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We consider simulating quantum systems on digital quantum computers.
We show that the performance of quantum simulation can be improved by
simultaneously exploiting commutativity of the target Hamiltonian, sparsity
of interactions, and prior knowledge of the initial state. We achieve this us-
ing Trotterization for a class of interacting electrons that encompasses various
physical systems, including the plane-wave-basis electronic structure and the
Fermi-Hubbard model. We estimate the simulation error by taking the tran-
sition amplitude of nested commutators of the Hamiltonian terms within the
n-electron manifold. We develop multiple techniques for bounding the transi-
tion amplitude and expectation of general fermionic operators, which may be
of independent interest. We show that it suffices to use (zzg + n4/3p2/ 3) no®)
gates to simulate electronic structure in the plane-wave basis with n spin or-
bitals and 7 electrons, improving the best previous result in second quantiza-
tion up to a negligible factor while outperforming the first-quantized simulation
when n = n27°(1). We also obtain an improvement for simulating the Fermi-
Hubbard model. We construct concrete examples for which our bounds are
almost saturated, giving a nearly tight Trotterization of interacting electrons.
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1 Introduction

Simulating quantum systems to model their dynamics and energy spectra is one of the most
promising applications of digital quantum computers. Indeed, the difficulty of performing
such simulations on classical computers led Feynman [30] and others to propose the idea
of quantum computation. In 1996, Lloyd proposed the first explicit quantum algorithm
for simulating local Hamiltonians [50|. Since then, various quantum simulation algorithms
have been developed [10-13, 18, 25, 33, 52-55, 62|, with potential applications in studying
condensed matter physics [24], quantum chemistry [20, 56|, quantum field theories [39,
40], superstring/M-theory [31], as well as in designing other classical [43] and quantum
algorithms [2, 9, 15, 23, 32, 36, 46, 47, 67, 82|.

Lloyd’s original work considered the simulation of k-local Hamiltonians. This was
subsequently extended to the study of d-sparse Hamiltonians [1, 10], which provides a
framework that abstracts the design of quantum algorithms from the underlying physical
settings. However, despite their theoretical value, algorithms for sparse Hamiltonian simu-
lation do not always provide the fastest approach for simulating concrete physical systems.
Hamiltonians arising in practice often have additional features beyond sparseness, such
as locality [33, 79|, commutativity [22, 27, 74|, and symmetry [35, 80|, that can be used
to improve the performance of simulation. Besides, prior knowledge of the initial state
[6, 28, 69, 73| and the norm distribution of Hamiltonian terms [18, 21, 34, 49, 58] have also
been proven useful for digital quantum simulation.

We show that a number of these features, in particular the sparsity, commutativity, and
initial-state information, can be combined to give an even faster simulation. We achieve
this improvement for a class of interacting-electronic Hamiltonians, which includes many
physically relevant systems such as the plane-wave-basis electronic-structure Hamiltonian
and the Fermi-Hubbard model. Our approach uses Trotterization—a method widely ap-
plied in digital quantum simulation.

Our analysis proceeds by computing the transition amplitude of simulation error within
the n-electron manifold. To this end, we develop multiple techniques for bounding the tran-
sition amplitude/expectation of a general fermionic operator, which may be of independent
interest. For an n-spin-orbital electronic-structure problem in the plane-wave basis, our
result improves the best previous result in second quantization [6, 27, 54] up to a negli-
gible factor while outperforming the first-quantized result [7] when n = n?~°(1). We also
obtain an improvement for simulating the Fermi-Hubbard model. We construct concrete
examples for which our bounds are almost saturated, giving a nearly tight Trotterization
of interacting electrons.

1.1 Combining interaction sparsity, commutativity, and initial-state knowledge

Sparsity can be used to improve digital quantum simulation in multiple ways. A common
notion of d-sparsity concerns the target Hamiltonian itself, where each row and column of
the Hamiltonian contains d nonzero elements accessed by querying quantum oracles. As
aforementioned, this provides an abstract framework for designing efficient simulation al-
gorithms and is versatile for establishing lower bounds [10], although it sometimes ignores
other important properties of the target system, such as locality, commutativity, and sym-
metry. Another notion of sparsity, closely related to our paper, considers the interactions
between the underlying qubits or modes [14, 57, 63, 87]. The sparsity of interactions does
not in general imply the underlying Hamiltonian is sparse, but it provides a tighter bound
on the number of terms in the Hamiltonian and may thus be favorable to digital quantum
simulation.
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Trotterization (and its alternative variants [25, 27, 34, 55, 62]) provides a simple ap-
proach to digital quantum simulation and is so far the only known approach that can
exploit the commutativity of the Hamiltonian. Indeed, in the extreme case where all the
terms in the Hamiltonian commute, we can simultaneously diagonalize them and apply the
first-order Lie-Trotter formula .#;(¢) without error. Previous studies have also established
commutator error bounds for certain low-order formulas [76] and specific systems [22, 74].
An analysis of a general formula .#,(t) is, however, considerably more difficult and has
remained elusive until the recent proof of the commutator scaling of Trotter error [27].

A different direction to speeding up digital quantum simulation is to exploit information
about the initial state. The error of digital quantum simulation is commonly quantified
in previous work by the spectral-norm distance, which considers all possible states in the
underlying Hilbert space. But if the state is known to be within some subspace throughout
the simulation, then in principle this knowledge could be used to improve the algorithm.
For instance, digital quantum simulation in practice often starts with an initial state in
the low-energy subspace of the Hamiltonian, so a worst-case spectral-norm analysis will
inevitably overestimate the error. To address this, recent studies have considered a low-
energy projection on the simulation error and provided improved approaches, using either
Trotterization [6, 28, 69, 73| or more advanced quantum algorithms [51]|, that can be
advantageous when the energy of the initial state is sufficiently small.

Ideally, the sparsity of interactions, commutativity of the Hamiltonian, and prior knowl-
edge about the initial state can all be combined to yield an even faster digital quantum
simulation. This combination, however, appears to be technically challenging to achieve.
Indeed, the state-of-the-art analysis of Trotterization represents the simulation error in
terms of nested commutators of Hamiltonian terms with exponential conjugations [27,
Theorem 5|. This representation is versatile for computing the commutator scaling of
Trotter error, but it yields little information about the energy of the initial state. To the
best of our knowledge, the only previous attempt to address this problem was made by
Somma for simulating bosonic Hamiltonians [73], whose solution seems to have a diver-
gence issue.! Instead, we combine the sparsity, the commutativity and the initial-state
information to give an improved simulation of a class of interacting electrons.

1.2 Simulating interacting electrons

Simulating interacting electrons has emerged as one of the most important applications of
digital quantum simulation [8]. Following pioneering work such as [4, 60|, recent develop-
ments of efficient quantum algorithms for electronic structure simulation have dramatically
reduced the simulation cost through various techniques [6, 14, 20, 45, 56, 59, 68, 71, 78,
81, 85].
Here, we consider simulating the following class of interacting electrons by Trotteriza-
tion:
H=T+V = ZTj,kA;r‘Ak +ZVZ,leNm7 (1)

ak Lm

where A}, Ay, are the fermionic creation and annihilation operators, N; are the occupation-
number operators, T, v are coefficient matrices, and the summation is over n spin orbitals.
The specific definitions of these fermionic operators are given in Section 2.2. We say the
interactions are d-sparse if there are at most d nonzero elements within each row /column of
7 and v. This model represents various systems arising in physics and chemistry, including

'Recent work [3] developed a tighter analysis of Trotter error for time-dependent Hamiltonian simulation
that exploits both commutativity of the target Hamiltonian and knowledge about the initial state.
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the electronic-structure Hamiltonians in the plane-wave basis [6] and the Fermi-Hubbard
model [28, 42].

To apply Trotterization, we need to express the Hamiltonian as a sum of elementary
terms, each of which can be directly exponentiated on a quantum computer; see Section 2.1
for a review of this algorithm. For the electronic Hamiltonian (1), it suffices to consider
the two-term decomposition H = T + V, as the exponentials of T and V' can be directly
implemented using various quantum circuits. For instance, all the terms in V' commute
with each other so e~V = ITim e mNiNm - ywhere each e~#1:mNiNm corresponds to a
two-qubit operation under the Jordan-Wigner transformation. On the other hand, the
exponential e 7 can be implemented by diagonalization, i.e., e #T = Uefiz)“fN‘fUT,
where U can be efficiently implemented using Givens rotations [41, 65]. In cases where
7 and v are translationally invariant 7;x = Tj1qk+q¢» Viim = Vitqm+q, W€ can implement
e T using the fast fermionic Fourier transform [6] and a related circuit implementation
exists for e~V [54].

We now apply a pth-order Trotterization .7,(t) to approximate the evolution of the
electronic Hamiltonian (1) for time ¢. We prove the following bound on the error of this
approximation.

Theorem 1 (Fermionic seminorm of Trotter error). Let H =T +V = 7., ijkA;[-Ak +
>t YmNiNi, be an interacting-electronic Hamiltonian (1) with n spin orbitals, which
we simulate using a pth-order formula .7,(t). Then,

—itH -1
|75y = 7] = O (Ul Il ) I 12 787 (2)
Furthermore, if the interactions are d-sparse,

|7 =] =0 (Il ot

+ vl

e 1 )™ e [ e 7 0741) . (8)

Here, ||-|| is the spectral norm, ||-|| ... s the max-norm denoting the largest matriz element
in absolute value, and
X, == max |{(¢,|X| 4
X0, 2= s 146,116 @

is the fermionic n-seminorm for number-preserving operator X, where |1y), |¢y) are quan-
tum states with n electrons.

