 10P) H/(1oR)|
<OWPJ +n’Jo +u'J') (169)

using Lemma 36, and neglecting the O(n?¢) term which is dominated by the other terms in the
regime of small € to which the proposition applies. Hence

I@P)[S,[S, H[A@P) = 1&P)[S;, [S;, HIN1@P) + O(* ] +1°Jo +0*J) . (170)
Here we have used the assumptions of bounded locality and degree in Setup 22. This ensures that
only O(1) of the local terms in S appear in the commutator [S, H/], and similarly for [S, [S, H/]].

e (IP)[S,[S,[S, H]]|I®P):

Here we consider terms of the form (I&P)[S;, [Sk, [Si, H]]]J(I®P) in various situations. Firstly,
note that if none of j, k, [ are equal to ¢ then we can commute (I®F;) into the commutator to
obtain

IT@P)(S;, [Sk, (St HNAP)| < 8], 1[I Sell| Silll|(T 2 P) H(T2P)|
<OW*J+n'Js+n2J'), (171)
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by Lemma 36, neglecting the O(n¢) term.

If exactly two of the j, &, are equal to i (k =1 =1 # j, say), then we can commute (I®F;) past
the other terms to kill the S; term, and the expression vanishes.

If exactly one of the j, k,[ is equal to i, then by commuting (I12P5;)S; = S;(I®@P:), we arrive at

|A@P)S;, 1Sk, 11 HIII@P)]| < 06 |(1ePH H/1oP)|
— 0 Jp) - (172)

Hence
(I®P)[S,[S,[S, Hi]I®P) = I&P)[S;, [Si, [Si, H{]]|I©P)
+ 0PI+ 3T, + 0T, (173)

once again using the locality assumptions of Setup 22.

So putting the above bounds together and applying Lemma 33, we obtain
|@®@P)e " H'e*(IoP) - H@ P| <Y |(IoP)e % Hje®(1®P) — H; @ P|
i
+O(nn?J +nn JG + ')
< O(ne +nnJ +nn3Jh +nntJ') (174)
where the last inequality follows because the H] are gadgets for the H;.

Noting also that ||e® —I|| = O(nn), this completes the proof that (H’,A) is a (', €')-gadget for H as
required.

D.2 Combination of low-energy gadgets

Having proved Proposition 23, we know that the H’ from Proposition 24 is an (7', €' )-gadget for
H. Tt remains to prove that it is in fact a (A’, 7/, €')-gadget, which requires replacing the projector
P =¢e°(I1®P)e~® in (174) by a low-energy projector Pcar(pry- This requires the use of the following
corollary to the Davis-Kahan sin 6 theorem (Lemma 32).

Lemma 37. Let A € Herm(H), and let P € Proj(H) be a projector of the same rank as P<p(ay, where

P-a(a) € Proj(H) is the projector onto the eigenvectors of A with eigenvalues less than A. Suppose
that ||[PAP|| < A.

Then, for any A > A, the direct rotation U € U(H) from P to P<a(ay satisfies

\/i 1
U-1||<——||P7AP| . 175
IV -1) < 25 1P AP (175)
Proof of Lemma 37. Follows from Lemma 32 using A — PAP, B+— A. n
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Proof of Proposition 24. By Proposition 23, we have
7:=||I®P)e *H'e’(1@P) — H® P|| < O(ne +nnJ +niJ + nntJ’) (176)

and by condition (48) this implies that

£—>O as n — oo. (177)

Letting P = e (I@P)e~* and applying the triangle inequality, this gives
IPH'P|| < || H| +7 . (178)

We seek to use Lemma 37 to argue that P is “close to” Peprgry- To do this, we start by bounding
|PH'PL|. We have
|PH'PY| = |(1@P)eSH'eS (1aPY)|
<> l@eP)e *HeS 1P, (179)

)

by the triangle inequality. For each i, we define H; = e*SiH{eSi. Note that this operator is block
diagonal in the basis of the projector (I®PF;), in which S; is block off-diagonal. Here we are using the
definition of the direct rotation, and the fact that % (I®P;)e™% is a low-energy projector for H! by
definition. Note also that each H; acts on O(1) sites. Now we can write

