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Learning a many-body Hamiltonian from its dynamics is a fundamental problem in physics. In this
Letter, we propose the first algorithm to achieve the Heisenberg limit for learning an interacting N-qubit
local Hamiltonian. After a total evolution time of O(e™!), the proposed algorithm can efficiently estimate
any parameter in the N-qubit Hamiltonian to e error with high probability. Our algorithm uses ideas from
quantum simulation to decouple the unknown N-qubit Hamiltonian H into noninteracting patches and
learns H using a quantum-enhanced divide-and-conquer approach. The proposed algorithm is robust
against state preparation and measurement error, does not require eigenstates or thermal states, and only
uses polylog(e~!) experiments. In contrast, the best existing algorithms require O(e2) experiments and
total evolution time. We prove a matching lower bound to establish the asymptotic optimality of our

algorithm.
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Learning an unknown Hamiltonian H from its dynamics
U(t) = e~ is an important problem that arises in quan-
tum sensing and metrology [1-9], quantum device engi-
neering [10-15], and quantum many-body physics [16-23].
In quantum sensing and metrology, the Hamiltonian H
encodes signals that we want to capture. A more efficient
method to learn H implies the ability to extract these signals
faster, which could lead to substantial improvement in
many applications, such as microscopy, magnetic field
sensors, and positioning systems. In quantum computing,
learning the unknown Hamiltonian H is crucial for cali-
brating and engineering the quantum device to design
quantum computers with lower error rates. In quantum
many-body physics, the unknown Hamiltonian H charac-
terizes the physical system of interest. Obtaining knowl-
edge of H is hence crucial to understanding microscopic
physics. A central goal in these applications is to find the
most efficient approach for learning H.

In this Letter, we focus on the task of learning many-
body Hamiltonians describing a quantum system with a
large number of constituents. For concreteness, we consider
an N-qubit system with geometrically local interactions.

Given any unknown N-qubit geometrically local
Hamiltonian H, we can represent H as
M
H=Y " 2E, (1)
a=1

Here, 4;,...,4; are the unknown parameters and S =
{E\,....Ey} C{I,X,Y,Z}® is a subset of N-qubit
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Pauli operators. Each Pauli operator E, acts nontrivially
on at most k = O(1) qubits, and each qubit is acted on by
O(1) of the Pauli operators in S. Many-body Hamiltonians
with nearest-neighbor interactions on one-dimensional
chains, two-dimensional square lattices, and three-
dimensional cubic lattices are all special cases of geomet-
rically local Hamiltonians. The goal is to learn the
parameters 4, in the unknown Hamiltonian H. In previous
works on learning many-body Hamiltonians [24-35], in
order to reach an ¢ precision in estimating the parameters
A4, the number of experiments and the total time required
to evolve the system have a scaling of at least e¢72.
However, the €2 precision scaling is likely not the
best-possible scaling for learning an unknown many-
body Hamiltonian H.

In quantum sensing and metrology, the scaling of e~ for
learning an unknown parameter to ¢ error is known as the
standard quantum limit. For simple classes of Hamiltonians,
such as a single-qubit Hamiltonian H = @wZ with unknown
parameter @, one can surpass the standard quantum limit
using quantum-enhanced protocols [1,3,7,36-38]. The true
limit set by the basic principles of quantum mechanics is
known as the Heisenberg limit, which suggests a scaling of
e~!. There are two well-known approaches for achieving
the Heisenberg limit for learning H = wZ. The first
approach [3-5] considers evolving a highly entangled state
over # = O(e™!) qubits of the system under # parallel
Hamiltonian evolutions (e=")®% with = O(1). The
second approach [1,39,40] considers long-time coherent
evolution e~ with t= O(e™') over a single qubit.
While the first approach was proposed earlier, the second
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approach has the advantage of requiring only a single qubit
without entanglement.

The ¢! scaling underlying the two approaches corre-
sponds to the “total evolution time.” If a protocol uses J
experiments, where the jth experiment uses the unknown
Hamiltonian evolution e~ ... ¢ i then the total
evolution time is defined as

>

K.
J=1 k=1

>

T tike (2)

In the first approach, each experiment uses O(e~!) constant
time Hamiltonian evolutions in parallel, while the second
approach uses O(e™!) constant time Hamiltonian evolu-
tions sequentially resulting in a single long-time evolution.
Both quantum sensing approaches result in a total evolution
time of O(e™!).

These quantum-enhanced approaches could be applied
to noninteracting systems as studied in multiparameter
quantum sensing [41-44]. However, they are challenging to
apply in interacting systems with a large system size N and
many unknown parameters. The difficulty stems from the
many-body interactions in the Hamiltonian H. As time ¢
becomes larger, the entanglement growth in e " will
cause all the unknown parameters in H to tangle with one
another. The many-body entanglement can be seen as a
form of decoherence, which kills the quantum enhance-
ment. To prevent the system from becoming too entangled,
prior work on learning many-body Hamiltonians focuses
on a short-time ¢, which loses the quantum enhancement
and obtains, at best, an e~ scaling.

In this Letter, we propose the first learning algorithm to
achieve the Heisenberg limit for learning interacting many-
body Hamiltonian. Figure 1 illustrates our algorithm. We
prove the following performance guarantee.

Theorem 1: There is an algorithm robust to state
preparation and measurement error [45] that achieves the
following: For any unknown N-qubit geometrically local
Hamiltonian H = Y™  },E, with |4,] <1, after a total
evolution time T = O(e~!'log(s7!)), the learning algo-
rithm can obtain estimates ;la from the experiments, such
that Pr[|4, — 4,| < €] > 1 -6 forall a € {1,..., M}.

In quantum sensing and metrology, one often considers
the standard deviation of the estimate. We can show that to

E[|4, — 24|?] < €, we only
need a total evolution time of 7 = O(e™!). This is because
each estimate 4, comes from a linear combination of O(1)
eigenvalue estimates through a Hadamard transform, as
shown in [[51], Eq. (25)]. Each eigenvalue estimate has
standard deviation at most O(¢) as guaranteed by [ [40],
Theorem I.1]. Consequently, their linear combination /Ala
also has a standard deviation that scales as O(e). Hence,
our algorithm saturates the Heisenberg limit in terms of the

ensure the standard deviation

(a) Our algorithm for achieving the Heisenberg limit (b) Previous algorithms
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FIG. 1. Algorithms for learning many-body Hamiltonians.
(a) Our algorithm for achieving the Heisenberg limit e~!. We
perform long-time coherent evolutions interleaved with random
Pauli operators. The effective Hamiltonian is decoupled into
noninteracting patches and can be efficiently learned. The
algorithm only needs O(polylog(e™')) experiments and a total
evolution time of O(e~!). (b) Previous algorithms for achieving
the standard quantum limit ¢~2. Previous methods [26,29,33,34]
repeatedly run a short-time evolution for many times. One needs
O(e7?) experiments and a total evolution time of O(e72).
(¢) Symbols: The symbols used in (a), (b). The unknown
Hamiltonian evolution is U(t) = ™,

standard deviation. Our algorithm has the additional
advantage of not requiring eigenstates or thermal states
of the Hamiltonian H. Each of our experiments consists of
the preparation of a noisy all-zero state |0V), the evolution
under the Hamiltonian H interleaved with single-qubit
Clifford gates, and a noisy Z-basis measurement. The total
number of experiments is only O(polylog(e~!)), which is
significantly smaller than ®(e~!). After running the experi-
ments, the classical computational time to estimate all
parameters is only O(Npolylog(e~!)). Detailed statements
can be found in [ [51], Theorems 13 and 21]. We note that
our result generalizes to all low-intersection Hamiltonians
as given in [ [51], Definition 2].

To establish the optimality of the proposed algorithm, we
prove a matching lower bound.

Theorem 2: Suppose there is a learning algorithm
robust to state preparation and measurement error that
achieves the following. For any unknown N-qubit geomet-
rically local Hamiltonian H = "™  1,E, with |4,] <1,
after a total evolution time 7', the learning algorithm can
obtain estimates A, from the experiments, such that
Pr(|d, — 2, <e€]>1-=6 for all ae{l,....M}. Then,
T = Qe log(s7)).

Thus, there is no algorithm that can perform asymptoti-
cally better than the one given in Theorem 1. Moreover, the
lower bound can be seen as an algorithmic proof of the
Heisenberg limit with the failure probability 6 taken into
account. It holds not only for algorithms with a fixed set of
experiments but also for adaptive experiments that use
information from previous experiment outcomes, following
the setup in [52-55].
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In the following, we provide the ideas for designing the
proposed learning algorithm and establishing the proof of
the main results. All parts except for the last are devoted to
Theorem 1. The last part is Theorem 2.

Reshaping an unknown Hamiltonian.—A key technique
used throughout the design of our learning algorithm is the
idea of reshaping an unknown Hamiltonian using
Hamiltonian simulation techniques. Recall that given a
set of Hamiltonians Hy, ..., Hx and the ability to imple-
ment the unitaries e~ ... e~#Hx many Hamiltonian
simulation techniques allow one to approximately imple-

ment the unitary e~ i1k Note that these approximation
formulas are valid for unitaries and no knowledge of the
underlying Hamiltonian is required. As such, they are
applicable to the learning problem considered here.

For example, a randomized Hamiltonian simulation
algorithm known as qDRIFT [56-58] considers an approxi-
mation (as a quantum channel) given by

e 1D iy Hi oy omit/PHy,  o=ilt/1)Hy, , (3)

where r is an integer that sets the approximation error,
ky,....k, are independent random variables sampled
according to some probability distribution over {1, ..., K}.
Alternatively, we can also use the second-order Trotterization
method [59—-61] in our algorithm to reduce the asymptotic
scaling of the number of Clifford gates required. Higher-
order Trotterizations are not used because they require
evolving backward in time.

Now, consider the unknown N-qubit Hamiltonian H that
we hope to learn. We want to reshape it into the following
Hamiltonian to facilitate learning:

K

A

HZZWka, (4)
k=1

where HkéwkUkHUZ and U, is a unitary for each
k=1,2,....K. The weights w;, > 0. Any choice of uni-
taries U, and weights w; can be used. Later, to achieve the
Heisenberg limit, we will choose specific U; and w; to
ensure A disentangles the many-body system into non-
interacting patches involving few qubits and has known
eigenvectors irrespective of what H is. Our choice for each
U, will be a tensor product of Pauli operators. Using either
gDRIFT or Trotterization, we only need to implement
e "k which can be done through e=H«' = Uke‘i(‘”kt)HUZ.
To be more specific, we can implement e~k by first
applying the unitary U ,TC, letting the system evolve for time
wyt, and then applying U,. Using Hamiltonian simulation
techniques, we can evolve under the N-qubit unitary e~
This reshaping technique is related to experimental
approaches for engineering Hamiltonians through pulse
sequences or strong fields [62—-68]. Similar ideas have

also been used to project H into the quantum Zeno
subspace [69,70]. The reshaping will lead to a small
approximation error, which we discuss later (for a detailed
discussion, see [ [51], Sec. IV and VI]).