This theorem follows from an inductive estimate of the fermionic seminorm of nested
commutators of Hamiltonian terms, and will be formally proved in Section 3 and Section 4.
Note that in order to use the prior knowledge of the initial state, we have considered the
fermionic seminorm |-, of Trotter error with respect to the n-electron manifold. This
seminorm is closely related to other metrics used to quantify the impact of initial-state
information to digital quantum simulation [6, 28, 69, 73|; see Section 2.3 for a detailed dis-
cussion. The resulting bound depends on the number of electrons 7, as well as the spectral
norm |7/, the max-norm ||7|| ., [|¥[lhax> @0d the sparsity of interactions d, but there is
no dependence on the total number of spin orbitals n. This improves over previous work
[27, Theorem F.5] where an explicit n-scaling seems unavoidable. Meanwhile, other prior
estimates of the fermionic seminorm |6, Appendix G| [28, Theorem 13| did not exploit com-
mutativity of the Hamiltonian and would introduce an additional factor of »? in the Trotter
error bound. Our result thus improves the performance of digital quantum simulation by
combining the initial-state information, the interaction sparsity, and commutativity of the
Hamiltonian.
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A common issue with the Trotterization algorithm is that existing analyses can be very
loose for simulating certain physical systems. However, we address this with the following
theorem, which shows that the asymptotic scaling of our bound is nearly tight.

Theorem 2 (Tightness). For s,w > 0 and positive integer n < %, there exists an
interacting-electronic Hamiltonian H =T+V =37, ijkA;-Ak + 3 1m VimNiNm as in (1)

with n spin orbitals such that |7 = s, ||V||,0x = W,
| VI, = QPen), [V VTN, = (P s/m). (5)
~—— ———
P P

In addition, for u,w > 0 and positive integer d < n < 3, there exists a d-sparse interacting-

electronic Hamiltonian (1) with n spin orbitals such that || 7| . = U [|V]|pax = W5
I@ VI = QP wd), Vi VT, =2 (wdP ). ()
—_———— ————

p p

We prove the above theorem by choosing T' = Z?;io A}Ak and V = 277/5;01 NN, and

computing their rescaled nested commutators, both in the original basis and the Fourier ba-
sis; see Section 5 for the proof. Note that both commutators [T, ... [T, V] and [V,..., [V, T]]
contribute to the Trotter error, as well as other types of nested commutators which do not
dominate the error scaling (Proposition 1). Modulo an application of the triangle inequal-
ity, Theorem 2 then shows that our bound (2) overestimates the Trotter error by a factor
of nn in the worst case, whereas (3) overestimates a factor of at most 1. For p sufficiently
large, this only contributes n°® and n°1) to the gate complexity, respectively. In this
sense, we have given a nearly tight Trotterization of interacting-electronic Hamiltonians

(1).2

1.3 Main techniques

The proof of Theorem 1 relies on multiple approaches we develop for bounding the fermionic
seminorm, which may be of independent interest. Recall from (4) that the fermionic
seminorm || X ||, of a number-preserving operator X is the maximum transition amplitude
of X within the n-electron manifold.

Our first approach is based on the observation that the fermionic seminorm of X can
be alternatively represented using the expectation of XX, i.e.,

X1y = e 1l X i) | = muaey/ (| XT X i) ™

We then upper bound XX in terms of the particle-number operator N = Zj Nj, so that
the expectation scales with the number of electrons 7 = (1| N|v,) instead of the total
number of spin orbitals. Assuming X is a sum of product of fermionic operators, we
contract the summation indices in XX by using either diagonalization (Lemma 2) or an
operator Cauchy-Schwarz inequality (Lemma 1) [61]. To extend this argument to general
fermionic operators, we prove a Holder-type inequality (Lemma 3) and apply it recursively
to bound XTX. We detail this recursive approach in Section 3 and use it to prove (2).
Our second approach starts by bounding the fermionic seminorm

IXll, = a1l Xl ®

2For specific molecules, our complexity estimates may be further improved by using additional features
of the Hamiltonians; see Section 7 for a further discussion of this point.
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in terms of the maximum expectation value maxy, ) |[(¢y|X[¢y)]. We then expand X
and |¢,) and give a combinatorial argument to count the number of “paths” which have
nonzero contribution to the expectation (Proposition 11). We discuss this path-counting
approach in more detail in Section 4 and use it to prove (3). It is worth mentioning that
the path-counting technique can also be used to prove the following alternative bound for
the pth-order Trotterization

[ #5®) =7 ]| = O (001 s - 1 s 17 s [ s 841 ) . (9)

This is slightly weaker than (2) since ||7]| < n||7],.x a@lways holds but not necessarily
saturates, but in our application it yields the same gate complexity for the electronic-
structure simulation in the second-quantized plane-wave basis. We discuss this further in
Appendix B.

Note that the expectation of fermionic operators, when taken with respect to the
computational-basis states, can be exactly computed using the so-called Wick’s theorem
[64, 86]. However, this approach would introduce unnecessary term reordering which actu-
ally complicates our proof. In contrast, the underlying idea of path counting is conceptually
simpler and may have potential applications in other contexts beyond the analysis of Trot-
ter error.

1.4 Applications

The nearly tight Trotterization of electronic Hamiltonian (1) gives improved simulations
of many systems arising in condensed matter physics and quantum chemistry, including
the plane-wave-basis electronic-structure Hamiltonian and the Fermi-Hubbard model.

The electronic-structure problem considers electrons interacting with each other and
some fixed nuclei. An efficient simulation of such systems could help understand chemical
reactions, and provide insight into material properties. Here, we consider representing the
electronic-structure Hamiltonian in the plane-wave basis [6]:

1
H=— Z RZ cos[ky, - rk_j]A;Ak

2njku
4 ¢, cos(ky, - (7, —1j)] 2T cos[ky - rj_i] (10)
T Z 2 Nj""jz 12 NN,
Jsts 70 H J#k o
p#0
1/3

where w is the volume of the computational cell, k, = 2mu/w'/® are n vectors of plane-
wave frequencies, p are three-dimensional vectors of integers with elements in the interval
[—nl/ 3 pt/ 3, r;j are the positions of electrons; (, are nuclear charges; and 7, are the nuclear
coordinates. We can represent this Hamiltonian in the form (1) with

n2/3 nl/3
I w(w), ruumaX:O(M . (1)

Assuming a constant system density 7 = O (w), Theorem 1 then implies that

y n2/3 P
Hyp(t) e tHH?7 -0 <<772/3 + n1/3772/3 n1/3,,72/3tp+1 ) (12)

This approximation is accurate for a short-time evolution. To simulate for a longer time,
we divide the evolution into r steps and apply .#,(t/r) within each step, obtaining

. 2/3 p p+1
|75 m) - 1] =0 ((7;2/3 + n1/3772/3) n1/3772/3t> | (13)

rp
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Simulation Algorithm n,n n=0(n)
Interaction-picture (Ref. [7], first quantization) O (nl/ 38/ 3) O (n?)
Qubitization (Ref. [7], first quantization) O (712/3174/3 + n1/3178/3) O (n?)
Interaction-picture (Ref. [54], second quantization) O ;LS% O (n?)
Trotterization (Ref. [6], second quantization) (n5/ Sl/3 4 nd/3p5/3) po)  pdto(l)
Trotterization (Ref. [27], second quantization) (% ne) n2te(l)
Trotterization (Theorem 1, second quantization) <7nlz//§ 4 n4/3772/3> no®) n2+o(1)

Table 1: Comparison of our result and previous results for simulating the plane-wave-basis elec-
tronic structure with n spin orbitals and 7 electrons. We use O (+) to suppress polylogarithmic
factors in the gate complexity scaling.

Therefore,
2/3

n 1/p
=0 ((772/3 + n1/3772/3> (n2/3771/3) > (14)

steps suffices to simulate for a constant time and accuracy with a pth-order Trotterization.
Implementing each step using the approach of [54, Sect. 5] and choosing p sufficiently large,
we obtain the gate complexity

n®/3 4/3,2/3 ) _o(1)

Up to the negligible factor n°M) | this improves the best previous result in second quanti-
zation while outperforming the first-quantized simulation when n = 772_0(1). See Table 1
for a gate-count comparison. We discuss this in detail in Section 6.1.

We also consider applications to the Fermi-Hubbard model, which is believed to capture
the physics of some high temperature superconductors. This model is classically challenging
to simulate [44, 88], but is a potential candidate for near-term quantum simulation [16, 17,
48, 66]. We have

H=—s Z (A}L-’JAkﬁ + AL’UALO) +v Z Nj70N"1, (16)
(4,k),0 J

where (7, k) denotes a summation over nearest-neighbor lattice sites and o € {0,1} labels
the spin degree of freedom. The Fermi-Hubbard model represents a lattice system with
nearest-neighbor interactions and, according to [22|, can be simulated with O (nl‘H/ p)
gates using a pth-order Trotterization for a constant time and accuracy. On the other hand,
recent work |28] shows that the Trotterization algorithm has gate complexity O (nan/ p)
when restricted to the n-electron manifold. By simultaneously using the sparsity of interac-
tions, commutativity of the Hamiltonian and information about the initial state, we show
in Section 6.2 that O (nnl/ p) gates suffices, improving both results for the Fermi-Hubbard
model.?

We conclude the paper in Section 7 with a discussion of the results and some open
questions.