IPH'P| <) |(ToP)e %e Hie e’ 1aPh)| . (180)

)

From here we use Lemma 33 to expand
esif[iefsi = ﬁl + [SZ, ﬁz] + R; (181)
where R; acts on O(1) sites, and by Lemma 34 we can bound || R;|| = O(J'n?). Hence
e %S Hie™ie® = H; + [Si, Hy] + Ri
— [S, Hi + [Si, Hi] + R
+R;, (182)

where the remainder R; is similarly obtained by Lemmas 33-34 with ||R;|| = O(J'n?). Then, using that
Si, H;, and R; each act on O(1) sites, we can estimate

eSS Hie™eS = H; — Y [S;, Hi] + O(J'n?) . (183)
J#i
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Note that only O(1) of the terms in the sum will be nonzero, and for j # ¢, S; will commute with I®P;.
Therefore
IT@P)[S;, H)(TeP)|| < 2SI P) |
< O(n)|le > (1wP)e™ Hi|
= 0| P<acy Hil
< Om)([[Hill +€) = O(nJ + ne) . (184)

In the last line we have used the fact that H' defines a (A, 7, €)-gadget for H;. Hence we can conclude
that

(I@P)e e iHie SieS(1@PY) = O(J'n* +nJ +ne) , (185)
and so, inserting into (179), we have
|PH'PL|| == w = O(nJ'n? + nnJ + nne) . (186)

Notice that, since we are interested in the case where € = o(1) and J = 6(1), the first two terms on the
right-hand side will typically dominate the third one.

Now we show that the restriction of H' to the image of P has high-energy eigenvalues. Let [¢y)®|[.4,) €
H @ A;. We consider the expression ((y| @ (Y4, ) H.(|Y) @ |.4,)) in two cases:

e Case 1: [¢p4,) € PA;
Then

(¥

® (W, H([Pn) ® [P a,))
> ((ln @ () Peay Hi P<aan([¥n) @ [¥a;))
> (Yl @ (W, 1) (Hi @ P)e™ % ([iha) @ [iha,)) — €
> (Y Hilpwn) — (e +2Jn) . (187)
e Case 2: |1)4,) € PfAi
Then

(W] ® (Wa NVH{([hm) @ [1ha,))
> A((Yu] © (Ya )P >A(H’ (Ion) @ |vha;))

A (3] ® (ha, e A@P e 5 (|1hy) @ [904,)))
> A(L —2n)

> (VulHiln) (188)

using that A(1 — 2n) > J for large enough n, as A = Q(nJ) by assumption.

Now consider any [¢) € H ® (®;.A;) of the form

) = €°|1hy) ® (Rilra,)) (189)
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where Pj|1p4,) = 0 for at least one value of j. Note that such states span the image of PL. Then

(| PEH'P|y) = (W Hi|e)

)

> ((ulHilthw) — € — 2Jn) + A1 —21)
i#]

> (Yu|Hbw) — (N = 1)(e+2Jn) — J + A(1 - 2n)
> A(1—2n) — ([[H|| +J + N(e+2Jn))
> ZA , (190)

where we have used the condition (46).

Now let H := PH'P + P+H'P*, so that |H' — H| = O(nJ'n?) by (186). Based on (178) and (190),
we know that 5
spec H C [=(|H]| +7), [H]| + 7] U [ A, 00) (191)

corresponding to low- and high-energy projectors P and Pt respectively. Note that (46) in particular
implies that A > 4[|H||, so $A — ||[H|| > 3A. Using this, and (177), we see

38— (1H] +7)
A

1
> -5 =00 (192)

for large n. But by (46), (47), and (48),
w

A= O(nn?J'JA) + O(nnJ/A) + O(nne/A) = o(1) . (193)

for sufficiently large n, we will have w < A — (|[H|| + 7), and hence

~ 1
spec H C (—o0, §A —w|U [ZA, ) , (194)

once again corresponding to subspaces defined by P and Pt Now, by (186) and Lemma 29, we see
that the full Hamiltonian H’ has a (< %A)—low energy subspace with the same dimension as the rank
of P, and moreover

1
spec H' C (—o0, §A] U [EA — w,00) . (195)