Learning a few-qubit Hamiltonian.—We now show how
the Hamiltonian reshaping technique is useful in learning
Hamiltonians. We begin with a simple question: how can
one learn a few-qubit Hamiltonian on O(1) qubits with
Heisenberg-limited precision scaling? If we naively apply
quantum process tomography [54,71-77] to learn the
unknown Hamiltonian, we would have an ¢~ dependence
in the number of measurements needed, where ¢ is the
desired precision of the Hamiltonian parameters. Current
methods with a Heisenberg-limited scaling typically
require the Hamiltonian to be of a simple form, e.g.,
H = 1X [1-9,39,40]. Therefore we need to consider a
different method.

We show that for a few-qubit Hamiltonian we can learn
all the parameters involved using O(e~!log(57!)) total
evolution time, and O(polylog(e~')log(s~")) number of
experiments. As an example, let us consider an arbitrary
two-qubit Hamiltonian,

>

P.P'e{IX.Y 7}

AppP @ P, (5)

with [1pp| < 1. Suppose we want to estimate the parameter
Axz. Then we can consider reshaping the unknown

Hamiltonian H wusing U, =1, U, =X, U; =2,
U4 = XIZZ’ and W)y =Wy = W3 = Wy = % The new

unknown Hamiltonian, after reshaping, is given by

sl
4
= xzX1Zy + A Xy + Aiz2Z,. (6)

H=-(H+ X HX, + Z,HZ, + X,Z,HX,Z,)

The second equality is because the linear combination over
the four terms eliminates all Pauli terms in H that do not
have I or X on the first qubit and / or Z on the second qubit.

This new unknown Hamiltonian H gives us one crucial
advantage: we have access to its eigenstates. This is
because in H, for each qubit, there is only one (nonidentity)
Pauli operator associated with it. The eigenbasis for the
new unknown Hamiltonian A is always given by
{[4)10), |4+)[1),]=)]0),|=)[1)} regardless of the values
of the unknown coefficients. We can use this information,
together with the robust phase estimation algorithm in [40],
to estimate the differences between pairs of eigenvalues,
which in turn yield the parameters Ay,, Ay, 4;, through a
Hadamard transform. The procedure for applying random
Pauli operators and obtaining parameters from eigenvalue
estimation is described in detail in [[51], Sec. IL.LB and
II1.B]. By using different choices of Uy, ..., U, to reshape
H, we can get all the parameters App in the two-qubit
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Hamiltonian H. The same idea generalizes to arbitrary
Hamiltonians on O(1) qubits.

Learning a many-qubit Hamiltonian through divide and
conquer.—If we want to learn a many-qubit Hamiltonian by
directly applying the above method, the total evolution time
will scale exponentially with the number of qubits. Here, we
present a divide-and-conquer approach to address this
problem. To illustrate the proposed approach, let us consider
a simple example of an inhomogeneous Heisenberg model
on N qubit with a Hamiltonian given by

=

-1
(’?'?XaXaJrl + )*;YaYaJrl + /I?ZaZaJrl)’ (7)
1

H =

5
I

where A%, A7, A7 are the unknown parameters, and X, Y, Z,
are the Pauli operators acting on qubit a. Suppose we want
to learn the parameter 1! on the first two qubits. In order
to achieve this, we reshape the unknown Hamiltonian H
with U, =1, Uy=X;3, Us3=Y; U;=2Z; and
Wl =Wy = W3 =Wy = %. The new unknown Hamiltonian
after the reshaping is given by

H=—(H+ X3HX; + Y3HY; + Z3;HZ5)

e

= Hy, + Hsy, (8)
where

Hyy = 072X Xy + W72V Y, + WP Z,Z, 9)
and H >4 only contains terms acting on qubits 4,5, ..., N.
The second equality in Eq. (8) holds for the following

reason: for each Pauli operator P € {1, X, Y, Z}®V ifitacts
nontrivially on the third qubit, then we can show that

1
; (P+XsPX5 +YsPY; + Z3PZ;) = 0. (10)

On the other hand, for Pauli operator P that acts as identity
on the third qubit, we can show that

Bl —

Therefore from Eq. (8), after the reshaping, the new
Hamiltonian A does not generate entanglement between
qubits 1,2 and the rest of the system, and these two qubits
evolve under the Hamiltonian H | ,. This enables us to apply
the learning algorithm for few-qubit Hamiltonians to | , to
estimate 1.

We can apply the above idea to learn every parameter in
the Hamiltonian with a number of experiments that scales
linearly in the system size N rather than exponential in N.
We show that one could do better than linear scaling by a

parallelization technique. In particular, we discuss how one
could learn all the parameters AL, A%, A],--- in parallel.
Consider reshaping the unknown N-qubit Hamiltonian H
given in Eq. (7) using U; =1, U, = X3X¢Xy..., U3 =
Y3Y6Y9..., U4=Z3Z629...,andW1 :W2:W3:W4:l/4.
Then the new Hamiltonian under reshaping is given by
H=H,+ 1:14,5 + 1:17,3 + -+, where Fla!aﬂ is supported
on qubits o and a+ 1 for all a =1,4,7,.... Using a
reshaping based on four unitaries Uy, ..., Uy, we have
turned the unknown N-qubit interacting Hamiltonian H
into a new Hamiltonian A with many noninteracting
patches of two qubits. Each two-qubit patch is now
evolving independently from the others. This decoupling
enables us to estimate the parameters in parallel using the
algorithm for learning few-qubit Hamiltonians.

This divide-and-conquer method works for any local
Hamiltonian defined in Eq. (1). For this more general class
of Hamiltonians, we determine how the reshaping is done by
performing a coloring over its cluster interaction graph
(a graph consisting of clusters of qubits that are acted on
by a Pauli term in the Hamiltonian) [ [51], Lemma 5]. The
coloring enables us to choose qubits, on which we apply
random /, X, Y, Z operators to decouple clusters of the same
color from each other, thus enabling parallel estimation of
the parameters associated with these clusters. For details,
see [ [51], Sec. LB, II, and V]. A complete description of
our algorithm for general local Hamiltonians can be found
in [[51], Algorithm 2]. The cost of the algorithm is
summarized in [ [51], Theorems 13 and 21] (for the ran-
domization and Trotterization approaches, respectively).

Characterizing approximation error in reshaping
Hamiltonians.—The estimation error of the proposed
learning algorithm depends on the quantum measurement
error as well as the approximation error when we reshape
the unknown Hamiltonian into other forms. One way to
analyze the approximation error is through the error
analysis considered in [56] if we use gDRIFT to reshape
or in [78] when using the second-order Trotter formula.
However, these analyses are concerned with the error in the
worst-case scenario over all possible input states and all
observables. For the learning task given here, it leads to an
overestimation of the approximation error as some key
properties of the problem are not incorporated.

Consider the example of learning an inhomogeneous
Heisenberg model on NV qubits given in the previous section.
To evolve under the N-qubit Hamiltonian reshaped A for
time 7, the analysis in [56] shows that the approximation error
of gDRIFT with r steps is given by O(N?#?/r). Here, H is
decoupled into many two-qubit patches that do not interact
with each other, which prevents errors from propagating
across the entire N-qubit system. We are interested only in
the accuracy of evolving each patch, and the error from
elsewhere in the system should not affect estimations of
local observables. Similar considerations have been used
to improve the error analysis of Hamiltonian simulation
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methods based on observable and initial state inform-
ation [79-83]. In our case, a tighter analysis [84] using these
facts shows that the approximation error is given by O(#*/r)
without an N dependence. We give the improved analysis for
reshaping Hamiltonians using the randomization approach
in [[51], Sec. IV]. The improved analysis for using the
second-order Trotter formula is given in [ [51], Sec. VI].

Establishing a matching lower bound.—We prove a
matching lower bound of 7' = Q(e™! log(67")) on the total
evolution time 7" [86]. The optimality with respect to the €
dependence is obtained by the Heisenberg limit. However,
the optimality with respect to the failure probability ¢ has not
been proven in the literature. We consider any learning
algorithm that can run new experiments based adaptively on
the outcomes of previous experiments. In order to handle
adaptivity, we consider the rooted tree representation of the
learning algorithm [53,55], and consider the task of dis-
tinguishing between two distinct Hamiltonians H, = +eZ.

We begin by considering how well one could use a single
experiment to distinguish H_, which is characterized by the
total variation (TV) distance between the probability
distribution over experimental outcomes under H.. We
characterize the TV distance in a single experiment. Then
we consider an induction over every subtree of the learning
algorithm to establish the TV distance over multiple
experiments. A central technique is to control how each
additional experiment improves one’s ability to distinguish
H,. The proof of the lower bound is given in [[51],
Sec. VII].

Discussion.—Our work shows that the Heisenberg limit
can be achieved in the task of learning a large class of
many-body local Hamiltonians with many unknown
parameters. On the theoretical side, the central open
question is whether our result can be extended to learning
other classes of many-body Hamiltonians. For example, in
an N-qubit Hamiltonian with all-to-all two-body inter-
actions, our techniques achieve the Heisenberg limit with
a quadratic dependence on system size N by learning all
pairwise interactions one by one. This gives rise to the
following question: can we achieve a scaling of T =
O(e7'log(s7")) for N-qubit Hamiltonians with all-to-all
interactions? In addition to the above example, can we
achieve the Heisenberg limit for learning fermionic or
bosonic many-body Hamiltonians? Answering these ques-
tions is important for applications such as reconstructing
the structure of large molecules or learning the interactions
in an exotic quantum material. Even more ambitiously, can
one achieve the above scaling for learning the unknown
parameters in an arbitrary N-qubit Hamiltonian without any
structure? On the practical side, the central question is how
to achieve the Heisenberg limit with minimal controllable
quantum operations. For example, could one achieve the
scaling T = O(e~!log(s7")) for learning N-qubit local
Hamiltonian H in a restricted model where we cannot
interleave the unknown Hamiltonian evolution with

single-qubit gates and can only control state preparation
and measurement? Understanding these questions will be
crucial for physically achieving the Heisenberg limit in
learning many-body Hamiltonians.
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I. PRELIMINARIES

We begin with definitions used throughout the work as well as a basic lemma that follows immediately from the
chromatic number of a graph.

A. Notations

Throughout this work, we will write Q¥ to denote the set of all mappings from P to @ for finite sets P and Q. We

also denote [N] =1,2,--- , N. For the product of a sequence of operators O1,Os, -+ ,0r, we write
— —
Il 0.=0.L---0:0,, ][ O1=0:0,---0L. (1)
1<I<L 1<I<L

We generally omit the arrows when taking a product of commuting operators. We use [A, B] = AB — BA to denote
the commutator between A and B, and we also write ad4(B) = [A, B]. Throughout this work when we say that an
operator is diagonal relative to a basis, what we mean is:

Definition 1 (Diagonal operator). Let B = {|v;)} be a basis of a Hilbert space. We say an operator O is diagonal
relative to B if B is an eigenbasis of O.