3Note however that this does not significantly improve the approach based on Lieb-Robinson bounds
[33], since that approach has gate complexity O (n) when using a high-precision quantum simulation
algorithm as a subroutine.
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2 Preliminaries

In this section, we summarize preliminaries of this paper, including a discussion of the
Trotterization algorithm and its error analysis in Section 2.1, a brief summary of the
second-quantization representation in Section 2.2, and an introduction to the fermionic
seminorm and its properties in Section 2.3.

2.1 Trotterization and Trotter error

The Trotterization algorithm approximates the evolution of a sum of Hamiltonian terms
using exponentials of the individual terms. For the interacting-electronic Hamiltonian (1),
it suffices to consider a two-term decomposition H = T 4 V', as the exponentials of T and
V' can be directly implemented on a quantum computer. Then, the ideal evolution under
H for time t is given by e #H = e T+V)  which can be approximated by a pth-order
product formula .7, (t), such as the first-order Lie-Trotter formula

A (t) = e T iV (17)
and (2k)th-order Suzuki formulas [77]

_4;t _4 _4;t
yg(t) —e 12V€ ZtTe 22V7

(18)

Fo(t) 1= Fap—a(urt)® Fap—2((1 — dup)t) Sop—a(ut)?,
where uy, := 1/(4 —4"/(25=1)) This approximation is accurate when # is small. To simulate
for a longer time, we divide the evolution into r Trotter steps and apply .#p(t/r) with
Trotter error at most €/r. We choose r sufficiently large so that the simulation error, as

—itH

quantified by the spectral norm Hy;(t/r) —e , is at most e.

Trotterization (and its alternative variants) provides a simple approach to digital quan-
tum simulation and is so far the only known approach that can exploit commutativity of
the Hamiltonian. Indeed, in the extreme case where all the Hamiltonian terms commute,
Trotterization can implement the exact evolution without error. Previous studies have also
established commutator analysis of Trotter error for systems with geometrical locality [22]
and Lie-algebraic structures [74], as well as certain low-order formulas |76], including the
first-order Lie-Trotter formula

. t T1 . . . . .
5/1 (t) _ efth :/ dTl/ dr efz(tfﬁ)HefznTeszT [ZT,ZV] eszQTefznV (19)
0 0
and the second-order Suzuki formula

] t e 72 : T
F(t) —e M = / dT1/ de/ drs e it-T)H =igV
0 0 0

N emimT
( (20)

An analysis of the general case is, however, considerably more difficult and has remained
elusive until the recent proof of commutator scaling of Trotter error [27]. Here, we introduce
a stronger version of that result which can be proved as in [26, Appendix C| by combining
Theorem 3, 4, and 5 of [27] without invoking the triangle inequality.*

2

41t is essential to invoke a representation of the Trotter error where nested commutators have at most a
constant number of layers [27]. If such a representation were not used, Trotterization would have a worse
asymptotic complexity [83, Appendix BJ.
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Proposition 1 (Commutator representation of Trotter error). Let H =T + V be a two-
term Hamiltonian and #,(t) be a pth-order formula. Define Hy =V and Hy =T. Then,

) t T1 ;
p(t) — e~ tH :/ d7‘1/ dmy E a%j(ﬁ,Tg)e_’(t_Tl)H
0 0 .
o

Uy (11, m2) [H

Vp+17 "

(21)
T [H’Yz7 H%H %ij(Th 7—2)7

where vy € {0,1}P*! are binary vectors® and j goes through a constant range of numbers
(depending on the order p). Here, Uy j(T1,T2) and #4 j(T1,T2) are products of evolutions
of T and V' with time variables Ty and o and ay (71, 72) are coefficients such that

t T1
[ an [ an janim)| =0 (#71). (22)
0 0

As an immediate application, we find that the spectral norm of the Trotter error scales
with nested commutators of the Hamiltonian terms, i.e.,

|7t — 7| =0 (m |[Hoy . [Hoy H,T]| tp“) : (23)

Note that the use of max, in place of }_, does not change the scaling as -y only ranges
over a constant number of binary vectors. We then divide the evolution into r steps and
apply the triangle inequality to obtain

|7 ) —e | < vl Fit/r) - e = 0 (m.?x ozmriz e tpﬂ) |

rp
(24)
It thus suffices to choose

(maX’Y H [H7p+17 U [H’Yz7 HMH ||)1/p t1+1/p
el/p

r=0 (25)

to ensure that the error of simulation is no more than e.

The above analysis is versatile for computing the commutator dependence of Trotter
error. Unfortunately, the resulting bound does not use prior knowledge of the initial state
and will in particular be loose if the initial state lies within a low-energy subspace. On
the other hand, recent work of Jahinoglu and Somma proposed a Trotterization approach
for simulating low-energy initial states but the commutativity of the Hamiltonian was
ignored in their analysis [69]. Here, we address this by simultaneously using commutativity
of the Hamiltonian and prior knowledge of the initial state to improve the simulation
of a class of interacting electrons. We obtain further improvement when the electronic
Hamiltonian has sparse interactions. In the following, we introduce preliminaries about
the second-quantization representation (Section 2.2) and the notion of fermionic seminorm
(Section 2.3), on which our analysis will be based.

2.2 Second-quantization representation

In this section, we review several facts about the second-quantization representation that
are relevant to our analysis. We refer the reader to the book of Helgaker, Jgrgensen, and
Olsen [37] for a detailed discussion of this topic.

5We use bold symbols to represent vectors throughout this paper.
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We use the abstract Fock space to represent electronic Hamiltonians. Specifically, for
a system of n spin orbitals, we construct a 2"-dimensional space span{|co,c1,...,cn—1)}
spanned by the basis vectors |co,c1,...,cn—1), where ¢; = 1 represents that mode j is
occupied and ¢; = 0 otherwise. General vectors in the Fock space, denoted by |¢) or |¢),
are then given by linear combinations of these orthonormal basis vectors. We define the
n-electron subspace span{|co,c1,...,cn-1),2_;¢; = n}. By considering all 0 < 7 < n, we
obtain the decomposition

n

span{|cg,c1,...,Cn-1)} = @span{]co,cl, ... ,cn,1>,ch = 77}, (26)
J

n=0

where @ denotes the orthogonal direct sum. Using bold symbol ¢ to represent an arbitrary
fermionic configuration and |e| = >_j ¢; to denote the Hamming weight, we have

span {le)} = @ span {|e).le] = n}. (27)

n=0

We say that normalized vectors in the n-electron subspace form the n-electron manifold
and denote an arbitrary such vector by [iy,) or |¢y).
The n elementary fermionic creation operators are defined through the relations

j—1
A}L-|Co,cl,...,0j,...,Cn,1> ( )Zk:ock|60,01,...,1]',...,671,1), (28)
A}|Co,61,...,1j,...,Cn,1> :O
whereas the fermionic annihilation operators are defined by
Ajleo,cr,...,05,...,cn1) =0,
ijlc (29)
Aj|C0,Cl,-..,1j,...,Cn71> ( ) k=0 k|COacl,~~-70j,~~-70n—1>-

The use of t is justified by the fact that A;[ is indeed the Hermitian adjoint of A; with respect
to the inner product in the Fock space. We also introduce the occupation-number operators
N; = A}A]- and add them together to get the particle-number operator N = Z?;Ol N;.

Fermionic creation and annihilation operators satisfy the canonical anticommutation
relations

ATAL + AJAT = Aj A+ A Ay =0, ATA,+ ApAl = 6,1, (30)

where the Kronecker-delta function 4, is one if j = k and zero otherwise. Applying these,
we obtain the following commutation relations of second-quantized fermionic operators.

Proposition 2 (Commutation relations of fermionic operators). The following commu-
tation relations hold for second-quantized fermionic operators:

1. [A] A, Al] = 65mA], [A] Am, Ar] = —011Am;
2. [N AT] = 5ZJA (N1, A = =011 Ak;
[N AT] I, Ayl = — Ay

4. [Ny, Ny = 0.
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We say a fermionic operator is number-preserving if every n-electron subspace is in-
variant under the action of this operator. Equivalently, operator X is number-preserving
if and only if it commutes with the particle-number operator, i.e., [N, X] = 0. Yet an-
other equivalent definition is based on the notion of n-electron projections: letting II,, be
orthogonal projections onto the n-electron subspaces, then X is number-preserving if and
only if it commutes with every II,, namely, [II,, X] = 0. In the matrix representation, X
is block-diagonalized by the set of 7-electron projections {II,}.

A special example of number-preserving operator is the particle-number operator N,
which acts as a scalar multiplication by 7 within the n-electron subspace. Other exam-
ples include excitation operators A}Ak, occupation-number operators IV;, and elementary

o L . —ity i RAlA —it NN,
exponentials in the Trotterization algorithm e 25 Tk A AR ond e Dt omNitNm o
fermionic Fourier transform [29] as given below is also number-preserving:©

1 n—l1 2mijl 1 el ikm
FFFTT. Al.FFFT = — S e "n A,  FFFTT. A, FFFT = — Y e v A, (31)
J \/ﬁ g l \/’Tl Z: m
since
n—1
FFFT'. N .FFFT = Y FFFT!. Al . FFFT-FFFT!. 4; - FFFT
=0
’ (32)
1 n—1 n—1 2mig(m—1) ; n—1 ;
=— > |Xe | AAn=) A4 =N
I,m=0 \j=0 1=0

In fact, the set of number-preserving operators contains identity and is closed under linear
combination, multiplication, Hermitian conjugation, and taking limit.