Now set A’ = A/2. Notice that ||P — P< Ayl < 1, since otherwise there would be a state of energy

less than A’ in the image of PL, which is disallowed by (191). So the direct rotation W € U(H ® A)
from P to P<as(gy is well-defined, and by Lemma 37

V2

W-I|< 37w
A |H| =7

(196)

Again using that A > 4| H||, so A — |H|| > 1A = Q(A). By (48), this will dominate the relatively

49



small 7 term, so using (186) and that A = Q(J’) we have

W —1|| =O(w/J") = O(nn? +nnJ/J +nne/J")
=O0(m*(1+ J/nJ +¢/J'n))
- O(nn2(1 +o(1/n) —i—o(e/nJ))) = O(nn?) , (197)

where in the last line we used (48). We can write W in terms of its anti-Hermitian and off-diagonal
generator X, W = X where || X|| = O(nn?) by (100). Then

Penrgny = U(I@P)UT, (198)
where U = eXe®. Note that

|U =1 < [le¥(e® =D + leX 1]
< [IS1F+ 1]
= O(nn) + O(n?) = O(n) . (199)

It remains to bound find € to achieve a bound of the form
| P<aranyH' Pepoqrry — U(H @ P)UT|| < €. (200)
Using (178) and the triangle inequality we have
1P<arsn H' P<prary — U(H @ P)UT|| < || P(e* H'eX — H')P|| + 7 , (201)
and the first term can be bounded using Lemma 33 (and bounding the remainder with (118)) by
|P(e™* H'e™ — H')P|| < | P[X, H'|P|| + %H[X, (X, HJ|

<2 X| - |PH P + 2| X || H'|
<OMmn*J +n*ndJ) . (202)

In the second inequality we have used that X is off-diagonal with respect to P, and in the third
inequality we have used (186) to bound ||PH'P~|. Hence

¢ = O(ne +nnJ +nn® J, +n’ntJ') (203)

D.3 Ground-state estimation with bounded-strength low-energy gadgets

The following proof of Theorem 25 is a simple corollary of Proposition 23, and generalises the proof of
Bravyi et al., Theorem 13!

Proof of Theorem 25. For the first part of this proof, we seek to put a lower bound on the individual
gadgets H/. We write
Hi = PeauyH{P<ay) + PsawnHiPsamr) (204)

and consider the high- and low-energy parts separately.
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For the low-energy part, we can apply the gadget definition to write

| P<auyHi P<aun — Hi @ Bl < e+ [|e” (H; @ P)e™ — H; @ By
<O(e+nJ), (205)

using Lemma 33, and hence
PonuyH{Peaury > Hi @ P+ O(e+1J) . (206)

For the high-energy part, we first notice that since the spectrum of P>A(H4)H£P>A(Hf) lies in (A, 00),

k3

where A > ||H;|| — € (by the assumption of the (A,n, €)-gadget definition that PgA(H;)HZ(PgA(H;) has
the same spectrum as H; up to error €), and so
P HiPsagy = Poamry(Hi @ ) Poan + O(e) (207)

Furthermore, we can approximate the RHS of this expression by

1Psacany(Hi @ ) Popquny — Hi @ P
= Hesi (I ®P,-L)e_si (H; ® I)esi (I ®Pf)e_5" —H;® Pf”
<O0(nJ), (208)

by applying Lemma 33. Hence

PoayHiPsany > Hi @ P+ O0(e+1J) . (209)

Summing (206) and (209) for all ¢, we obtain

H =Y H} > (Hi@I+0(e+nJ)) = H@1+0(ne + nnJ) (210)

and so the ground state energy of H’ must satisfy
Mo(H') > Xo(H) 4+ O(ne+nnlJ) . (211)
Now notice that the restriction of H' to a subspace can only increase \g, so
Mo(H') = M(e 9 H'e®) < M(I@P)e SH'e*(I0P)) . (212)

Here, as in the work of Bravyi et al.3!, we abuse notation slightly: in the expression

M((I®P)e S H'eS(I®P)), we implicitly take the ground state of the restriction of e ™ H’e® to the
image of (I®P). So by Proposition 23 we have