For a subsystem A of the N-qubit system we consider, we use tr4 to denote the partial trace after tracing out A.
By extension, we use trjy}\ 4 to denote the partial trace after tracing out all qubits not contained in A. We consider 1
to be the identity matrix, X to be the Pauli-X matrix, Y to be the Pauli-Y matrix, and Z to be the Pauli-Z matrix.
We consider an N-qubit Pauli operator P to be an element in the set of N-qubit observables {I, X,Y, Z}®*N. We
also use subscript to denote which qubit the Pauli operator acts on. For example, we use X, to denote the Pauli-X
operator acting on qubit «, and 7,, v € {I, X,Y, Z}, to denote all Pauli operators acting on this qubit.

B. Hamiltonians

We begin with a brief overview of the terminology for interacting many-body Hamiltonians.
e Local Hamiltonians are Hamiltonians H =) ; hj, where each interaction term h; acts only on O(1) qubits.

e Geometrically-local Hamiltonians are local Hamiltonians that only involve geometrically-local interactions, i.e.,
h; only acts on nearby qubits under some geometric distance. The notion of distance comes from an underlying
geometry, such as one-dimensional chains, two-dimensional square lattices, three-dimensional cubic lattices,
hexagonal lattices, Kagome lattices, etc.

e Low-intersection Hamiltonians, also known as bounded-degree local Hamiltonians, are local Hamiltonians where
each qubit only has constantly many interaction terms acting on it. It is not hard to show that a geometrically
local Hamiltonian is a special case of a low-intersection Hamiltonian.

By expanding any Hermitian operator h; in the Pauli basis {I, X, Y, Z}®", we can establish the following definition.

Definition 2 (Low-intersection Hamiltonian). A low-intersection Hamiltonian acting on N qubits is o Hamiltonian
H that takes the following form.:

M
H = Z)\aEa (2)
a=1

where each E, is an N-qubit Pauli operator acting non-trivially on at most k = O(1) qubits, and for each a, E,
overlaps with 0 = O(1) of Ey’s.

Following Ref. [1], we assume that E,’s are known a priori, and the goal is to estimate )\, for each a. Also, as a
consequence of k,0 = O(1), we have M = O(N). Below we introduce a set V to describe how the qubits interact with
each other.



Definition 3 (Interacting cluster). For each a, let Supp(E,) be the support of E,, i.e., the collection of qubits on
which E, acts nontrivially. From the set {Supp(E,)}, we remove all Supp(FE,) such that Supp(E,) C Supp(Es) for
some b € [M]. The remaining Supp(E,)’s form the set V. Each element of V we call an interacting cluster.

From the above construction it is clear that |V| < M. We then define the cluster interaction graph as follows.

Definition 4 (Cluster interaction graph). The cluster interaction G = (V,€) has interacting clusters (from V in
Definition 3) as its vertices. The set of edges & is defined as follows: for each pair of interacting clusters C and C'
(C#C")inV, (C,C") el if CNC' #0 orif there exists C" € V such that CNC" # 0 and C' N C" # ).

From the definition of the low-intersection Hamiltonian, the degree of G, deg(G), is upper bounded by a constant
that is independent of the system size N. More precisely, deg(G) < 9% where 0 is defined in Definition 2.

For parallel estimation of different interacting clusters, we need to color the graph G so that adjacent vertices have
different colors. The number of colors x needed, which is the chromatic number of the graph, satisfies x < deg(G)+1 =
O(1). Therefore we have the following lemma

Lemma 5 (Coloring of the cluster interaction graph). V can be divided into disjoint union

v=|]|v., (3)

where no two adjacent vertices are in the same V.. In other words, for any C and C' in V., CNC’' =0, and for any
C" eV, either CNC" =0 or C'NC" =0. Moreover x = O(1).

II. RESHAPING HAMILTONIANS USING RANDOMIZATION

Below we describe how to reshape the unknown N-qubit Hamiltonian H into a new Hamiltonian with a simpler form
based on a randomized Hamiltonian simulation algorithm known as gDRIFT [2]. Given a probability distribution D
over N-qubit Pauli operators {I, X,Y, Z}*"  we consider the new Hamiltonian after reshaping to be

JE_[PHP). (4)

The qDRIFT algorithm can approximate (as a quantum channel) dynamics under H (D) by dynamics under H as
follows,

e—th(D) ~ e—ZTPk',-HPkT» o e—’LTPlePkl _ Pk,,e_”HPk,. o Pkle_ZTHPk:17 (5)

where 7 is an integer that determines the approximation error (larger r implies smaller error), 7 2 t/r, and Py, ..., Py,
are independent random Pauli operators sampled from D. In the original paper [2] on gDRIFT, it was shown that
the approximation holds when one considers the expectation of the unitary (treated as a quantum channel) over the
random Pauli operators Py, , ..., P, . In a subsequent work [3], it was shown that the approximation holds even with
a single realization of Py, , ..., Py, with high probability.

By choosing different distribution D, we can reshape the unknown Hamiltonian H into new Hamiltonians with a
much simplified form. In particular, the reshaping technique is useful for: (1) decoupling the N-qubit system into
many few-qubit noninteracting patches, and (2) isolating the diagonal Hamiltonian in each of the few-qubit patches.

A. Decoupling into noninteracting patches

Recall that for each color ¢ € [x], V. is a set of interacting clusters (i.e., few-qubit patches). For each color ¢ € [x],
we define a distribution D, over P € {I, X,Y, Z}®N as follows. For each qubit a € [N],

e If qubit « is in one of the interacting clusters in V., we consider P, = I.
e If qubit « is not in any of the interacting clusters in V., we sample P, € {I, X,Y, Z} uniformly.

Then we let P =[] P,. We establish the following lemma.



Lemma 6 (Decoupling into noninteracting patches). Defining D. as above, we have

ﬁ(DC)ZPN [PHP] = Y Hc, (6)
ceV,

where Ho 2 > E.)CC Mo Eq is the sum of all terms in H that are supported on C.

a:Supp(E,

Proof. Recall that H = )" A,E,. For each a, we consider the following.

e If E, acts non-trivially on a qubit that is not in any of the interacting clusters in V., then there is 1/2 probability
that P ~ D, commutes with E,, so that PE,P = E,, and 1/2 probability that P ~ D, anti-commutes with
FE,, so that PE,P = —FE,. Consequently,

E [PE.P|= 2(Ea — E,) =0. (7)

~D

o If F, acts trivially on all qubits that are not in any of the interacting clusters in V., then P ~ D_. always
commutes with E, because the supports of these two operators do not overlap. As a result, we have

E [PE,P]) = E,. (8)

~

Therefore H(D,) = Ep..p[PHP] contains only those terms that are supported on Ucey, C-

Next we show that those terms are supported on only a single C' € V.. If E, is supported on both C' € V. and
C’" € V., then the support of E, overlaps with both C and C’, making them adjacent by Definition 4, which precludes
them from being including in the same V,, thus resulting in contradiction. Therefore each E, is supported on only a
single C' € V.. O

Recall that an interacting cluster C' € V. is a set of at most k qubits. Hence He is an N-qubit Hamiltonian that
acts non-trivially on at most k¥ = O(1) of qubits. For each ¢ € [x], the evolution under the new Hamiltonian H (D)
after reshaping is given by

efitﬁ('Dc) — ® efitHc’ (9)
cev.

which is decoupled into many few-qubit patches that do not interact with each other. In our algorithm we will learn
all He’s in parallel for a given ¢ € [x]. Because we prepare product states in all experiments, and measure observables
that are local to each C' € V., we can perform all the experiments in parallel as long as we evolve for the same length
of time ¢. To be more precise, in each experiment, we perform the evolution (in terms of the density operator)

- ® chefiﬁ(Dc)t (0) zH(D ® e—tHot p giHot (10)
Ceve ceVve

where p(0) is the initial state, and pc is the initial state for each C' € V.. The qubits not contained in (Jo¢,, C are
neglected because they are decoupled from the dynamics. We then measure observables O¢ (supported on C) for
each C individually. The quantities we extract from the experiments are

tr[Oce™"e poee] = tr{(Oc @ D TP p(0)e I P)), (1)
where the identity operator I acts on [N]\ C. We do not need to rerun the experiment for each C' because O¢’s

commute with each other. Therefore, from now on we focus on a single C' and discuss how to learn H¢.

B. Isolating the diagonal Hamiltonian

Recall from Section TA that any v € {I,X,Y,Z}¢ is a function mapping from a subset of qubits C' C [N] to a
Pauli operator {I, X,Y, Z}. Using this notation, we can write down the Hamiltonian H¢ in the Pauli basis as follows,

He = Z Ay H V(X (12)

~e{l,X,Y,Z}C acC



where (o) is the Pauli operator v(«) acting on qubit a. Hence, learning Hc¢ is equivalent to learning A,’s. Each
Ay corresponds to A, in (2) for some a € [M]. More specifically, A, = A\, for a € [M] with E, = [],cc v(@)a (if there
does not exist such an a then A, = 0). In order to learn H¢, we again utilize the reshaping technique. We reshape
the Hamiltonian H¢ into a easier-to-learn form using the following distributions. Given v € {X,Y, Z}¢. We define
the distribution D¢, over N-qubit Pauli operator @ as follows. For each qubit i € [N],

e If qubit « is in C, we consider @, = I or vy(a) with equal probability.
e If qubit « is not in C, we consider @, = I.

Then we let @ = [], Qa. We can establish the following lemma showing the new Hamiltonian I‘I\g(DCﬁ) after
reshaping.

Lemma 7 (Isolating the diagonal Hamiltonian). Using the definition of D¢ ~, we have

He(Pon) = B [QHoQI = > X ] ((@)a)"™) 2 HEoy (), (13)
be{0,1}¢  a€elC

where N\, = Ay for some v € {I,X,Y,Z}C given by

/ _ I, if b(a) =
v = {wa), i o) = (14)

Proof. Each Pauli operator in He can be written as P =[] .7/ (a)q for some o/ € {I,X,Y, Z}°. If v(a) # 7/ ()
and v/(a) # I for any a € C, P will commute with half of the @’s and anti-commute with the other half (we can
simply count for how many a’s we have y(a) # 7/(a) and +/(«) # I; if the number is even, P and @) commute, and
if the number is odd, they anti-commute). Therefore in Equp,. . [QHcQ] all these terms cancel out, and only terms
that are products of y(«), for a € C, i.e., the diagonal terms, remain. O

Let us define the Pauli eigenbases of an interacting cluster C. Using this definition, B¢ () is the orthonormal
eigenbasis for the diagonal Hamiltonian H gag (7). This means we have acquired a very important knowledge about

the new unknown Hamiltonian H, gag( ) after reshaping He: we know the eigenbasis of Cllag( ). In constrast, we do

not know what the eigenbases for H¢ are.

Definition 8 (Pauli eigenbases of an interacting cluster). For any interacting cluster C, and v € {X,Y, Z}°, we
define Bo(7y) to be the orthonormal basis that simultaneously diagonalizes v(at)q, Vo € C. We denote the set of all
such bases for C by Bo = {Bc(v) : v € {X,Y, Z}¢}.