Proposition 3 (Number-preserving operators as a closed unital {-subalgebra). The fol-
lowing operators are respectively number-preserving:

1. the identity operator I;
AX +uY, if X and Y are number-preserving, and A and u are complex numbers;
XY, if X and Y are number-preserving;

Xt if X is number-preserving;

A S

lim X;, if X; are number-preserving and the limit exists.
1— 00

2.3  Fermionic seminorm

We now introduce the notion of fermionic seminorm, which we use to quantify the error
of the Trotterization algorithm that takes the prior knowledge of the initial state into
consideration.

For any number-preserving operator X and 0 < n < n, we define the fermionic n-
seminorm as the maximum transition amplitude within the n-electron manifold:

X||, ;= max X , 33
X[, = max (X i) (33)

5This can alternatively be proved using the fact that the fermionic Fourier transform is generated by
the fermionic swap and Hadamard gate [6, Appendix I], both of which are number-preserving.
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where [,), |¢,) are quantum states containing 7 electrons.” When there is no ambigu-
ity, we drop the dependence on 7 and call || X HT7 the fermionic seminorm of X. As the
name suggests and the following proposition confirms, the fermionic seminorm is indeed a
seminorm defined on the closed unital {-subalgebra of number-preserving operators.

Proposition 4 (Seminorm properties). The following properties hold for the fermionic
seminorm:

1 |[AX]], = (AL X, if X is number-preserving and X is a complex number;
2. | X + Y|, <X, + IY],, if X and Y are number-preserving;

S| XYll, < [IX1[, [IY]l,, if X and Y are number-preserving;

4. 1, =

5. [UXW|, = [|X]|,, if U, X, W are number-preserving and U, W are unitary;
6. HXTH = || X||,), if X is number-preserving.
n

Proof. We will only prove the third statement, as the remaining follow directly from the
definition of the fermionic seminorm. We consider

XY|, = XY
XY, ¢II§ET§>|<¢17| 1)

"’17"7

= max XII 1LY

(6| XTI T Y [oy)| (34)

< mae [T, X6 | max |11, )
n

én)

where II,, is the orthogonal projection onto the 7-electron subspace and the last step follows
from the Cauchy-Schwarz inequality. To proceed, we optimize over an arbitrary state |p)
to get

[0 X1 | = e eI, 16|

@
—HllaXHHn\so II‘|| L, X éy) (35)

1L, [
< foun = |IX]l,

assuming II,|p) # 0, as the case II,|p) = 0 never leads to maximality. But on the other
hand,

X, = X" = max Xt
11, = |XT] = max[tonl X7l
= max II XT’QZ)
) leom) (enlHn X ”>‘ (36)
< max |{@|I, X |eh,)| = max ||[TT, X T|¢
|¢n>,|so>)< X ”>‘ b H nX1en)
implying maxys, , |11, X|¢,)|| = | X[, Similarly, we have maxy, ) [TL,Y |} = [|Y]],.
This completes the proof of the third statement. ]

"Note that it is possible to extend this to define [Ill, ¢ for operators that map the n-electron subspace
to &-electron subspace, although this is not needed in our analysis and will not be further pursued here.
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The fermionic seminorm, as defined in (33) by the maximum transition amplitude
within the n-electron manifold, provides a reasonable metric for quantifying the error
of digital quantum simulation with initial-state constraints. Indeed, a seminorm similar
to our definition was used by Somma [73| for analyzing quantum simulation of bosonic
Hamiltonians. However, we point out that this is not the only error metric that takes
the prior knowledge of the initial state into account. Recent work [69] analyzed the low-
energy simulation of k-local frustration-free Hamiltonians by computing the spectral norm
of Trotter error projected on the low-energy subspace. However, the following proposition
shows that these two error metrics are the same for fermionic systems.

Proposition 5 (Fermionic seminorm as a projected spectral norm). For any number-
preserving operator X, it holds that

1X1,, = max [{hy| X[th)[ = [| XTIy (37)
), |6n)

Proof. The underlying idea behind this proposition is already hinted in the proof of Propo-
sition 4. We have

max ‘(qﬁn‘XWnH: max |<¢77\H,7XH77\¢77>\

[Yn),l¢n) [Vn),lén) (38)
< max [(6[T1, XL, [)| = [|IT, XTI, | .
[¥)|9)
But on the other hand,
I, XTI, || = ma II, XTI
H 7 n” lwg)lw 7 n‘¢>|
(PIL, o IIy[¢)
= max ||IL,|o)|| || 1L, |% X 39
= i Ml IO s X T o (39)
< max X
< |wn>,\¢n>|<¢"| |vm)]

assuming II, |¢) # 0 and IL,|¢) # 0, as the zero vector will not lead to maximality. The
proposition then follows since number-preserving operator X commutes with the n-electron
projection II,,. O

Another common approach to quantify the error of digital quantum simulation is to
take the maximum expectation maxiy, y[(¢y| - [¢y)| within the n-electron manifold. This
approach is used by previous work [6, 28, 65| and appears to give a natural metric when
digital quantum simulation is used as a subroutine in phase estimation. We show that this
only differs from our definition (33) by at most a constant factor, reaffirming the fermionic
seminorm as a proper error metric for simulating fermionic systems.

Proposition 6 (Transition amplitude and expectation). For any number-preserving op-
erator X, the following statements hold:

1. maxiy,) (o, [(On] X [Un)| = maxy,y [(n| X|ty)], if X is Hermitian;

2. maxy, ) 16, (| X [Pn)]| = maxy, y /(| XTX|thy) (equivalently,

3. maxjy,, |(¥y| X [vhy)] < maxjy,) 16,y (6| X[vn)] < 2maxy, ) [ty X]en)].°

Xtx| = 1X15);

8Note that the second inequality is tight by considering X = AI)Al on a fermionic system with two spin
orbitals and one electron.
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Proof. The first statement follows from the fact that II, X1l is Hermitian and that the
spectral norm of a Hermitian operator is its largest eigenvalue in absolute value. For the
second statement,

max  |(¢y| X[¢n)| = [[X[|,, = [ XTL, | = /[T, XTXTLy || = max /(| XTX[¢h).  (40)
).l [én)

The first inequality of Statement 3 is trivial. For the second inequality, we apply the
polarization identity

(0l X b = 7 ((al + a) X (190) + [90)) — ({0l = () X (160) — b))
— i (&gl — i) X (I6g) + ilton)) + 1 (Dg] + i{ugl) X (1) — i) )

(41)
to obtain
[{&n| X )]
maxj,,) [(n]X|en)| . .

< ——2 2T () + )P+ 1) = [l + ) + il I + liga) — )
= 2max |{py| X|en)|

ln) (42)
from which the claimed inequality follows by maximizing over states |¢,,) and |¢,). O

We now apply Proposition 1 to compute the fermionic seminorm of Trotter error,
obtaining

|7 =] =0 (m,,ax [y [Ho HoyJ1 tp“) - (43)

We find that the resulting error bound depends on the fermionic seminorm of nested
commutators, and the performance of digital quantum simulation can thus be potentially
improved by simultaneously exploiting commutativity of the Hamiltonian and prior knowl-
edge of the initial state. However, the main difficulty here is to give a tight estimate of
[ [H7p+17 - [Hyy, Hy, Hn’ which seems technically challenging to address. To this end,
we develop two approaches for bounding the expectation/transition amplitude of general
fermionic operators in Section 3 and Section 4 and prove our main result Theorem 1,
establish the tightness of our bound in Section 5, and discuss applications and further

implications of our result in Section 6 and Section 7.

3 Recursive bound on the expectation of fermionic operators

In this section, we present our first approach for bounding the expectation of fermionic
operators, and thereby bounding the fermionic seminorm of Trotter error. We introduce
in Section 3.1 the main techniques used in our approach, including an operator Cauchy-
Schwarz inequality, a diagonalization procedure, and a Holder-type inequality for the ex-
pectation value. We then describe our approach in detail and apply it to prove Eq. (2) of
our main result Theorem 1. The proof is based on induction: we analyze the base case in
Section 3.2 and the inductive step in Section 3.3, respectively.

3.1 Main techniques

Recall that the main technical challenge to estimate the simulation error of the electronic

Hamiltonian (1) is to bound the fermionic seminorm ||[H,, - - - [Hy,, Hy,]] Hn’ where 7v; =
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0,1, Hy =V and H; = T. Applying the commutation relations in Proposition 2, we see
that we need to analyze a general fermionic operator of the form

X:ij,k,l ...A;{x...le...Ak

, (44)
ikl

Our first approach starts by reexpressing the fermionic seminorm of X using the ex-

pectation of XTX:
1X1],, = maxy/ (Y| XTX|ty). (45)

[tbn

We note that XTX is a positive semidefinite operator, and an upper bound of it with
respect to the partial ordering of positive semidefiniteness will therefore give a bound on
the expectation value. We achieve this by contracting the corresponding indices in X and
X', using either an operator Cauchy-Schwarz inequality (Lemma 1) or diagonalization
(Lemma 2).

Lemma 1 (Operator Cauchy-Schwarz inequality [61, Proposition 3.4]). For any finite
lists of operators {B;} and {C;} with the same cardinality, we have

- S Bicic,B; < Y Bicic;B, <. Bicic,B;, (46)
j7k j’k j7k

where Hermitian operators are partially ordered according to the positive semidefiniteness.