Mo(H') < Xo(H) + O(ne + nnJ + n® J, +nn*J’) . (213)

Combining (211)-(213) gives the desired result. "

E Gadget energy scaling

In this section, we prove Theorem 26. Firstly, we introduce the notion of a k-local function, which can
be thought of as a classical k-local observable on a state space {0, 1}".
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Definition 38 (k-local function). Let f: {0,1}" — R be a function. We say that f is k-local if it can
be written as a sum of functions

Flon, e, mn) =Y filar, xa, .. z0) (214)
i
where the f; : {0,1}" — R each depend on at most k of their inputs.
The following simple lemmas show that there exist k-local functions which cannot be approximated

well by k’-local functions for k&’ < k.
Lemma 39. Let f be a k-local function on n inputs. Then Rf :{0,1}""t — R, defined by
Rf(xl, ce ,xn_l) = f(a:l, R i I 0) - f(a:l, R P I 1) (215)
is (k — 1)-local.
Proof of Lemma 39. Decomposing f = > . f; as in Definition 38, note that any f; which does not

depend on x, has Rf; = 0. Moreover, any f; which does depend on z;,, depends on at most (k — 1)
other inputs, hence Rf; is (k — 1)-local. "

Lemma 40. Let k > k' > 0. There exists a k-local function f : {0,1}* — R with max,eoq3x [f(2)| <1
such that for any k'-local function g : {0,1}* — R,

max [7(x) — g(a)| 2 1. (216)
x€{0,1}*

Proof of Lemma 40. For any r > 1, we can define R" f : {0,1}*~" — R by

R fx1,. .. They) = > (—1)Z=1 ki f (.. @) . (217)

xk*T+1)""xk€{071}

Applying Lemma 39 inductively, note that R" f is (k — r)-local. In particular, R*¥ g is constant for any
k'-local g.

Let f:{x1,...,2x} be the parity function

k

flay, ... xg) = (—1)&=1" | (218)
Then we can calculate
Rk/f(xh s 7$k—k’) = Z (_1)25:1 Thoklt (_1)216:1 i
Ty fl 13m0 Z’kE{O,I}
— 2k’(_1)2§;f z; (219)
Hence R¥' f (21,...,Tk_) takes values +2F  whereas R¥ g is a constant function. So there must exist
exist y € {0, 1} such that
IR f(y) — RM g(y)| = 2* . (220)
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Hence, expanding R* f(y) and R¥ g(y) into 2¥ terms using (217), we must have

max[f(z) — g(@)| > 1. (221)
z€{0,1}k

Note that Lemma 40 uses the parity function (which appears in the proof of Theorem 26) for illustration,
but a similar argument could apply to most k-local functions; the vector space of k-local functions has
a higher dimension than that of k’-local functions.

The following proof uses the intuition from Lemma 40 to argue that the target k-local term cannot be
reproduced by a k’-local Hamiltonian.

Proof of Theorem 26. By the gadget definition, we have U € U(H ® A) and P € Proj(.A) such that
|\U-1||<n, |PHP -UHP)U'|<e, where P =UI0P)U'. (222)

For any given z € {0,1}*, define |1,) € H to be the pure state whose ith qubit is in the state |z;).
Moreover let |¢) € A be some state satisfying P|¢) = |¢). Then define functions F, f : {0,1}¥ — R by

Fx) = tr[H e ) (],
F(a) = te[H (Jva)vha| @ |8)0])] - (223)

Notice that F' and f are k- and k’-local respectively, and by Lemma 40 there exists some y € {0,1}*
such that

[F(y) = fy)l = J . (224)
On the other hand, for all 2 € {0,1}* we have

|F(2) — f(2)] = [tr[(H @ P)([a)(¥a| @ |9)(])] — tr[H' (|¢a)(v0z] @ [0)])]|
<|(I@P)H'(I1®P)— H @ P|
= |PUH'UTP' —U(H @ P)U|
<e+||P(H -UHU)P|
<et2m|H] . (225)
Hence we must have scaling
J—e€
2n

as required. ]

IH'|| > (226)
F Dissipative gadgets
F1 Dissipative gadgets in isolation

Here we first prove Proposition 27. This follows from direct calculation, by Taylor expanding the
expression e tH" and identifying the leading order terms in ét. This approach is complicated by the
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fact that H’ itself consists of terms that are O((6t)~1) and O((6t)~/?), but the task is simplified since
we only need to calculate the time evolution of states of the form [i) ® |0).