C. Combining the two reshaping procedures

We can combine the two reshaping procedures into a single one. Given a color ¢ € [x], which corresponds to a set V.
of many interacting clusters C, and y¢ € {X,Y, Z}¢ for every interacting cluster C' € V.. We consider a distribution
D¢ {yc}eey, Over N-qubit Pauli operators P defined by Algorithm 1. In Algorithm 1, Lines 2 to 3 are for generating
the P operator used in Section IT A to decouple each C' from the rest of the system, and Lines 4 to 6 are for generating
the Q operator used in Section II B to isolate the diagonal Hamiltonian. The Pauli operator P generated from this
algorithm is therefore a product of P and Q). Consequently, from Lemmas 6 and 7, we can establish the following
lemma.

Algorithm 1 Generating the random Pauli operators

Input: c € [x], yo € {X,Y, Z}€ for each C € V.
1: for o € [N] do
if o ¢ []ocy, then
Let so be uniformly randomly drawn from {I, X,Y, Z};
else
Let C be the interacting cluster containing «;
Let s be uniformly randomly drawn from {I,vc(a)};
end if
8: end for

Output: P =@, c(n) Sa-

N




Lemma 9. Given the definition of De (ycycey, » we have

HDeporeer) =, B [PHP]= 3 Hiwlrc), (15)
AYCTCEV, cev,

where each dlag( ¢) is defined in Eq. (13).
Proof. To show this lemma, first note that

E [PHP] = E K 11 QC> JE [PHP] (H Qcﬂ (16)

P DGy
P~De (voroev, QCVCE%WC Cev. Cev,

All the Pauli operators P and Q¢ for all C' € V. have disjoint supports. By Lemma 6 we have

AE [PHP]= Y Hc. (17)
CeV,
Then by Lemma 7 and Eq. (16) we have
_ E [PHP| = E  [QcHcQc] = H,o(v0), (18)
P~De (voloey, c;c @o~Pene Cgc ag
which establishes the lemma. O]

IIT. LEARNING THE UNKNOWN HAMILTONIAN AFTER RESHAPING

In this section we will discuss how to learn parameters (coefficients) from the new unknown Hamiltonians after
reshaping. We first present how the experiments are executed in Section ITI A. Then we give the procedure to estimate
the coefficients of terms that are diagonal in a given Pauli eigenbasis for a single cluster in Section ITI B. Finally, we
talk about how to estimate parameters for all clusters in parallel in Section III C.

A. Executing quantum experiments

We begin by describing how the experiments are executed. Given a color ¢ € [x], and a Pauli assignment yo €
{X,Y, Z}© for each interacting cluster C' € V., we initialize the quantum system in a product state which can be
prepared using single-qubit Clifford gates. We then evolve under the new unknown Hamiltonian H (D, ¢y} 6VC) after

reshaping for time t. Based on the gDRIFT algorithm, we can approximate the unitary dynamics e~ (Petrcycev,)

by
pre—iHTpr o ple—iHrpl _ e—irP,,HPr o e—i‘f‘}slH};l’ (19)

where r is a large integer, 7 = t/r, and Pj is a random N-qubit Pauli operator sampled from distribution D¢ (y1ccy,
using Algorithm 1. After evolving the system, we then measure an observable O¢, supported on C| for every C' € V..
Because O¢’s do not overlap with each other, these measurements can be performed simulataneously. In this way we
are able to estimate parameters for all clusters in V. in parallel.

Using a density matrix formulation, the experiment begins by preparing an initial state p(0) = ®C€Vc pPc X Pres,
where pes is the state of the qubits not contained in |_|Cevc C'. After the randomized evolution, the final state before
the measurements is given by

p(t) = E H e—inHPj‘rp(O) H einHﬁj‘r ) (20)
PirPetactroeve |1<<r 1<j<r

In the limit of 7 — 0 (equivalently r — 00), the system will evolve under ‘E[(’DQ{’Yc}cevc) =D cew. Hgag('yc) as
shown in Lemma 9. This means if we look at an observable supported on the interacting cluster C' € V., its expectation
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value will be approximately tr[Oce*ngag("’C)tpceiHcﬁag(“’C)t]. Note that everything in this expression depends only
on the cluster C.

In an actual experiment, r cannot be infinite. The theorem below tells us how small 7 (or equivalently how large
r = t/7) needs to be for the above procedure to achieve a given accuracy €. The proof of this theorem is given in
Section IV.

Theorem 10 (Number of required random Pauli operators). There exists ro = O(t?/€) such that for any r > rq, any
initial state p(0), any C € V., and any O¢ supported on C with ||Oc|| < 1, we have

t[(Oc ® I)p(t)] — tr[Oge ™ Mins 00 peiliins (G0N | < ¢ (21)

where pc = trinp e p(0).

B. Estimating the diagonal

Let us focus on how to estimate the parameters for terms that are diagonal in a given Pauli eigenbasis B¢ (y¢) as
defined in Definition 8 for a cluster C'. One advantage of having the system evolve under H, (gag is that we have access
to its eigenstates, which we denote by |€)

€)= & [ba), (22)

aeC

for € € {0,1}C, where [1),) is the (—1)5(®)-eigenstate of yo(). For example, if yo(a) = X, then |[¢g) = |+) if
&(a) =0, and |1h,) = |—) if £(a) = 1. Importantly, |€) can be prepared using a tensor product of single-qubit Clifford
gates. For each |£), the corresponding eigenvalue can be calculated through

HS (o)1)= > M(=1)°), (23)

b€{0,1}¢

where £ -b =) .- &(a)b(a) is the inner product between ¢ and b. The eigenvalues are therefore

=y (). (24)

be{0,1}¢

The eigenvalues and the parameters are therefore related via the Hadamard transform. We can recover the parameters
from the eigenvalues through

Mg O (D (25)

¢e{0,1}¢

From the above discussion we can see that the parameters A\, can be estimated from the eigenvalues ¢¢. Rather
than estimating e¢ directly, which is impossible because of the presence of a global gauge, we will estimate e — ¢/ for
pairs of & and ¢’. Moreover from (25) we can see that, with the exception of the global phase A\gc (we denote by 0¢
that maps all elements of C to 0), all other Ay’s depend only on the differences between e¢’s. To this end we need to
prepare a superposition of |€) and |£’). We note that when the Hamming distance between £ and ¢’ is 1, then this is
easy to do, because (|¢) + |€'))/+/2 is still a product state, and each of its tensor product component can be prepared
using a single Clifford gate. We denote the unitary preparing this state by

Uger 101 = %ua LI, (26)

This unitary is a tensor product of single-qubit Clifford gates. Similarly we can construct a unitary in the form of
single-qubit Clifford gates that satisfy

1
V2

This can be done by replacing the Hadamard gate in Uger with SH where S is the phase gate.

Vee [01€) = —([€) +i[¢")). (27)
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Now we run experiments as follows: starting from |O‘C|>7 we apply Uger, and then evolve with e~ 1Hiag (10) (which

is approximately obtained by randomly applying P; and Q; as discussed above). Then we apply Ugg/7 and measure
all the k qubits. The probability of all qubits being returned to the 0 state is

) 1
| (01€1[Ufg = i) Uger 017 2 = = (1 + cos( (e — 2e)1)). (28)
Similarly we can design an experiment in which the probability of returning to [0I€1) is
. 1
[ (01| Vdg e s 00 g [011) |2 = 2 (1 + sin((ee — e)1)- (29)

We let 7/ = 7/2191%2 50 that 7/|e¢ — e¢/| < 7/2 (we know from (24) that |¢| < 2/l). Then let ¢t = ¢7' for positive
integer ¢, the two probabilities in (28) and (29) become

po(l) = %(1 + cos(07'(e¢ — e¢1))),
(30)

pol) = 51+ sin(tr' (e — )

corresponding to the probabilities in [4, Theorem I1.1]. Using the robust phase estimation technique in [4, Theorem
I.1], we can then estimate 7'(e¢ — /) with standard deviation €'7//3, by running e Haing(10)7’ O(¢=17'=1) times.
Therefore the total evolution time with H is O(¢'~17/71) x 7/ = O(¢’7!). The number of experiments scale like
O(polylog(¢'~17'=1)) = O(poly(|C| + log(¢'~1))) < O(poly(k + log(¢'~1))). Here we use the fact that |C| < k.

With this we can estimate ¢ — €/ with standard deviation €//3. Our ultimate goal is to ensure that the estimate
has low error with high probability. Therefore we can repeat the experiment O(log(9~!)) times and take the median
to ensure that the error is below € with probability at least 1 —. In the procedure above, in order to estimate e¢ —e¢/
to precision € with probability at least 1 — 1J, we need a total evolution time of

O(¢ M og(v™1)), (31)
and the number of experiments required is
O(poly(k + log(¢' 1)) log(¥™1)). (32)

The above procedure only gets us the differences ¢ — ¢ for § and &' that differ by one bit. Next we will discuss
how to estimate each e¢. Because the global phase is undetectable we can assume ggc = 0 (here ggc is the eigenvalue
corresponding to the mapping that maps all elements of C' to 0). We can then estimate each e¢ by the Hamming
weight of £. Starting with w = 1, once we have e¢/ for all £’ with Hamming weight w — 1, we can estimate all e, with
Hamming weight w, by estimating e¢ — e¢/ for some ¢’ that differs from £ by one bit and has Hamming weight w — 1.
This allows us to estimate all ¢, each of which through

w—1

€= Z(€§l+1 - 551)’ (33)

=0

where &, = £, & = 0¢ (which means & maps all elements of C to 0), & has Hamming weight [, and &, and & differ
by only one bit. Because the summand on the right-hand side has at most |C| < k terms, we only need to estimate
each e¢,,, — ¢, to precision € = €/k to ensure that the final error is at most e.

This procedure can be seen as traversing a shortest path tree: if we define a graph with all £ € {0, 1} as vertices,
and link £ and &’ if their Hamming distance is 1, we will have a |C|-hypercube. Then we can define the shortest path
tree as follows.

Definition 11 (Shortest path tree). The shortest path tree Tépr = ({0,1}, ESpy) is a subgraph of the |C|-hypercube,
with root 0, and E§pr is the set of edges. Ty satisfies that the path from the root to each vertex in the tree has the
shortest distance in the |C|-hypercube.

For each (£,¢') € SgPT, we estimate e¢ — ¢/, and with this we can obtain the value of any e by traversing the
path leading from 0¢ to ¢ in TG

There are in total 2/¢! —1 pairs of £ and ¢ such that we need to estimate €¢ —é€¢, because a tree with 2I¢1 nodes has
2I€1 — 1 edges. In order to ensure that each estimate of e¢ has confidence level 1 — 0, each ¢ — ¢/ needs a confidence



level of 1 — 0/k by union bound. Therefore, substituting ¢’ = €/k and ¥ = §/k into (31), for each e¢ — e¢ the total
evolution time we need is

O(ketlog(ks™1)), (34)
and the number of experiments needed is, by substituting into (32),
O(poly(k + log(ke 1)) log(ks™1)). (35)

Once all ¢ are estimated with precision e, we can get all A\, in (13) with precision e through (25).