Proof. We have

0< Y (CwB; FC;By,)' (Ci.B; F C;By)

j?k
= > (BiCiCiB; ¥ B{CICkB; ¥ BIC|C;By + BC]C; By, (47)
j?k
=2Y BlC[CyB; 72 BiC]C;By.
j7k ]7k
This implies
+ 3" Blcic;B, <Y BlcjciB;, (48)
ik k
from which the claimed inequality follows. O

Lemma 2 (Diagonalization). For any finite list of operators {B;} and Hermitian coeffi-
ctent matriz p, we have

—ul X= BiB; < 3 ujnBiBi < lull Y- Bl B;, (49)
J 3k J
where Hermitian operators are partially ordered according to the positive semidefiniteness.
Proof. Since p is Hermitian, we may diagonalize it to g by unitary transformation w as

1= w' fiw, (50)

where f is a diagonal matrix with all eigenvalues of p as the diagonal elements. We then
define By := ", w; By, so that

> ,uj,kB]TBk =y uB/ B, (51)
I 1
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which implies

— |lul ZB*Bl <> 1iuBIBy < | ZBJBl (52)
7.k

But >7; é;gl has identity as the coefficient matrix which is invariant under a change of

basis: o
S BfB =) B!B;. (53)
l J
This completes the proof. O

By applying Lemma 1 or Lemma 2, we can get a bound of XTX with respect to the
partial ordering of positive semidefiniteness, with one pair of the corresponding indices
in X and XT contracted. Indeed, these techniques were used by Otte to establish the
boundedness of quadratic fermionic operators in infinite-dimensional Hilbert spaces [61].
However, the difficulty here is that we need to handle more complex products of fermionic
operators in the Trotter error estimate. To this end, we prove a Holder-type inequality for
the expectation value, which allows us to apply Lemma 1 and Lemma 2 recursively to get
a desired bound.

Lemma 3 (Hoélder-type inequality for expectation). For any finite lists of fermionic op-
erators {B;} and {Cy} with the same cardinality,

max (tn] ZBTCTC Bjliy) < max wn! Z ]!1/17; (Gﬁg\c Crlde), (54)

where we assume B; map the n-electron subspace to the §-electron subspace and C; are
number-preserving. In terms of the fermionic seminorm, we have

"ZB}C}CijHn < HZB;Banm]?XHCZCkHé. (55)
J J

Proof. The claimed inequality follows from

H ZB}C}CijHn = ZB]THgCJCjﬂsBan
J J
< | X |mecio;me| B)B;
! ! (56)
< ZB;BanmI?XHflgC;;C’kﬂgH
j
- ZB;BanmkaxHC’,];Cng.
j
O

Using the above lemmas, we can now prove Eq. (2) of our main result Theorem 1 by
induction. We analyze the base case in Section 3.2 and the inductive step in Section 3.3.
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3.2 Single-layer commutator

We now prove Eq. (2) of our main result Theorem 1 by induction. In the base case, we
consider simulating the interacting-electronic Hamiltonian (1) using the first-order formula
Z1(t). We know from (19) that

_~ t?
| @) e | < SVl (57)
n= 2 K
where T'= 3", TjJ{;A;Ak and V' =37 . Vi mNiNp,. Our goal is to show that

1TV, = © (171 1 ) - (58)

To this end, we apply Proposition 2 to expand the single-layer commutator [7T', V] into
linear combinations of fermionic creation, annihilation, and occupation-number operators.
We have

[T,V = " jvim [ATAg, NN,

7.k, lm

= > Tt Al A, NN + Y Tiktim [A},Nsz] A

J k7l7m j7k7lzm (59)
= e AL AN, + 3 T ATN A

JskVkm; Ak IV m T5.kVLk Gk

j7k7m j7k7l

— Z Tj,kyj,mA;NmAk — Z ijkI/lJNlA;f-Ak.

j’k’m j’k’l

At this stage, it is possible to directly bound the terms in the last equality using Lemma 1,
Lemma 2, and Lemma 3 from the previous subsection. However, we will further com-
mute the occupation-number operator in between the creation and annihilation operators,
obtaining

[T,V] = ZTjkyk'mAN Ak+ZTJkakAAk+ZTkalkA N Ay

Jik,m 4.k 4.kl (60)
. T AT ‘ gt
B Z Ty kVjm A N Ay, — ZTLWJ,JAJ‘A/% - Z kv, A NI Ak
Jikm 3k .k

This additional commutation leads to an error bound with the same asymptotic scaling
but a slightly larger prefactor. The benefit is that the analysis can be directly extended to
handle the inductive step in the next subsection.

Proposition 7 (Structure of single-layer commutator). Let H = T+V =7, Tj7kA;Ak+
> 1m Vi;mNiNm, be an interacting-electronic Hamiltonian (1). Then, the commutator [T, V]
has the expansion

[TV ZT]kamAN Ak+ZT]kakA Ak+ZT]lekA N AL

7.k,m 7.k 7.kl (61)
- Z Tj,ij,mA}NmAk - Z Tj,kl/j,jA;[Ak - Z Tj,kVZJA}NlAk.
j7k“7m ]7k j1k7l

It is worth noting that the above six terms from the expansion of [T, V] share a similar
structure. Specifically, they all consist of creation operator A , annihilation operator Ay,
and (possibly) occupation-number operator N;, with one coeﬂicient matrix 7 and one
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-
v v
(m) 7 )
(8) 2 o Tk Ve AT N Ay, (b) 32, 4 Tae kAL A (©) Y0, s TakL AT N AL
() (D))
T
4 v
(m) 7 ()
(d) Zj,k,m Tj,kl/jymA;NmAk (e) Zj,k ijkl/j’jA;r-Ak (f) Zj,klej,le,jA}NlAk

Figure 1: Graph illustration of the expansion terms from the single-layer commutator [T, V]. Here,
vertices in the graph denote the indices in the summation and edges represent the coefficients. Note
that the graphs can be made directional so that they are one-to-one corresponding to fermionic
operators, although this is not needed in our analysis and will not be further pursued here.

matrix v. The main difference between these terms is that the coefficient matrix v is
acting on different indices. See Figure 1 for a graph illustration of this structure.

We now bound the asymptotic scaling of the fermionic seminorm for each of the six
terms in the commutator expansion.

Proposition 8 (Fermionic seminorm of single-layer commutator). Let H = T +V =
>k ijkA;Ak + 2 1m VimNiNm be an interacting-electronic Hamiltonian (1). Then,

1| Sskm ik m AN A< 1 e 7
2 Sk A Ak < U7

3 DOMNE AW (R N

4 || Tk m AT N A | < 71 1

5|2k Tj,ij,jA;Aan < 7l max 75

2
maxn .

6. [ mamsATNAL| < IirlI]

Proof. We present the proof of the first two statements here. The remaining justifications
proceed in a similar way and are left to Appendix A.
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Letting X =325 Tj,kl/k,mA;‘NmAkv we have || X||, = /| XTX],. Now,

XX = Z Tj1 k1 Vi ma T ke sz,m2ALINm1Aj1A;[2Nm2Ak2

Ji,k1,ma,52,k2,me

— =5 , t
= Z Tj1 ke Yy ma i ko Vi mo Agg, Ny Nimy Ay (62)

Jr,k1,ma,ka,me
- Z Tj1 k1 I;klymlTijQVk?%mQAlzl N, A;‘QAlemzAkz’
Ji,k1,m1,92,k2,m2
where 7, 1, is the complex conjugate of 7, , and we have used the anti-commutation rela-
tion Alej-2 —|—A;r-2 Aj = 0j, j,I. For the second term, we let B;l =D kymy Tikr Dkl,mlAl];le1
and apply the operator Cauchy-Schwarz inequality (Lemma 1):
- Z 7:]'171431 ’;k‘lymlsz,kaQ,mQAchl Nm1A}2A]’1 ngAk;g
Ji,k1,ma,52,k2,m2
_ T gt 7ot _ T
== D BjALAB, < ) B ALARB; = B NBj;
J1,J2 J1.J2 7
_ = T
= Z Z Tj1,k1Vk1,m1Tj17k2Vk27m2Ak1leNNm2Ak2 (63)

J1 ki,mi,ka,me

_ — — T
- Z Z Tj1,k1 Vkl,mlTijszz,mzAkle1Nm2Ang

J1 ki,mi,ka,me

- - T
- Z Z Tj1,k1 Vkl,mlle,kzykmmzAklNm1Nm2Ak2'

Ji ki,ma,ke,ma
This implies
xTx < Z Z 77_j17/€117/€1,m17_j1,k2sz,TnQALleNmzAkzN

J1 ki,mi,ka,mg
(64)
_ _ . i
Y (S (zukl,mlAklel) (ZVWNMA@)N.
ki,k2 \ J1 m ma

Note that >, 7j, k Tji k, gives the (ki, k) matrix element of 717, Then, we define
C’,L =Y EkhmlALlel and perform diagonalization (Lemma 2):

Z Z Tjy k1 T ke (Z Vky,ma AITQ Nm1> (Z VkQ,msz?.A/W)
my

ki,ka \ J1 mao

—k§2 (TTT)kl,kg CIZIC]@ < ‘

:HTTTHZ Z ﬂklvmlyk17m2A1];1Nm1Nm2Ak1.

k1 mi1,m2

TTTH > C,ilel (65)
k1

Now that the indices k1 and ko are contracted, we can apply the Holder-type inequality
for the expectation value (Lemma 3). To this end, we let D;Ql = >y Yk1mi Nm, and
compute

Z Z ﬂk1,m1Vk17m2ALNM1NM2Ak1 = ZALDLDMAM
k1 mi,m2 n k1 n (66)
<[>0 AL A || max DL Dy |
k1
n
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The first factor can be directly bounded as