Proof of Proposition 27. First, notice that the requirement H \21>(1| = w?1 implies that

e~ 0tH 11 — | , H_><1‘ =w_ H|1>< 1 - (227)
Now we expand e i0tH’ .
[ ot
o —i0tH :Z(Zk)(H @I+Hx ® X + Hy) 1\®\1><1D (228)
k>0 ’

We can expand out this expression so that each term is a product of a factors of Hy ® I, b factors of
Hx ® X, and c factors of H)jy|, for some a,b,c € N. Such a term is accompanied by (6t)atbre to give

a total order of (515)‘”'%1’ (using that |Hx| = O((6t)~*/?) and [Hj1yq [l = O((6t)~1)). There are eight
cases producing terms of order O((6t)%/2) and lower, which we enumerate in Fig. 11.

Case |[a | b| ¢ Order
1 0/0] O 0(1)
2 00| N4
3 [0][1| N |[O((8)?)
4 (100 0(5t)
5 110 Ng
6 02| N
7 |1|1] N | O
8 03| N

Figure 11: Enumeration of possible cases for the values of a, b, ¢ giving rise to terms of order O((dt)3/?)
and lower in (228). We denote Ny = {1,2,...} and N={0,1,2,...}.

In particular, we are interested in the block-elements (I®(0])e~"*H# (I1®[0)) and (I@(1|)e~*"(1®|0)),
since the other blocks in e~**#" will annihilate states of the form |) @ |0).

o (I(0))e ™" (12|0)):

Note that each factor of Hx ® X flips the ancillary qubit A, whereas each factor of Hyjyq @ |1)(1]
annihilates states with the ancillary qubit in state |0). As a result, the only contributions to
(I1®(0))e~ " (1©]0)) from Fig. 11 are those such that b is even. Moreover, ¢ can only be nonzero
if b is at least 2 (so that the factors of Hjjy; ® [1)(1] can be sandwiched between two Hx ® X
factors). This restricts us to cases 1, 4, and 6, so

I ®(0])e " (12(0)) = I —istH; +Z Z&t)

k>2

—HxH 3 Hx +O((6t)%) . (229)
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Furthermore, the sum can be simplified to

(—iot)* (—idt)*
> HxHg Hx = HxHigy (> = Hiya | Hx

k>2 k>2
- HXH|1><1|< —i8tHy) —I+i6tH‘1><1|>H
= iStw > Hx Hpyy Hx (230)
using (227). Hence we have shown that
(T(0))e " (12(0)) = I —idt(Hy — w™2Hx Hjjyy Hx) + O((6)?) . (231)

o (Ia(1))e " (12]0)):
By a similar argument to above, the only contributing terms from Fig. 11 are those such that b is

odd, so we can reduce to the cases 3, 7, and 8. In case 3, also notice that the Hx ® X term must
appear on the right of all the Hjjy; ® [1)(1] terms. Hence

(I (1)e 2 1@)0) = 3 - ft) HI o Hy + O((50)Y?) . (232)
k>1 ’

The sum here can be similarly simplified by (227):

(—idt)* 4 g1 (—iot)s 4
> M Hx = Hiyy ka! Hfyyy —1 ) Hx
>0

k>1

1 —id0tH,
Hijyiq) (70000 = T) H
0

=0, (233)
SO '
(Te(1)e " (12]0)) = O((6t)*?) (234)
which, along with (231), completes the proof.
|
E2 Trotter errors
The idea for the proof of Proposition 28 is to factorise the overall evolution operator
o~ IO H + Haoo ®1) o ,—i0tHo15e®1 ,—i0tH’ (235)

From here, we simply apply Proposition 27 to the initial state [)) ® |0), and then evolve the H system
of the resultant state under Hs.. The technical difficulty is in bounding the errors of this Trotter
expansion in a way which does not depend on the size of the system. Qualitatively, one might expect
this behaviour due to the bounded spread of correlations in the system over a short time &¢, under which
only a limited set of interactions in Hgje can “interfere” with the evolution under H'. The difficulty of
obtaining such bounds is compounded by the presence of terms in H’ which scale as O((§t)~1) and
O((6t)~%/2). Our approach uses an explicit form of the Trotter error given by Childs et al.%6. We briefly
outline this process here.
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Let A, B € Lin(H). We aim to find an expression for the Trotter error incurred by the expansion

MA+B) o ftAtE.