C. Estimating for all bases and clusters

In Section III B we have focused on a single interacting cluster and a fixed Pauli eigenbasis. This procedure needs
to be repeated for all interacting clusters C, the number of which is upper bounded by M, and for all 3/°! possible
choices of basis (there is a lot of double counting involved, for which further optimization may be possible), in order to
cover the parameters of all terms involved in (2). Note that in Sections IT A and IIC we have showed that interacting
clusters within the same V. (having the same color in the coloring of the cluster interaction graph G) can be estimated
in parallel. Therefore we only need an overhead of x = O(9?) (the chromatic number in Lemma 5) rather than M to
get all interacting clusters.

Algorithm 2 Learning the Hamiltonian

Input: Low-intersection Hamiltonian H (Definition 2).
1: Generate the cluster interaction graph G = (V, ) (Definition 4);
2: Color the cluster interaction graph: V =] .(,; Ve (Lemma 5);
3: for C €V do
4:  Generate 7ot = (VSpr, ESpm), the shortest path tree of the |C|-hypercube (Definition 11);
5: end for
6: for ¢ € [x] do
7 Let ‘SC - {(’Y?é-vf,) 1€ {Xa}/v Z}C7 (gafl) € SSCPT} for each C' € VC;
8:  while } ), [Sc|>0do

9: for C € V. do

10: if Sc # 0 then

11: Choose (’yo,ﬁc,flc) € Sc;

12: Discard (yc¢, &c, €¢) from Sc;

13: else

14: Randomly draw ¢ from {X,Y,Z }C; {This step is merely for notation consistency; we can let C' remain idle
when S¢c = 0.}

15: end if

16: end for

17: Generate random Pauli operators {P;} using Algorithm 1 (with ¢ and {y¢} as input);

18: Use robust phase estimation [4] to estimate e¢, — Eer, for all C' € V. simultaneously, by letting the system evolve under

H and inserting the Pauli operators {P;} (Section III B, insertion of random Pauli operators described in Section I1 C);
19:  end while
20:  for C €V, v € {X,Y,Z}° do
21: Use {e¢, — €el (éc,é0) € ESCPT} generated above to generate estimate Ao for parameter A, of each term supported
on C and diagonal in the Pauli eigenbasis Bc(v¢) (Sections IIIB and IIIC, for the Pauli eigenbasis see Definition 8);
22:  end for
23: end for .
Output: Estimate A\, of A\, for each a € [M].

We summarize our procedure in Algorithm 2. From (34) and (35), we can get the total evolution time and number
of experiments needed to learn all the parameters to within error €, with a confidence level of 1 — § for each estimate:
they are respectively

3Fx x (2% — 1) x O(ke T log(kd™ 1)) = O(k6*d%e 1 log(kd 1)), (36)
and

3Fx x (2% — 1) x O(poly(k + log(ke 1)) log(kd ™)) = O(6¥0%poly(k + log(ke 1)) log(ké1)). (37)
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When k = O(1) and 2 = O(1), they become O(e~*(log(6~!))) and O(polylog(e~1)log(6~1)) respectively.

In the above analysis we only considered the 7 — 0 limit, i.e., we apply random Pauli operators infinitely frequently.
This is impossible in reality. Fortunately, the robust phase estimation algorithm we use is robust to error below a
constant threshold. More precisely, in (28) and (29), we can tolerate an error up to 1/v/8 [4]. Therefore we only need
to apply random Pauli operators with a finite frequency. Theorem 10 tells us what the necessary frequency is. Below
we summarize the cost of our algorithm.

Theorem 12. Assume the following: for any t >0, ¢ € [x], {vc}cev. (with x and V. defined in Lemma 5), we can
start from initial state p(0) = ®Cevc pe ® pres (€ach po is a density matriz for C, and pres s the density matriz
for the qubits not contained in |_|Cevu C) and apply random Pauli operators so that at time t the quantum system,
evolving under Hamiltonian (2), is in the state p(t) satisfying

S
— \/g?

where HS;:(yc) is as defined in (13) (for v = v¢ ), and Oc is any Hermitian operator supported on C with ||O¢|| < 1.
Under this assumption, we can generate estimates {Aq} for parameters {Aq.} in (2), such that

tr[Oge 00N peet M1 — trl(Oc © Dp(1)]

A

(38)

Pr[[Aa — Aa| > €] <6 (39)
for all a € [M] with the following cost:
1. O(k6*0%e¢~1log(kd—1)) total evolution time;
2. O(6%9%poly(k + log(ke™1)) log(k6 1)) number of experiments.

By Theorem 10, the condition (38) in the above theorem can be satisfied by choosing r = O(t?). Therefore we
arrive at our main result:

Theorem 13 (Learning many-body Hamiltonian by reshaping with randomization). Assume that H is a low-

intersection Hamiltonian defined in Definition 2. Then using Algorithm 2, we can generate estimates {5\a} for
parameters {\,} in (2), such that

Pr[[Aa — Ao > €] <6 (40)
for all a € [M] with the following cost:
1. O(e7t1og(671)) total evolution time;
2. O(polylog(e~1)log(671)) number of experiments;
3. O(Ne2polylog(e=1) log(671)) single-qubit Clifford gates;
Moreover, this algorithm is robust against SPAM error.

Note that in this theorem we assume ? = O(1) and k = O(1), and therefore do not consider the dependence on
these two parameters.

Proof. The total evolution time and the number of experiments are direct consequences of Theorem 12. Therefore
we only need to focus on how many single-qubit Clifford gates are needed. For each experiment, we need O(N) such
gates in Uge (defined in (26)) to prepare the initial state and in Ve (defined in (27)) to perform measurements.
These two tasks require O(Npolylog(e~!)log(671)) single-qubit Clifford gates as a result. For each experiment, if
the time evolution goes from 0 to ¢, then r = O(t?), meaning that we need O(Nt?) single-qubit Clifford gates to
implement the random Pauli operators. ¢t = O(e~!) for all experiments due to [4], and therefore the total number
of single-qubit Clifford gates is O(Ne~2) multiplied by the number of experiments O(polylog(e~!)log(671)), yielding
the scaling stated in the theorem.

To see why the algorithm is robust against SPAM error, note that the probabilities of the output distribution can
differ from those in (28) and (29) by as much as 1/4/8, and the robust phase estimation algorithm in [4] will still
work. As a result our algorithm can tolerate SPAM error below the threshold 1/ V8. O



11
IV. DEVIATION FROM THE LIMITING DYNAMICS IN THE RANDOMIZATION APPROACH

In this section we will prove Theorem 10. In fact, we will prove a stronger result, as stated in the following theorem:

Theorem 14. We assume that H is a low-intersection Hamiltonian as defined in Definition 2. We assume random
Pauli operators P, 1 <1 <r, are generated independently and are identically distributed as P, which satisfies

E[PHP) = HS + Heyy, (41)

where HS; is supported on a subsystem C (|C| = O(1)) and Heny is supported on the rest of the system. Then

— “—
E| I e P)0c ol ] (Pe ™ R)| - ctoce it o 1| = 02 ) (12
1<i<r 1<i<r

for any O¢ supported on C satisfying ||Oc|| < 1. In particular, the constant in O(t?/r) does not depend on the system
size N or the number of terms M.

We will postpone proving this theorem to later. As can be seen from (42), this theorem concerns the evolution of
a local observable O¢ in the Heisenberg picture. At time ¢, with the system evolving under H and random Pauli
operators inserted, O¢ becomes

— —
E| [] (B B)Ocon [] (Re ' R) (43)
1<i<r 1<i<r

in the Heisenberg picture and in the 7 — 0 limit it should converge to
eiHeCfftOce*iHchft ® 1. (44)

What the above theorem says is the following: when then random Pauli operators P,’s are applied sufficiently fre-
quently, the evolution of O¢ is entirely determined by the local effective Hamiltonian HS up to a small error. The
local effective Hamiltonian HS;, in the context of our algorithm, is H, gag(ﬂy) defined in (13). If we turn our attention
to the observable expectation value, then the above theorem directly enables us to bound the error in observable
expectation value, through the following corollary:

Corollary 15. Under the same assumption as Theorem 14, if the system is initially in a state p(0), and at time t
evolves to

— —
p(t) -F H e—inHPj-rp(O) H einHPjT , (45)
1<I<r 1<I<ry
then
tr[(Oc @ Dp()] — trlOce™ it poeittie)| = O(#2 1), (46)

where pc = treny P(0) (treny denotes the partial trace after tracing out the system outside C), and O¢ is supported on
C with ||O¢|| < 1.

Before we prove this corollary let us first introduce some notations. The actual dynamics of the operator O¢
supported on C at time ¢, = ur for 1 < u < r, when the system is evolving under H with random Pauli operators
inserted as described in Section II C, is described by

ot =k | T (B Py©Oc@ D) T (P R)| . 47)

where Og ) is the operator we get at time ¢, i.e., the end of the experiment. The limiting dynamics is, for 7 — 0,

Oc(t) = eHart OpeiHent (48)
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Proof of Corollary 15. By Theorem 14 we have HOg) — Oc¢(t) ® I|| = O(t?*/r). The left-hand side of (46) can be
written as

tr[p(0)08)] - tr{p(0)(Oc(t) @ 1)

= |6p(0)(0F - Oc(t) 1] (49)

< 0 ~0c(t) @ 1.
Therefore by Theorem 14 we arrive at (46). O
This corollary, in turn, directly implies Theorem 10.

Proof of Theorem 10. By Lemma 9, for a fixed cluster C, we can write

E[PHP| = HG,,(vo)+ Y.  He(ver). (50)
crev,.,C'#£C

Here the first term on the right-hand side is supported only on C and the support of the second term on the right-hand
side does not overlap with C, by virtue of the coloring in Lemma 5. Therefore the effective Hamiltonian has the form
as required in (41). Thus by Corollary 15 we have

2
rl(Oc @ 1)p(t)] ~ trl0ce™ MEns0) poeHEnstre)]| = O, (51)

In order to ensure that O(é) < ¢, it suffices to choose r > rq for some 19 = O(t?/¢). O
We will then set about to prove Theorem 14.
Proof of Theorem 14. Using the notation introduced in (47) and (48), (42) can be written as

, t?
08 - octy 1 =0(%). (52)
We will prove this inequality in two steps. We define
o = (I+ iTadHcff) Oc, (53)

This operator can be seen as a result of simulating the dynamics of O¢(t) up to first order using Euler’s method. Tt
satisfy the following recursion relation:

oW = 0™V +ir[HSG, 0% ~1 (54)
with O = O¢.
In the first step we will show that
~(r . t2
0 ar-021=0(%). (55)

Note that the right-hand side does not depend on the system size. Because Og ) ® I acts non-trivially only on the

cluster C, what the above bound means is that Og ) approximately only acts non-trivially on C, despite the fact that
the dynamics due to H will spread O¢ to the rest of the system. This inequality will be proved as Lemma 16 in
Section IV A.