S AL A | =Nl =n (67)
k1 n

For the second factor, we have

t . _ . _
Dleklf Z Vk17m1Vk1,m2Nm1Nm2* Z Vk17m1yk1,m2Nm1Nm2Nm1

mi,Mm2 mi,m2 (68)
2 2 2
S ||V||max Z leNmQle = ||V||maxN ’
m1,ma
which implies
2 2
|DLDw |, < Il (69)
Combining (64), (65), (66), (67), and (69) establishes the first statement.
For the second statement, we let X =3, ijkuk,kA}Ak and compute
X'x = Z Tj1 ka1 Dkl,lﬂTj2,k2yk2,k2A1];1Aj1A;r‘2AkQ
J1,k1,52,k2
= Z 7__]'1,161 ﬂk1,lej1,k2Vk27k2AL Akz - Z 7__j1,k1 ﬂkl,lejQ,MVkmsz};l A;['QA]i Akz'
Ji,k1,ke J1.k1,52,k2
(70)

Applying Lemma 1,

T - — ) 1 —. - . Togt .
X'X < Z TJ1J€1Vkl,lejl,kzl/kz,szklAk2 + Z TJ1,k1Vkl,lejl,kzyk27k2Ak1Aj2AJ2Ak2
Ji,k1,ko J1,k1,52:k2
_ = 5 . T = ) i
= Z Tj1,k1Vk1 k1 Tj1 ko ng,k?Akl Ag, + Z le,k1Vk1,k17-31,k27/k27k2‘4k1NAk2
Ji,k1,k2 J1,k1,k2

_ = = ) T
= Z Tj1,k1Vk1 k1 Tj1,ko Vk27/f2Ak1 A, N
Ji,k1,k2

_ = - T
- Z Zle,k’lleka Vk17k1yk2,k2Ak1Ak2N'
ki,k2 \ J1

(71)

Performing diagonalization using Lemma 2, we have

2 _
XTx < HTH ZykhklykhhALlAklN' (72>
k1
Note that we could directly bound the above operators as |7|> HV”fnax N? and thereby
complete the proof. But we choose to instead apply Lemma 3 so that the analysis can
then be directly extended to analyze multilayer nested commutators. We have

2 — 2 —
X< 12D v i AL A N || = 17120 P s AL, A
! k1 n k1 n
(73)
2 ~ 2 2
< [I717 n|[>_ AL, Ax, e [ Zey gy Vi o Ty < 7 120 7
k1
n

The proof of the second statement is now completed. See Appendix A for the proof of the
remaining statements. O

Accepted in { Yuantum 2021-06-03, click title to verify. Published under CC-BY 4.0. 21



3.3 Multilayer nested commutators

We now analyze the error of simulating the interacting-electronic Hamiltonian (1) using a
general pth-order formula .7,(t). We know from (43) that

Hyp(t) 7ltHH =0 (max H [ Yp+10 T [H727H’71H HW thrl) ) (74>

where Ho =V =3, vimNi Ny, and H1 =T =3, ijkA}Ak. Our goal is to show that

|Hopr o (E D), = O (U4 1 e Il ) (75)
for each multilayer nested commutator [H% s [Hyy Hyyl)

To this end, we assume that [H, ,,, -

ij,k,l"'A}m"'le"'Aky"' (76)
ikl

[Hyy, Hy, ] is expressed as a fermionic operator
of the form

and analyze its commutator with either 7" or V. For the commutator with T', we have from
Proposition 2
AlAy, AT | = 045,40 [ATA, Ay | = =0k, Ak, [ATAR, NL| = 00, AT A, =65, AT Ay

(77)
To develop some intuitions about these commutations, we introduce the notion of fermionic
chain, which refers to a product of fermionic operators that has a creation operator on the
left and an annihilation operator on the right. Then, the above commutations either extend
an existing fermionic chain (in the case where commutator is taken with AL or Ay,), or
create a new chain (in the case where commutator is taken with N; ). On the other hand,
we also apply Proposition 2 to compute the commutator with V:

[NINw, Ak, ] = —6m ke, NiAk, — 61k, Aky Non = =0 e, N1 Ak, — 5l,kszAkz - 5m,kz(5l,kmAkz-
(78)
Unlike the commutator with 7', these commutations do not extend an existing chain or
create a new chain. Rather, their effect is to append occupation-number operators to an
existing chain.
We now apply (77) and (78) iteratively to expand a general multilayer nested commu-
tator [H,, ,,- - [Hy,, Hy]]. We summarize the structure of the resulting operator in the
following proposition.

Proposition 9 (Structure of multilayer nested commutators). Let H = T+V = >, Tj7kA;-Ak+
>t YmNiNy, be an interacting-electronic Hamiltonian as in (1). Then, each nested
commutator [H., - [Hy,, Hy ] where Hy =V and Hy =T is a linear combination of
fermionic chains:

X = Z H Tie ke H Okys1 o - A H (HB zy HCx z) A, (79)

3.k z=1

for some integer ¢ < p. Here, we have By, = > v, Ny, >0 ViemBNm, Vj, .1 and
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(50)
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Figure 2: Graph illustration of the fermionic chain X = Zj,k Tjo ks Oks ;lejlxklA;2 Co,1B1,1 A, with
C3,1 = Vky ky- Here, By = Zj’,k’ ﬁLgTjé’kééké’jiTj{,kiA;féBéleé’lAki is a fermionic subchain with
Br2 = v g Boy = > pve Ny and Cpq = 37 Vg s Nims. Vertices in the graph denote the
indices in the summation, whereas edges represent the coefficients. We color a vertex if there is no
fermionic operator corresponding to this index (due to taking nested commutators).

Crz = 2 Vka NI 2 ko ;mWNms Vg k. L, or they define fermionic subchains:

q-1 q
.|.
7y_z’6$$oHT]/kl H k/+17]/.Aj',H HB:ByH /2’ Ak’17
K d
p (50)
xz - Z sz H ”//:k//// H 5k////+173 " A;//,, H HB/ " H CC// ” Aklll
3§ Kk =1 T =1 y"

The definition of fermionic subchain is similar to that of the fermionic chain, except we

have Bz = vy for some x(y < ¢’ and x,, o = Vi ks Vky g or

]/Jz’ v J//,

Guidyy 2 Vi oder Viekl,
0

Vi!, ks Via K, for some x( < q” 9 See Fzgure 2 for a graph illustration of thzs structure

Furthermore, there are at most 6Pp! fermionic chains in each [H. .- [Hy,, Hy]]."°
Within each chain, coefficient T appears |y| times and v appears p+ 1 — || times, where
Iy :=>2 pﬂ Vs. All By, Cy . and hence the entire chain are number-preserving.

Proof. We will analyze the structure of multilayer nested commutators by induction. In the
base case where p = 1, we have [H,,, H,,| = [T, V]. This commutator has the expansion
(61) with six terms, each of which is indeed a fermionic chain and number-preserving,
containing coefficient 7 and v each once. This completes the proof of the base case.
Assuming the claim holds for the nested commutator [H.,, . ,,---[H,,, H]], we now
consider the structure of [H,, ,,---[H,, Hy]]. By induction, this nested commutator is

9For readability, we have omitted the dependence of j,k,j’,k’,5” k" in the definition of fermionic
chain and subchain. When written in full, operator By, = By (j,k) will depend on j,k and similar
modifications apply to other operators.

10The exact number of fermionic chains does not matter as long as it only depends on p.
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a linear combination of

S 17 H St - [1241) 11 (HB JII¢ ) Ay

j.k z=1 =1

q
Z H T]z,kz H 5k;¢+17]z ’ A;r'q H < [Ta Bm,y] H Cﬂc,z) Akl,
j.k z=1 z=1 \y z

q q—1 (81)

H Tju ke H 6kx+1,jz : A}q H ( B, y H [Ta Cx,z]) Ak‘17
.k z=1 =1 =1 Y z

q q—1 q

H ijkm H 5kz+1’jm : A;q H < Bﬂhy H Cx,z) [T7 Ak1] )
ik z=1 r=1 =1 Y z

and
q q—1 q
- ]T[lsz’kz qékw+17jz . |:‘/, A}q:| 1_[1 (H Bz,yHCx,z> Ak17

J.k z= = r= Y z

q q—1 q

H le‘ykﬁf H 6kz+l7jac ’ qu H (H [V’ B:t7y] H CI,Z) Ak17
i,k z=1 r=1 =1 Y z

q q—1 (82)

H Tja ka H 6kz+17jx ’ A}L'q (H z,y H [V CI z Ak17
ik =1 =1 z=1 Y z

q q

H Tja ke H 6k’1‘+17]$ ) A;r‘q H (H By H Cx,z) [V, Ag,] .
gk x=1 =1 Y z

In each case, we see from (77) and (78) that the result is again a fermionic chain. Specif-
ically, commutators [T , A}q} and [T, Ag,] increase the “length” of the current fermionic
chain from ¢ to ¢ + 1; commutators [T, B, ,] and [T, C, .] either create a fermionic sub-
chain or give the zero operator, or they can be computed recursively when B, and C, .
are fermionic subchains; commutators {V, A}q] and [V, Ag,] do not increase the length ¢
of the current fermionic chain, but they increase the number of B, , and C, . by one;
commutators [V, B, .| and [V, C; ;] either give the zero operator, or they can be computed
recursively if B, , and C, . are fermionic subchains.