Observe that the function f(t) = e!4e!? satisfies the differential equation
f/(t) — AetAetB + etABetB
= (A+ B)f(t) + (B — e " Be')e'? . (236)

This differential equation, with initial condition f(0) =1, can be solved using following lemma.

Lemma 41 (Variation of parameters formula®®). Let K € Lin(H), and let L(t) € Lin(H) be a
continuous operator-valued function of t. Suppose that f(t) satisfies the differential equation

)y =Kft)+L(t), f0)=I. (237)

Then there is a unique solution for f which is given by

ft) = e + / the(t_T)KL(T) . (238)
0

Hence, using Lemma 41 with K = A + B and L(t) = e!4(B — e "4 Be!4)e!B| we find that the Trotter
error is given by

¢
SAGB _ HAFB) _ / drelt-TATB) rA(B _ TARTA) 7B (239)
0
The expression (239) is particularly convenient because, when A is a local Hamiltonian and B acts only

on O(1) sites, the bracketed term (B — e~ "4 Be™) can be bounded independently of n.

Lemma 42. Let H =), h; be a k-local Hamiltonian on a system H = ®7_H;, with the degree of the
interaction hypergraph bounded by an O(1) constant and ||h;|| = O(1). Let A be an observable supported
on a set of O(1) sites. Then

le™ Ae™" — Al < O(|Allt) - (240)

Proof of Lemma 42. For X € Lin(H), define fx(t) = tr[X (e® Ae="H — A)], so that

HH po—itH _ Al = B . 241
lle e | X?S@)‘f)‘()’ (241)

We can see that fx(0) = 0 and f4(t) = itr[XeH[H, Ale=®]. Moreover, since H is local on an
O(1)-degree hypergraph, and A is supported on an O(1) set, only O(1) terms in H contribute to
the commutator and hence |f% (¢)| < || X|1[|[H, A]|| = O(]|X||1]|A]]). By the mean value theorem, we
therefore deduce that

fx(t) = O([[ X[ Allt) , (242)

so by (241) we are done. "
E3 Dissipative gadgets with other terms
Proof of Proposition 28. Using (239) with t = §t, A = —iHgs ®1, and B = —iH’, we obtain a Trotter
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error given by

e—iﬁtHelse®Ie—i5tH’ B e—iét( else®l-|-H’) - B

ot
_ —Z/ d Te—i(ét—r)(Helse(X)I +H’)e—iTHelse®I (Hl N eiTHelse@)IH/e—iTHelse@I)e—iTH’ ) (243)
0

We can write F in block form in the basis of the ancillary space,

_ (1I2(0))E(12(0)) (Ix(0)EIR|1))
E_<(I®<1I)E(I®!0>) (I®(1DE(I®]1))> ’ (244)

and we will focus on individually bounding these blocks. Notice that, commuting projectors on the
ancillary space past Hege ® I and applying Lemma 42, we have

[0 (H' — e HeseEl [ e~ Hetse®T) (T 9|0)) |
= [|(T@(0)H'(1®|0)) — e (1 (0]) H' (1|0))e 7 Hetse||
= ||Hy — e'™Hetse e~ Hetse | = O(5t) . (245)

With a similar process for the other blocks, we obtain the following bounds:

[T (O] (H' — el et oSN (12]0)) | = O(ot) (246a)
[T (L)(H' — ety emiHlae®l) (1 0]0)) || = O(6t'/?) (246Db)
(L)) (B — e/t e =T e (1o 1)) || = O(6t'/?) (246¢)
[T @A (H = el gl Bl (1o|1) | = O(1) . (246d)