In the second step, we will show that

j0c) - 01 =0 (%) (56)

Again the right-hand side does not depend on the system size. This inequality will be proved as Lemma 17 in Section
IV B. For the above inequality, both O¢(t) and Og ) are local operators supported on C, and therefore it characterizes
the deviation of the local dynamics from the limiting dynamics. Combining (55) and (56), we have (52) by the triangle
inequality. O
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A. The decoupling error

In this section we will prove (55). We restate it in the following lemma

Lemma 16. Under the same assumptions as in Theorem 14, we have
—(r , t2
0 a1-021=0(%).

where Og) and Og) are defined in (47) and (53) respectively.
Proof. We define

M@= = E[(P,e™"P,)(0F ™V @ I)(P,e 7 P,)] - O @ 1, (57)
and
RW = M= L R[(P,e!H T P,)R“V(P,e 7 P,)], (58)

with R(®) = 0. Then we can inductively verify that
o4 =0% @1+ R™. (59)

Therefore we only need to prove that ||R(" || = O (g)
We first bound ||M(“~V)||. Using Taylor expansion, we have

oo

E[(P,e’"P,)(0% ™ @ I)(P,e 7 P,)] E[P,ad’, (P, (0%~ @ I)P,)P,). (60)

7=0
From this we want to upper bound [ad?, (Pu(é(éhl) ® I)P,|| for j > 2. We have

adj(P,OS Vo DP) = S Ay

J

Xar[Eays - [Bays PA(OS™V @ DR, ---]. (61)

1,02, 05

Note that for the right-hand side, most of the terms are zero. We need to figure out how many terms are non-
zero. For ay, we note that P, (O(u Ver )P, is supported on C, and therefore only terms that acts non-trivially
with C' has non-zero contribution. Therefore we only need to consider a; such that Supp F,, N C # 0. For as,
because - - - [Eq,, P, (O(u ) I)P,] has support on Supp E,, U C, we only need to consider as such that Supp E,, N
(Supp Ea1 UC) # 0. From this we can conclude that the only non-zero terms are for @ = (a1, as, - ,a;), where

Supp Eq, N (U, <, Supp Eq, UC) # 0. We denote by A; the set of d satisfying the above condition, and from (61) we
have

adj ( (O(u 1)®I Z /\ag" ar [ a])...[Ea“Pu(ng*l)®I)Pu]---]_
acA;

Note that [Aq; -+ Ao, | < 1, and [E,, - - [Eal,Pu(Og_l) ®I)P,) < 2j||Og_1)||. Therefore

lad}, (P, (0%~ @ I)P,)|| < 27| A4;[|0S V). (62)

We then count |A,|: for aq, by Definition 2, there are at most 9 4 1 choices because this is the number of terms that
overlap with C' (which is the support of a certain term in H), and for as, there are at most 2(9 + 1) choices, because
the second operator can either overlap with C or the first operator. Going until a;, we can see that we have at most
7107 choices. Consequently |A;| < j!(d + 1)7. Substituting this into (62) and further into the remainders terms in
(60), we have

o0 ' o0

i _ _ S-ny _ 2+ 1D7)? | Sw-1)
— P J P, P T ( ="
g, [ Puady (PO~ @ < g @+ D108l = 12553710671 (69)
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For the first two terms in (60) corresponding to j = 0,1, we compute what they are:

2 L E[Pad), (P (OF ™ © DR o

=04 Vel +ir[HG, 08 Vel=08 oI,

€

where in the first equality we have used (41), and in the second equality (53). Substituting this and (63) into (60),
we have
20+ 1)7)?

A(u—1)

IMED | = [B[(Pue™ P)(OG @ I)(Pue™ 7P, - O & 1| <

It still remains to bound HO((? - I. To simplify our discussion, we note that for sufficiently small 97 (smaller than

(2+1)7)?

) Taa Dy S A10272 for some constant A;. From (65), we have

a constant)
10587 < |E[(Pue™TP,) (0% @ I)(Pue ™7 R,)]|| + 41027205 V|| < (1 + A0 |05V (66)
Combining this with the assumption that ||O¢|| < 1, we have
108 < (14 A10%72)" < (1 + A2 /r?) < 2, (67)
for sufficiently small 9%t? /r. Therefore
M| = [E[(P.eTP) (O™ @ I)(Pe™ 7 R,)] — O @ I < A%, (68)

for some constant As.
With this we can now bound R™). By (58), we have

IR < [M =D+ (| ROV, (69)
Therefore
u—1
IRO) < > IMO < Asud®r?. (70)
1=1
In particular
022
IR < A=, (71)
which proves the lemma. O

B. The error in the local dynamics

We now prove (56), which we restate in the following lemma:

Lemma 17. Under the same assumptions as in Theorem 14, we have
~(r +2
j0ct - 01 =0 (L),

where O¢(t) and Og) are defined in (48) and (53) respectively.

Proof. Thanks to the Taylor’s theorem, one has

0% = 04V 4 ir[HG, 08V = lar Q4 Vet 4 Ru-D), (72)
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where
RO — [ MG (1 04V e e (r ) ds. (73)
0
Here by (67), one has
B(u—1 C 2.2 c 2t
IRCD| < |HG1P7* = | H | 2 (74)
Denote t, = ur with u = 0,1,--- ,r so that ¢, = ¢t. The difference between O_g) and O¢(t,) can be written as

Og‘) — Oc(ty) = o HGT (ngl) . OC(tu—1)) e~ iHGT | Rlu=1)
Taking the norm on both sides, we have
1067 = Oc(t)ll < 067" = Oc (tu-)l| + | R

It then follows from (74) and O(c?) — O¢(0) = 0 that

r—1
~(r _ +2
1067 = Oc(t) < 3 IR < [HGI~
u=0
It only remains to show that ||[HG || = O(1). Recall that HS; comes from the effective Hamiltonian E[PH P in (41).
For each term E, in H, PE,P preserves its support because P and F, are both Pauli operators. Therefore

HG= > XE[PE,P] (75)
a:SuppE,CC
From this, and |A\,| < 1, we have
|HSG || < |{a € [M] : SuppE, C C}| < 4!l <4* = O(1). (76)
Therefore we have proved the lemma.
O

V. RESHAPING HAMILTONIANS USING TROTTERIZATION

Here we consider reshaping the unknown N-qubit Hamiltonian H using the second-order Trotter formula. The
main idea is the following: In the randomization approach we have constructed an effective Hamiltonian that is a sum
of exponentially (in N) many terms of the form PH P, and here we will consider implementing a similar sum using
the 2nd-order Trotter formula. Importantly, this time the sum involves a number of terms that is independent of N.

A. Decoupling the dynamics using Trotterization

First we define a new graph known as a qubit interaction graph.

Definition 18 (Qubit interaction graph). First denote A. = |]scy, C, for c € [x| and V. defined in Lemma 5. The
qubit interaction graph corresponding to color c € [x] is defined to be G5 = (Vg, &), where Vg = [N]\ A, contains the
qubits that are not contained in A., and for any a, o’ € V5 (o, ') € &7 iff there exists E, such that o, o € Supp(E,)

and Supp(E,) N A. # 0.
We also need to color this graph. The number of colors is given by the following lemma.
Lemma 19. G7 admits a coloring with x4 colors. Here x4 < (0+1)(k—2)+1 (0 and k are defined in Definition 2).

Proof. We will prove that deg(Gy) < (0 +1)(k — 2), and as a result x, < deg(Gg) +1 < (0 +1)(k —2) + 1. For each
qubit «, there are at most 0 + 1 E,’s such that they act non-trivially on « and on at least one qubit in A.. Each E,
acts non-trivially on at most k — 1 other qubits, one of which must be in A.. Therefore there are at most (9 +1)(k—2)
choices of o such that (o, ') € &F. O
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We number the colors using [x,]. We also denote by ¢,(a) the color of qubit a. We now show that, for each color ¢
of the cluster interaction graph G (Definition 4), we can choose Pauli operators P from a set P, (to be specified later)
of size 4X« such that

> PHP= )" Hc+ Hy, (77)

PeP. cev.

\PI

where H,qs is supported on [N]\.A.. We then implement the sum on the right-hand side using the second-order Trotter
formula (higher-order formulae will involve evolving backward in time and is therefore unrealistic in our setting). To
be more precise, we implement

— <~ — —
s ’ s ’ o ’ . ’
| I e ZP,,HP,,T | I e ZP,,HP,,T — I | Pye 1HT PV | I Pye iHT PI/7 (78)
1<v<|Pe| 1<v<|P.| 1<v<|P,| 1<v<|P.|

where we order the elements in P, so that P. = {P,}, and 7/ = 7/(2|P.|). and this will approximate e~ (Xcev, He+Hre)r
up to second order (with a remainder of order 73).
Now we will discuss how to choose P.. We define P, as follows:

P. = { H Y(eg(a))a v €{L,X,Y, Z}[Xq]}7 (79)
ac[N\A.

where A. = | |o¢y, C as defined in Definition 18, and c,4(c) is the color of qubit « in the coloring of the qubit
interaction graph. To see why (77) is true, let us look at each Pauli terms E, of H. In the first case, if the support of
E, is contained in A, then [P, E,;] = 0 for all P € P.. This is because the support of each P does not overlap with
A, by definition. Consequently PE,P = E,, and

> PE,P=E,. (80)
PeP,.

IPI

In the second case, if the support of E, is not contained in A, but overlaps with 4., then we denote supp(FE,)\ A. =
{a1,a9, - ,a;} where | < k. By Definition (18), in a coloring of the graph oy, as, -, aq are all colored differently
because they are all linked to each other. Therefore, if we uniformly randomly draw a Pauli operator from P., each
Pauli operator on g, s, -+ ,a; will be chosen independently. From this we can see, just like previously for the
randomization method, half of the Pauli operators in P, commute with E, and the other half anti-commute. As a
result

|P|ZPEP—O (81)

PeP.

In the third case, if the support of E, is disjoint from A., then each PE, P also acts trivially on A.. We group these
terms into the residual term H,.s. Combining (80) and (80) we have (77).

B. Isolating the diagonal Hamiltonian using Trotterization

For each cluster C' € V., we want to learn the diagonal elements of Ho with respect to a Pauli eigenbasis indexed
by ¢ € {0,2,v,2}¢, as defined in Definition 8.
To this end, for a set of Pauli eigenbases indexed by {v¢}cey., we define

Qc = { H H (’YC(a)a)bcc(a) : b17b27’ o 7bk € {071}}7 (82)

where (¢ : C — [|C]] is an arbitrary fixed ordering of C'. Then we will have

|Q H’P | Z Z QPHPQ Z Hdldg ,YC' + Hyes, (83)
¢ QEQ. PEP, Cev.
where

Hdlag(’yc ‘Q | Z QHCQ (84)

QEQ.
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is the diagonal of the Hamiltonian Hs with respect to the Pauli eigenbasis indexed by y¢. It is the same Hamiltonian
as given in (13). Therefore, to extract the diagonal Hamiltonian, we can implement

— —

. ’ . ’
H e—lPl,HPyT H e—lPuHPuT

1<v<|R.| 1<v<|R.|
— “—
g ’ 4 ’
H Pye iHT Py H Pye iHT Py (85)
1<v<|Re| 1<v<|Re|
r e U cev, Hiiag(0)+HHrea)T _ p—iHresT H e—inCiag(yc)T’

cev.