Each application of commutation rules (77) and (78) increases the number of terms
by a factor of at most 3. The nested commutator [H,,,,,---[H,,, H,,]| contains products
of at most 2(p + 1) elementary fermionic operators, giving at most 6p+1(p + 1)! terms in

total. Meanwhile, the number of 7 or v increases by one depending on whether H,  , =T
or H,, , = V. The claim about the number preservation can be verified directly. This
completes the inductive step. O

Proposition 10 (Fermionic seminorm of fermionic chain and subchain). Let H = T+V =
>k Tj’kA;Ak + 21 m VimNiNm, be an interacting-electronic Hamiltonian (1). Then, we
can bound the fermionic seminorm of the fermionic chain X in (79) as

L) w

X0, < Il I T (Hmaqu sy Tl
r=1

Accepted in { Yuantum 2021-06-03, click title to verify. Published under CC-BY 4.0. 24



whereas fermionic subchains By, Cy . in (80) can be similarly bounded as

q/
IBrally < 171 [ T (Hn;,axuBz/,y/Hn_lHn;,axuox/,z/un_l) ,
/ ./ !’ ./

‘/13,7

(84)

11
// 1 // k H

ICaglly < I 12y 7 H (l_[mstXHBawy”H77 [T || Car 2], 1)-

Proof. We will prove this bound using Lemma 1, Lemma 2, and Lemma 3 in a similar way
as in Proposition 8. Specifically, we write X = qu A;-q Dj,, where

Z H Tjaz ka H Okay1 .o * H (HB ,yHCx z) Apy - (85)

]1, ., =1 r=1
Jq 17’9

Then,

Ty — T a. Al . ,
XX = Z qu1 Jai qu -7‘12 Z Jql Jql Z D ]qg ] D]q2' (86)

Jay+Jao Ja1 Ja1sJaz

Applying the operator Cauchy-Schwarz inequality (Lemma 1), we obtain

1 T T
X'x <>l D, + Y DI Al 4;, D; =% D! D; N (87)

- L= Jar* “Jag
Ja1 Ja1>Jaz Ja

Next, we write D;, = [[, Bg,yEj,, where

Z H Tjz ke H 5kx+17]z H Cq z H (H Bm,y H Cx,z) Akl- (88)

]1» o T= 1 z=1
]q 1,k

Invoking the Holder-type inequality for the expectation value (Lemma 3), we get

1X1, = /IXTX], <7 JHZ Do <0 JHZ

Hmax 1Bg, yHn 1

(89)

Jay Ja1

We now write £, = qu Tjakq Py Where

A= Y HHa H%H(HBz,yHOz,z) Ao (90
y z

J1yesdg—1, =1 =
ki,....kg—1

Then,

t _ _ f
> B Fin = 2 (Zqul,kqlqul,kQ) By Fay - (91)

Jay kq1 vqu jQ1

We perform diagonalization using Lemma 2, obtaining

Z El Bj, < HTTTH kz Fl Fy,. (92)

Jay
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Next, we write Fy, = [[, Cg,.Gy,, where

G= Y Hmmn%wfnﬁwwngg% 93)

J1yeesdg—1, =1 z=1
ki,....kq—1

Invoking again the Holder-type inequality for the expectation value (Lemma 3), we get

11, < 712 || 2 Gl G, TmaxliBayll, - [Tmax 1Cocll, - (9)
kq Yy z

Note that we can write Gk, = >_; | Ok,,j,-, Hj,_, with

0 = Y H%MH%M,HQPMH@QMU (95)

J1seesJg—2, T=1 z=1
k17 7k5q 1

which implies

S GlLGy,=> Hl H . (96)
kq

]ql

We can now iterate this procedure ¢ times to get

H (H max || By yll, 4 erkax HCx,Z||n_1>
" Jx > z
q
Il I (Hn}ax B2y, [ max ||cx,z|rn_1> .
=1 y x P T

This completes the proof of (83).

Essentially the same argument can be applied to bound the fermionic seminorm of
fermionic subchains. The only difference is that we have additional coefficients [, ;s in
B, , and respectively Xz,zy 0 Cy,.. But their indices will be contracted in the z{th and
zgth iteraction of the above analysis and the coefficients can then be bounded by |||,
which completes the proof of (84). O

1X1, < lI717 02 HZA Ay,

(97)

We now apply Proposition 9 to expand each nested commutator [va PR -[H,,, Hy ]]

into fermionic chains and use Proposition 10 to bound their fermionic seminorm. T he
factors are already bounded by their spectral-norm ||7|| in Proposition 10. To proceed, we
need to further bound each [|Byyll, ; and [|Cy||, ; separately. We have!!

H > VZJINZH \/H D Uiy iz g Nu Nl |
-1
1
H Zij,mNmH 1 = H Z Djmlvmlij27m2Nm1Nm2
m K m1,ma n=

Voo =1 < 11Vl max

LS W lax 1,

(98)

1 S ”l/Hmax 777

" Note that one could also diagonalize the coefficient matrix v'v and get a bound in terms of ||v||. How-

ever, such a bound will be loose for the electronic-structure simulation and will not be further considered
here.
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for B, , and similar estimates hold for C, .. In the case where B, , or C, . creates a
fermionic subchain, we can estimate recursively using Proposition 10. In particular, we
will introduce a factor of ||v||,.. 7 each time a subchain is created.

We know from Proposition 9 that the number of 7 factors in each chain agrees with the
number of H; = T in the nested commutator, whereas the number of v factors coincides
with the number of Hy = V. Since the number of fermionic chains is at most 6Pp!, we
obtain the bound

|+ [ H ], = O (717 012 )~ ) (99)

Here, we have 1 < |y| < p as [T,T] = [V, V] = 0. This completes the proof of Eq. (2) of
our main result Theorem 1.

4 Path-counting bound on the expectation of fermionic operators

We now present the second strategy for bounding the expectation of fermionic operators,
and apply it to estimate the fermionic seminorm of Trotter error. Recall from (43) that

|3t = 7] = 0 (a1 2, 7). (100)

where Hy =V =33, ymNiNim, Hi =T =32, 7, kA Ay, and v; € {0,1}. Hence to ana-
lyze the Trotter error, it suffices to bound the fermionic seminorm |[Hypors - [Hoyy Hy ] H
We develop a general bound on this quantity in Section 4.1 based on a path- countlng
technique. We then use it to analyze the simulation of d-sparse interacting electrons in
Section 4.2, proving Eq. (3) of our main result Theorem 1.

It is worth noting that our approach can also be adapted to establish (9), a bound
slightly weaker than our main result (2) but sufficient for our applications. See Appendix B
for details.

4.1 Path-counting bound

We start by bounding the transition amplitude between any two states in terms of the

expectation value. Since [H,, ,,,---[H,,, H, ]| is antihermitian, we have
[[Hopirs e [Han, Hay ] Hn = II%%X’ Unl [Hypyrs o [Hons Hy )] [90n)] - (101)

We now aim to bound the expectation

’ - ’ wn [ Yp+10 " [H727H71]] WWH (102)

for any |¢). To this end, we first expand |1,)) as

)= D> ade), (103)

ce{0,1}7,Je|=n

where ¢ is a conﬁguration With 7 electrons, and the number of ones in ¢ is given by the
Hamming weight |¢| = J 0 ¢;. Using the notation

W=v, pl=71, HY=N;Ni, H})=AlA, (104)
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we expand everything to get

- 7 5.
(X)| = ‘ Z Z Zzo‘mo‘czﬂﬁfw ...,u;llkl (e1] |:H-jpp:11kp+l’ . {H;YZQ%,H];M” lca)

Jp+1:kpt1 Jik1 €1 €2

(105)

1—
< I IR ST S ag | o, |
C1 C2

. Xk: )...(zk:> ‘<c1| {H};:kpﬂ,... [HJTY;;Q,H%HQH c2)
Jp+1,Rp+1 J1,M1

)

(106)

where ¢1, ¢ are configurations with 7 electrons, and (j, k) only sum over indices such that
the corresponding ,u}k # 0 (either 7 or v depending on 7).
Using the commutation relations in Equation (77) and (78), we know that the nested

commutator [ij;:llkpﬂ, . {H};b, H}f]ﬁ]} can be written as a sum of
(1) ALLN LA (107)

for some a € {0,1} and a sequence of elementary fermionic operators. We call each term

P a fermionic path and write P > ( ;;’:fkpﬂ, . ,H;llkl) to mean P is one of the terms
in the expansion of the nested commutator. If the nested commutator evaluates to zero,

then we consider the set

{P such that P > (H.”’“ L HD )} (108)

Jp+1kpt1? » g1k

to be an empty set. One possible expansion of the nested commutator is presented in
Proposition 9. This allows us to make a further expansion to yield

(O <en D Y laalloel > -0 X > [{e1|Plez)],  (109)

Uptvkptn)  Guka) p (goesr g
Ipt1kpt1 J1k1

p+1—|y|

max

[l

masx |1V

where ¢, = ||7]| . We use the following proposition to characterize |(¢1|P|ez2)|.

Lemma 4. For any computational basis state |¢) where ¢ is a fermionic configuration,
and fermionic path

P=(-1) AL N A (110)
we have either Ple) is a computational basis state with some phase £1 or Ple) = 0.