Since our initial state is of the form |¢)) ® |0), we need only bound the magnitudes of the blocks
(I®(0])E(I®]0)) and (I®(1])E(I®]0)). To this end, we need to describe the action of the operator
e~ on the operators (1®]0)) and (I®|1)), for 0 < 7 < §t. By considering the series expansion as in
(228), and noting that the ancillary qubit can only be flipped by a Hx @ X term of order O((t)'/?),

we see that

e ™ (12)0)) = 0(1) ®|0) + O((61)Y?) © [1) | (247a)
e (1w[1)) = O((6) %) ® [0) + O(1) @ |1) . (247b)

Notice that here we abuse big-O notation for matrices; for example, in the above expression O((6t)'/?)
should be interpreted as a matrix with operator norm bounded by O((Stl/ 2). We can also crudely upper
bound E as follows:

ot
||E” S /0\ dTHH/ — eiTHelse®IH/e_iTHelse®I”
&t
S/ d70(1) = O(8t) , (248)
0

using (246d) to give the most pessimistic bound. Therefore in particular

eiTHelse®Iei(6t_7')(Helse®l +H/) — e’i(StHelse@Iei((st—’T)H/ 4 O((St) , (249)

o7



so, using (247a),
eiTHelse®Iei(5t—T)(Helse®1 +H') (I ®|0>) _ e—i&tHelse®Iei(5t—T)H’ (I ®|0>) + O((;t)

=0(1) ®0) + O((6t)"?) ® |1) , (250)

and similarly

eiTHelse®Iei(6t—7-)(Helse®1+H’)(I®|1>) _ O((dt)l/g) ® |0> + 0(1) ® |1> ) (251>

We can now obtain the necessary bounds on the blocks of E. Firstly, we have

[(T@(0)E(I|0)]

&t
< / d TH (I ®<0‘)€—i(6t—7)(HCISC®I +H')e—z‘7—Hclsc®I(Hl _ eiTHCISC®IH/e—i7—Hclsc®I)e—iTH/ (I ®‘0>) ”
0

< /& dT[O(l)H(I®<0l)(H' — e/ THetse @ =T Hetse 1) (T ] 0) ) |
+00((5t)1/ AL (H — Bl | i@ (T | 0)) |
+O((66)"?) (T (0]) (H' — e Metse BN f e iTHerse®T) (T 2| 1)) |
+ O[T (L) (H' — emeseBlH e~ e E) (T o|1)) |
= 0((6t)%), (252)
using (246a-246d). Similarly, we can bound
[T@(1)EI|0))]

&t
< / d TH (I ®<1D€—i(6t—7)(HCISC®I +H')e—z‘7—HC15C®I(H/ _ eiTHCISC®IH/e—iTHCISC®I)e—iTH/ (I ®‘0>) ||
0

ot
< [ dr[ow@ ) s N - ot e L))
0
+O)[|I@(1))(H' — el [ e el (1 ]0) )|
+ O[T (0])(H' — e et =i THete S (1 01)) |
+O((6t)/2) | (L@ (L) (H' — el gl =il @) (1| 1) )|
= O((6t)*/?) (253)
With the bounds (252) and (253) on the blocks of the Trotter error we can now conclude that
e WU Ha=ED ([) @ [0)) = e~ eSO () ©10)) + B(|w) ©10))
= o Bt o ) 4 O((51)2)) ©[0) + O((51)2) @ [1)
+0((5t)%) @ [0) + O((6)*?) @ 1)
= (eTtHue = ) 4 O((68)2)) @ [0) + O(BHP) @ 1), (254)

where in the second inequality we invoke Proposition 27. It remains only to bound the Trotter error in

the product e~ tHeisee =1 which we can accomplish similarly. Using (239) with t = 6t, A = —iHeje,
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B = —iH, we obtain

o~ 10t Horse ,—i0tH _ ,—i6t(H-+Helse)

Ise e

ot
= — / d Te—i(5t—7')(H+He1se)e—i7'Helse (H - eiTHelseHe—iTHelse)e—iTH ] (255)
0

So by Lemma 42 we have
efi5tHelsE€7i(§tH _ efi(st(Hﬁ’Helse) S O(((St)Q) (256)

Combining (256) with (254) completes the proof. "
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