U(r)

where R, = {PQ: P € P.,Q € Q.} = {P,}, 7 = 7/(2|R.|), and in ~ we neglected all terms that are of order 73 or
higher.

The number of Pauli operators needed to implement a step for a short time 7 scale linearly with |R.| = |P|.| Q|-
Because, by Lemma 19,

|P.| = 4% < 4(D+1)(k*2)+1’ Q.| < 2k, (86)
we have
|Rc| S 4(D+1)(k72)+k/2+1' (87)

It is important to note that |R.| is independent of the system size N.
Below we estimate how many Trotter steps are needed to make the actual dynamics close to limiting dynamics.
The proof of this theorem is given in Section VI.

Theorem 20 (Number of Trotter steps needed). Assume that H is a low-intersection Hamiltonian defined in Defi-
nition 2, and V = |—|06[x] V. is a coloring according to Lemma 5, ¢ € [x], and y¢ € {X,Y, Z}C for each C € V,. Let

U(T) be defined in (85), and let p(t) = U(T)"p(0)(U(T)T)" be the state of the quantum system at time t after being
initialized in state p(0). Then there exists ro = O(t3/2 /eY/?) such that for any r > ro, such that for any C' and Oc
supported on C, with [|O¢|| <1, we have

tr[(Oc ® I)p(t)] — tr[Oce ™ Hais ()t peHiing (1)) | < o (88)

where pc = trinp e p(0).

In our Hamiltonian learning algorithm, we only need to ensure that the actual dynamics deviate from the limiting
dynamics by a small constant. Therefore it suffices to choose 7 = O(e~3/2) in the above theorem (¢ is the precision for
Hamiltonian parameters, and e~ is the evolution time needed for robust phase estimation), as opposed to r = O(e~2)
needed in the randomization approach. We summarize the costs of the Trotter-based approach in the following
theorem

Theorem 21 (Learning many-body Hamiltonian by reshaping with Trotter formula). Assume that H is a low-

intersection. Hamiltonian defined in Definition 2. Then we can generate estimates {\,} for parameters {\,} in (2),
such that

Pr[[Aa — Aa| > €] <0 (89)
for all a € [M] with the following cost:
1. O(e tlog(671Y)) total evolution time;
2. O(polylog(e~1)log(6=1)) number of experiments;
3. O(Ne 3?polylog(e~1)log(6~")) single-qubit Clifford gates.
Moreover, this algorithm is robust against SPAM error.

The SPAM-robustness follows in a similar way as in the proof of Theorem (13).
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VI. DEVIATION FROM THE LIMITING DYNAMICS IN TROTTERIZATION
In this section we will prove Theorem 20. Following the discussion in Section IV, we only need to prove the following

theorem, providing an error bound for the evolution of an arbitrary local operator in the Heisenberg picture.

Theorem 22. We assume that H is a low-intersection Hamiltonian as defined in Definition 2, let U(T) be as defined
n (85), where the set of Pauli operators R satisﬁes

> PHP = HS + Heny, (90)

|R y=d

where HS; is supported on a subsystem C' (|C| = O(1)) and Heny is supported on the rest of the system. Then
| @) ©Oc® Dy - efitoge it @ 1| = 0 /r2), (91)
for any Oc¢ supported on C satisfying |Oc|| < 1. In particular, the constant in O(t3/r?) does not depend on the

system size N or the number of terms M.

Proof. We rewrite the U(7) defined in (85) as U(7,0), and also write it as the unitary time evolution operator due to
a time-dependent Hamiltonian:

U(r,0) = Te i Jg Hs)ds, (92)

where H(s) is a piecewise time-dependent Hamiltonian and is defined as follows: we divide the interval [0, 7] into

2|R.| sub-intervals, and one each sub-interval H equals PHP with P € R, and then reverse the order.

Notice that, in order to prove (91), because the long time error grows linearly with respect to r thanks to the
triangle inequality and the unitarity of both underlying dynamics, it is sufficient to bound the one-step error (i.e., the
local truncation error using the terminology of numerical analysis [5])

| (e Oce 57} & I ~(r,0) (Oc ® DU(r,0)| = | Ter(r) = Tu(7)]], (93)
where
Tup(r) = (M5 Oce ™ 5™ @ 1, Tiu(r) = U(r,0)1 (Oc @ 1 U(r,0), (94)

We start by performing series expansion of both terms on the left-hand side in (93). By the Taylor’s theorem, we
have

. rrC . prC
ezHe“TOCe—zHeffT

=0¢ + Z'T[Hecf}7 Oc]

T(T_3)2ic _iHC. s
9 [Heﬁ7[ eH?OCH /(; — € Heies [Heﬂra[Hecfva[HgfaOC}He H g ds.

For the second term, a key observation is that

T (t) = Te Jo 2duc-ds (O ® ). (95)

To see this, denote Oc ® I as O and F'(t,s) := U(s,t)OU(t, s), it follows from taking the derivative of F(t,s) with
respect to s that

asF(Srt) = _Z[H(S)aF(57t)] = _ZadH(s)F(S7t)a F(S = t7t) = 07
so that
OsF(t —s,t) =i[H(t — s), F(t — 5,t)] = dadg—s) F'(t —5,1), F(t—5,1)|s=0 = 0.

We now perform the Dyson series expansion to (95) and arrive at

Ttr Z
N=

tN—1
) / dt / dtQ . / dtnadH(T_tl) o adH(T_tQ) ©:--0 adH(T_tn)(O)
0

0
_Nizw/o dsl/ .--/S;ldsn[H<sl>,[H<s2>,-~- [H(s,),0] ).
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Gathering terms of O(7°), one has O¢ ® I. The terms of O(7!) read

Z/ dSl[H<51),Oc®I]:i Z PHP,Oc®1 :’L'T[Hgf,Oc]Q@I.
0

PeR.

T
IRl
The terms of O(7?2) are

S o [2ARd [IR
_
—/O d51/81 dsaH(s1). [H(s2). 0c © 1) =~ ;H] S H,0001

[

72 IRc| IRe| J 2|R.| J
g [ Y- Smocer| |+ | S m[Swmocer
c j=1 =1 1=1 J=IRe| =1
,7_2

= 92 [Hgfv[Hecff’OC]](gI:

where we used the fact that H(s) is piece-wise constant, and we label its value on each piece as H; so that H;jg.| =
Hyg, |—; for 1 < j < |Rc|. Tt can be seen that the first three terms of Ti,(7) match those of Teg(7). For the terms

with j > 3, we note that for each s, H(s) = PHP for some Pauli operator P, and H(s) therefore consists of Pauli
operators that have exactly the same supports as those in H. Consequently, using the same argument as (61)-(62),
each term can be bounded through

I[H (s1), [H(s2), -+, [H(sn), O] - ]Il < 5120 + 1)) (96)

As a result the sum of these terms is bounded by O(73). Also note that the last term of (95) can be bounded by

4 HHQ%HS 73/3, where HG, = O(1) as argued in the proof of Lemma 7. Therefore, we can conclude that
| Tesi (1) = Tia(7) || < As7?,

for some constant As independent of the system size, and hence

which establishes the claim of this theorem. O

3
(Mt Oce 5 ) & 1~ (U(r,0)1) (Oc © 1) U(r,0))'|| < Asrr® = A5 . (97)

r

VII. LOWER BOUND FOR LEARNING HAMILTONIAN FROM DYNAMICS

In this section, we present a fundamental lower bound on the total evolution time for any learning algorithm that
tries to learn an unknown Hamiltonian from dynamics.

A. Model of quantum experiments

We consider a unitary U(t) parameterized by time t that implements e ~*#* for an unknown N-qubit Hamiltonian
H. A learning agent can access U(t) by quantum experiments. We define a single ideal quantum experiment as

follows. The definition resembles the formalism given in [6].
Definition 23 (A single ideal experiment). Given an unknown N -qubit unitary U(t) = e~ "1t
t. A single ideal experiment E(©) is specified by:

parameterized by time

1. an arbitrary N'-qubit initial state |1g) € 2V’ with an integer N' > N,
2. an arbitrary POVM F = {M,}; on N'-qubit system,
3. an N'-qubit unitary of the following form,
U1 (U(tk) @ Uk ... Us(Ul(tz) @ IU2(U(t1) @ I)Uy, (98)

for some arbitrary integer K, arbitrary evolution times ti,...,tx € R, and arbitrary N'-qubit unitaries
Ui,...,Ug,Uxy1. Here I is the identity unitary on N' — N qubits.
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A single run of E©) returns an outcome from performing the POVM F on the state
UK+1(U(tK) (9 I)UK L. Ug(U(tQ) X I)UQ(U(tl) X I)Ul ‘¢0> . (99)
The evolution time of the experiment is defined as t(E(®) £ 37, [ty].

The learning algorithm can adaptively choose each quantum experiment based on past measurement outcomes. We
consider the quantum experiments to have a small unknown state preparation and measurement (SPAM) error. Given
an initial state |¢g), the actual initial state being prepared on the quantum system is pg, which is equal to |1)o )|
up to a small constant error 7 in the trace norm. Similarly, given a POVM F = {M;};, the actual POVM being
measured is F = {Mi}l, where Mi is equal to M; up to a small constant error 7 in the trace norm. A small SPAM
error is always present in any quantum experiment. Measurement noises are particularly assured as measurements
require the quantum system to interact with the macroscopic classical world, which often result in decoherence. A
practically useful algorithm for characterizing and benchmarking quantum systems [4, 6-11] has to be robust against
a small amount of SPAM error.

If a learning algorithm works for any small unknown SPAM error, then the learning algorithm must apply to
experiments where only the measurement is subject to a small depolarizing noise . We give a single experiment with
measurement noise 7 in the following definition. The lower bound will be proved assuming access to the experiments
with a small measurement noise n = ©(1).

Definition 24 (A single experiment with measurement noise). A single experiment E™ with measurement noise
n = O(1) is specified by the same parameters as a single ideal experiment E°. Given the ideal POVM F = {M;};, the
measurement outcome of EM is obtained by performing the noisy POVM F = {(1 —n)M; + ntr(M;)(I/2N")} on
the state

Uk1(U(tg) @ DUk ... Us(U(tz) @ NUx(U(t1) @ 1)Uy ‘¢0> . (100)
The evolution time of the experiment is defined as t(E™M) £ 3", |ty].

We formally define a learning algorithm with total evolution time T as follows.

Definition 25 (Learning algorithm with bounded total evolution time). Given T > 0,0.5 > n > 0. A learning
algorithm with total evolution time T and measurement noise 1 can obtain measurement outcomes from an arbitrary

number of experiments E§n), E;n), ... as long as

STHEM)<T. (101)

The parameters specifying each erperiment E™ can depend on the measurement outcomes from previous experiments

M E™.

bl 71—

B. Learning task and lower bound

After defining the learning algorithm and the possible sets of experiments, we are ready to state the lower bound on
the total evolution time required to learn an N-qubit Hamiltonian from dynamics. The theorem is stated as follows.
This scaling matches that of our proposed learning algorithm.

Theorem 26. Given two integers N, M, two real values €,5 € (0,1), and a set {Ey, ..., Exy C{I,X,Y, Z}ON\{I®N}
of M Pauli operators. Consider any learning algorithm with a total evolution time T and a constant measurement
noise n € (0,0.5), such that for any N-qubit Hamiltonian H = Zi\/[:l Ao Eo with unknown parameters |A,| < 1,
after multiple rounds of experiments, the algorithm can estimate A, to e-error with probability at least 1 — & for any
ac{l,...,M}. Then

log(1/20) log(1/4)
> st~ (7)) e

Even when the measurement noise n = 10710, we still have T' > log(1/26)/(40¢).
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C. Proof of Theorem 26

The proof of the lower bound is separated into four parts. The first part in Section VIIC1 reduces the learning
problem to a binary distinguishing task. The second part in Section VII C2 provides an upper bound for the total
variation (TV) distance between the distribution over measurement outcomes under a single experiment. The third
part in Section VII C3 uses a learning tree representation described in [12, 13] and provides an upper bound for the
total variation distance between distribution over the leaf nodes of the tree. The fourth part in Section VII C 4 utilizes
LeCam’s two-point method to turn the TV upper bounds into a lower bound for the total evolution time.

1. Reduction

If a learning algorithm can achieve the original learning task considered in Theorem 26, then it could solve a simpler
learning task, where the unknown Hamiltonian H can only be one of the following two choices. The unknown N-qubit
Hamiltonian H is either eF; or —eE; with equal probability, where E; € {I, X, Y, Z}*N \ {I®N} is an N-qubit Pauli
operator that is not an identity operator. We denote Uy (t) to be the unitary corresponding to evolution under the
two Hamiltonians. If there is a learning algorithm with a total evolution time at most 71" that succeeds in the learning
task stated in Theorem 26, then we can use the learning algorithm to successfully distinguish between +eF; with
probability at least 1 —4§. Hence, a lower bound on T for this simpler learning task immediately implies a lower bound
on T for the original learning task.

We can characterize the diamond distance between the two unitaries Uy (t). For a unitary U, we consider U(p) =
UpUT to be the corresponding quantum channel (CPTP map).

Lemma 27 (Diamond distance between Uy (t)). |[[Uy(t) —U_(¢)|, < 4delt].

[

Proof. The spectrum of U, (t)TU_(t) is given by €2, e~*2¢*. From [14, 15|, we have

U (8) U (1)), = 25in(2elt]) (103)
if 2¢|t| < m/2, otherwise we have

U (1) U (0)], = 2. (104)
In both cases, we have ||U (t) —U_(t)]|, < 4elt]. O

2. TV upper bound for a single experiment

We begin by proving the upper bound on total variation distance for a single quantum experiment.

Lemma 28 (TV for one experiment). Given an unknown unitary U(t) equal to either Uy (t) or U_(t), and a single
experiment EM with measurement noise n specified by the following parameters,

1. an arbitrary N'-qubit initial state |1g) € 2’ with an integer N' > N,
2. an arbitrary POVM F = {M,}; on N'-qubit system,
3. an N'-qubit unitary of the following form,
Uk 1(U(tg) @ Uk ... Us(U(t2) @ NU2(U(t1) @ I)Uq, (105)

for some arbitrary integer K, arbitrary evolution times ty, ..., tx, and arbitrary N'-qubit unitaries Uy, ..., Uk, Uk 11.
Here I is the identity unitary on N' — N qubits.

Let p+ (i) be the probability of obtaining the measurement outcome i by performing F = {(1—n) M;+n tr(M;)(I/2N")}
on the output state when U(t) = UL(t). Then

TV(py,p-) < (1 —n) min(2et(EM™), 1), (106)

where t(EM) = Z,[::l |tx| is the total evolution time in this single experiment EM).
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Proof. We define |p1) = UxUy(tx)...UsUx(t2)UsU(t1)U; |thg). By triangle inequality and telescoping sum, we
have the following upper bound on the trace distance,

K K
e X | = = Xo— ;< D NU(t) = U=(ti)ll, < 4e ) ltx] = det(E™). (107)
k=1

k=1

The second inequality follows from Lemma 27. We can now upper bound the total variation distance for the classical
probability distribution when we measure the final state using the ideal POVM measurement F = {M,},,

1 1
3 Do M) — (- | Mi )] < 5 I Xebe | = =Yoo |l < 2et(E). (108)
Because the total variation distance is upper bounded by 1, we have

5 ST Milihs) = (o | My )] < min(2et, 1), (109

When we measure using the noisy POVM F) = {M; = (1—n)M; +ntr(M;)(1/2N")} instead of F, the total variation
distance between the measurement outcome distribution is

5 [l s ) — G| B ) (110)
= 3= N My ) — 0] M) < (1 =) min(2et(ED), 1), (111)

By definition, we have pi(i) = (1| M; [¢). Hence, TV(py,p_) < (1 — n)min(2et(E™), 1), which is the total
variation distance between the measurement outcome distribution over the two Hamiltonians under a single experi-
ment. O

8. TV upper bound for many experiments

To handle adaptivity in the choice of experiments, we consider the rooted tree representation 7 described in [12, 13].
Each node in the tree corresponds to the sequence of measurement outcomes the algorithm has seen so far. We can
also think of the node as the memory state of the algorithm. At each node v, the algorithm runs a single experiment

Eq(,") with measurement noise n specified by
1. an arbitrary N,-qubit initial state |1, o) € C2"" with an integer N, > N,
2. an arbitrary POVM F, = {Mw-}iL:"’1 with L, outcomes on N -qubit system,
3. an N/-qubit unitary of the following form,
Un,k,+1(U(to, i) @ DUy i, - - - Uz o(U(t,2) ® Uy 2(Us(tn,1) @ 1)Uy 1, (112)

for some arbitrary integer K,, arbitrary evolution times t,1,...,t, x, € R, and arbitrary N,-qubit unitaries
Upi,..., Uy k41. Here I is the identity unitary on N] — N qubits.

Each experiment Eq(,n) produces a measurement outcome ¢ € {1,..., L, }, which moves the algorithm from the node
v to one of its child node. At a leaf node ¢, the algorithm stops. By considering the rooted tree representation
and allowing the experiment to depend on each node in the tree, we cover all possible learning algorithm that can
adaptively choose the experiment that it runs based on previous measurement outcomes.

For each node v on tree 7, we denote pg)(v) to be the probability of arriving at the node v in the experiments
when the unknown unitary U(t) = U4 (t) and the algorithm begins from the root of 7. We can establish the following

total variation upper bound.

Lemma 29 (TV for multiple experiments). Consider a rooted tree representation T for a learning algorithm with
total evolution time T and measurement noise n € (0,0.5). We have

TV, p7) <1 — T, (113)

which is an upper bound for the total variation of the outcomes under multiple experiments.
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Proof. For each node v, we give the following definitions,

e 7, is the subtree with root v.

) pg) is the distribution over the child nodes of v by considering the probability of moving from v to that child

node under the unknown unitary Uy (¢).
. pg“) is the distribution over the leaf nodes for subtree 7, by considering the probability of ending at that leaf
node starting from node v under the unknown unitary Uy (t).

o t® 2 ¢(E) > 0 is the evolution time for the single experiment ES".

e {(7,) is the maximum of the sum of the evolution time over all paths from root v of the subtree T, to a leaf
node of 7T,

t(T,) = max Zt(EfU")). (114)

P:pathon T,
Because the total evolution time of the learning algorithm is upper bounded by 7', the total evolution time of
the full tree T satisfies t(7) < T.

We will prove this lemma by an induction over the subtree of 7. The inductive hypothesis is given as follows. For
any subtree T, with root v,

1=V (), 7)) > e, (115)

The base case is when v is a leaf node. At the leaf node ¢, we have TV(p(fé),p(j})) = 0 and t(7¢) = 0. Hence, the
induction hypothesis holds.

To prove the inductive step, we define child(v) the be the set of child node of v and recall the following identity on
two probability distributions p+ over a set X,

1=TV(py,p-) =Y min (pi(z),p(x)). (116)
TEX

We can obtain a lower bound on the failure probability for the node v as follows,

L=TVE{, p7) (117)
= > win (3007 0) (118)
Leleaf(Ty)
= > > win (0 @ 0.0 w7 1) (119)
wechild(v) £€leaf(Ty,)
> 3 win (o @) sV @) Y min (p70),070) (120)
wechild(v) teleaf(Tw)

(v) (v) (Tw  (Tw)
= min (py (w),pZ’ (w) ) (1 =TV , P (121)
L2 min(ok ) (1=1v (7))
= (110 ) i (- G 07) az

We can apply the induction hypothesis on T, for w € child(v). This gives us

1=V 7)) = (1T, p)) i), (123)
By definition, we have ¢(7,) > t(*) + ¢(T,,) for any child node w of v, hence

=TV p7) = ) (1o TV pY)) (124)
From Lemma 28 that bounds the total variation distance for a single experiment, we have

TV, p™) < (1= n) min(2et™), 1). (125)
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Hence, we can obtain

1— TV(pSrTv),p(,Tv)) > 7726(’5(7”)_75@)) (1 —(1—-mn) min(2a5t(”)7 1)) (126)
> nQe(t('ﬁ,)ft(U))nmin(Zet(”),1) (127)

€ ) —t() et et(T,
> p? (t(To)—t )772 6 p2et(T) (128)

The second inequality uses 1 — (1 — )z > n® for any n €
f(z) =n" — 14 (1 — n)z and the fact that f(0) = f(1) =
Using induction and the fact that ¢(7) < T, we have

(0,0.5) and z € [0, 1], which follows from the convexity of
0. We have proved the inductive step.

T T €
TV, p ") <1 =T, (129)

which is the claimed result. O

4. Lower bound from TV upper bound

From the reduction step in Section VIIC1, for any learning algorithm with a total evolution time at most 71" that
succeeds in the learning task stated in Theorem 26, we can use the learning algorithm to successfully distinguish
between Uy (t) with probability at least 1 — . By the construction of the rooted tree representation T, after the
multiple experiments, the only information the learning algorithm can access corresponds to a leaf node of the tree 7.
Hence, if the learning algorithm can distinguish between UL (¢), then it can distinguish between the two probability
distributions pf), p(_T) with probability at least 1 — 4.

Using LeCam’s two point method, if there is an algorithm that can distinguish the two probability distributions

p'"), p") with probability at least 1 — 6, then 1 — 26 < TV(p"),p™). Thus,
log(1/26)
26 > > T = T > L2 130
2 2 Selog(1/) (130)

Recalling that 1 € (0,0.5) is a constant close to 0, we have

T =0 (k’g(l/‘s)> . (131)

€

We have thus established Theorem 26.
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