Proof. The proof follows from a simple induction. For the base case, we have P = (—1)¢
without any fermionic operator, so Ple) is a computational basis state with some phase
+1. Now we consider the three cases: P = N;P', P = A,P', or P = A}P’. By induction,
we have P'|e) is a computational basis state |¢/) with some phase +1 or P’|e) = 0. The
latter is trivial. For the former case, we go through the following three cases.

o If N; is applied on |¢'), we check if site-] has an electron in configuration ¢'. If site-I
has an electron, then Nj|¢/) = |¢/); otherwise, N;|¢/) = 0.

o If Ay is applied on |¢/), we check if site-k has an electron in configuration ¢'. If site-
k has an electron, then Ag|¢’) will remove the site-k electron and add some phase
according to the rule in Equation (29); otherwise, Ax|¢’) = 0.
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o If A;- is applied on |¢’), we check if site-j has an electron in configuration ¢’. If site-j
does not have an electron, then A;f-\c’ ) will create an electron at site-j and add some

phase according to the rule in Equation (28); otherwise, A;|c' ) =0.
Therefore, Plc) is either a computational basis state with some phase +1 or Ple) =0. O

Corollary 1. We have that |(c1|P|eca)| is either 0 or 1. Furthermore, 3_, s |{c1|Ple2)| <
| Ple2)|| for any set S of configurations.

Next, we define a graph G = (V,€) where the vertices V are the second-quantized
configurations with 7 electrons, and the weighted adjacency matrix for the edges £ is

defined as
Weres = D, 0 D > [(c1|Ples)| . (111)

Gptrkp+1) (k) o (H”P“ " )
Jp+1kp+1’ 7 1k
The weight we, ¢, counts the number of fermionic paths that can take |ez) to |e1). Note
that this graph may contain self-loops (equivalent to we, ¢, > 0) as there are fermionic
paths that leave |e;) unchanged or simply add a phase of —1. We now define the degree of
Co as

Wey eo T Wey e

deg(ez) = > B (112)

c1
-y ¥ 3 3 [{c1|Plea)| + | (2| Pler)| (113)
o :
e (ptrkpr1) (k1) o (H“fp+1k o )
Jp41kp417 7 1k

|61PCQ>—|— 01PTCQ
vy ¥ > <rr\2\<r\>\ "

e Uptikpr) ok p (H-%Hk L )
Jp1kp417T a1k

Y 3 ”P’c2>”+2HPT’CQ>H7 (115)

Uptvkpr)  Guk) po (goesr g
Jp+1kp+1 J1k1

IN

which is equivalent to counting the number of fermionic paths that evaluate nonzero on
the initial state |e2). The last inequality follows from Corollary 1. We now introduce the
following lemma which relates the maximum degree and the quadratic form (109) we wish
to bound.

Lemma 5. For any real symmetric matriz w € R¥*¥ with nonnegative entries and nor-
malized real vectors v € RF with ||v]| = 1, we have'?

Zwi,jvivj S m?xZwm, (116)
i,J J

Proof. Let u; be an eigenvector corresponding to the largest eigenvalue A; of w with
|lui]| = 1. By the Rayleigh quotient theorem [38, Theorem 4.2.2],

vTwe < ufwuy = M (117)

2Note that this can alternatively be proved by analyzing the GerSgorin discs; see for example [38,
Corollary 6.1.5]. Had we not taken the expectation in (101) and symmetrized the weighted adjacency
matrix in (112), we would have needed a stronger bound here 38, 5.6.P21].
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for any v € RF with |jv|]| = 1, where vT denotes the vector transpose of v. Consider
i* = argmax;(u1);. We assume (u1)+ > 0 without loss of generality, for otherwise we

multiply uq by —1. Then, we have

u{wul = )\1 = (,El:;zé)z* = Z QZ}Z ) U1 < Zwl J S maXZw” (118)

This concludes the proof. ]

Using Lemma 5, we obtain an upper bound of |[(X)|

X <end D loallae] Y o Y > [{e1|Plez)]  (119)

(Fp+1,kp+1) (J1,k1) P> HPt! peey HL
Jp+1kpt1 Jiky

w, +w
= szzwcwz e, | |, | = CTVZZ e — e, | |, | (120)

c1 C2 C1

w +w
<y ngz w = ¢y max deg (c) (121)

in terms of the maximum degree of the graph G. Finally, we arrive at the following
proposition by combining the above bound with Equation (115).

Proposition 11 (Path-counting bound of fermionic seminorm). Let H = T +V =
>k Tj’kA;r-Ak + > 1m Vi;mNiNm, be an interacting-electronic Hamiltonian as in (1). Then,
each nested commutator [H%H, -+ |Hny,, Hy,]], where Hy =V and Hy = T, can be bounded
as

ks

Vp+10 "

[Hyy, Hoy ] Hn < |7 f L= n%%xdeg (cy) (122)

max max

where |y| = Zgié g and ¢, is a fermionic configuration with n electrons. Here, the degree
of configuration ¢, is defined as

deg (c,) = Z Z Z

Up+rkprr) (k1) p (et L HT
Ip+1kp+1 J1ky

(IPle)ll + 1PTlen)l), (123)

N |

where for ¢ =1,...,p+1, (jq, kq) sum over indices jq, kq such that /‘Z],kq # 0, fermionic
path P> (H;”’:llk e H]llkl) goes over all the terms P = (—1)%. .. A} L ONp AL in
the expansion of [H]::llkpﬂ, . {HJ;IQ, vallklﬂ sand 0 = v, pt =1, H]Qk = N, Ny, Hjlk =

AL Ay,

4.2 Counting fermionic paths for d-sparse interactions

As an illustrative example, let us consider an upper bound of max,deg(e) for electronic
Hamiltonians with d-sparse interactions. We will use the commutation relations in Equa-
tion (77) and (78), restated below

AlAy, AT | = 045,40 [ATA, Ay | = =0k, Ak, [ATAR, NL| = 60, AT A, =65, AT Ay
(124)

{NszaAu = 5m7ijzAL + 51,J1AT Ny [NiNm, Ag,] = —6m g, NiAk, — 01k, Ak, Nim
(125)
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We start with an intuitive argument. For every ¢ = 2,...,p + 1, we have

v 2 ga! _ 8
(e [ ] = 3 (17, P, (126)
Yg—1 ¥
P> Hj;qqu’”"Hjllkl

where P only contains fermionic operator acting on sites ji,k1,...,jg—1,kq—1. From the
commutation relations (124) and (125), we see that at least one of j,, k, must match one
of the indices j1, k1,. .., jg—1, kq—1. Furthermore, for every j,, there are at most d k;’s that
have non-zero coefficient in 7;_  (for 74 = 1) or v, 1, (for 7, = 0). Hence, we have the
following bound

ooy > 1 = O(nd"™). (127)
Up+rkpr1) (k) p (H’_Yp+1 gm )
Jp+1kpt17 7 1k
The n factor follows from the fact that only one index can be freely choosen between
0,...,n— 1. And for any pair of indices (j,, kq), one of them has to match the previous
indices, while the other one can only choose from the d indices under the sparsity constraint.
Hence we have the dP factor in the asymptotic bound.

However, this analysis can be further improved using certain properties of P. Specif-
ically, we will show that the rightmost fermionic operator in P can be either an annihi-
lation operator A or an occupation-number operator N. This means that, for || Ple,)] to
be nonzero, the rightmost fermionic operator of P must act on the 7 occupied sites in the
configuration ¢;. Therefore, we have the bound

> > 1Pleq)|| = O(nd”*H). (128)

Uptvkptr) k) po (goesr g
Ip+1kpt1 J1k1

Similarly, we have

> > 1Pen) | = O(nd?*h). (129)

(Jp+1:kp+1) <JA171‘71>PTD gt jzudl
Jp1kp17 7 1k

Combining with the Trotter error bound (43) and the path-counting bound (122), we
obtain

—q H 1—
| 7o) —em]| = O (b Il e+t (130)
Finally, since 1 < |y| = Zgﬂ vq < p, we have
17
7 028 < (s 12 e 1 o 19 - (131)

This sketches the proof of the scaling in Eq. (3) of Theorem 1. A rigorous proof using
induction is given in Proposition 12.

Proposition 12 (Sparse path-counting bound). Under the same assumption as in Propo-
sition 11, if each column and row of coefficient matrices T,v has at most d nonzero ele-
ments,

> > 1Pleg) ]| = O(nd™*h), (132)

Uptvkpsr)  Guka) p (o g
Jp+1kp+1 Jik1

Sy 3 HPch)H:O(ndp“). (133)

(Jp+1-kp+1) <j1’k1>PT> Jrilan 71
Jp+1kpt17 7 1k
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Proof. We will prove the following claims by induction on ¢ =2,...,p+ 1.

o All fermionic paths P start with either N or A, but not A (we refer to the rightmost
operator as the starting point).

e All fermionic paths P have at most ¢ + 1 elementary fermionic operators.

e The number of fermionic paths P that start with a fermionic operator acting on a
specific site 4 is at most (2d)%¢!/2.

The base case ¢ = 2 can be easily verified by noting that we only need to consider [T, V]
or [V,T]. Using the commutation relations given in Eq. (124) and (125), we can see in
both cases that the fermionic paths all start with either NV or A. For every site i, there
are at most 4d? fermionic paths starting with site i. Furthermore, every fermionic path
consists of 3 elementary fermionic operators. These results establish all the bullet points
for the base case of ¢ = 2.

For every ¢ > 2, we use the induction hypothesis for ¢ — 1 to prove the desired result.
If v, = 1, then we will take another commutator with 7" = 3 I Ar . We can

Jaskq leququ q
see that all fermionic paths P > (H;‘quq’ e ,H;fllkl) come from the expansion of

[A;r-quqv P/]v v<j117 kq>) VP/ > (H;);q__llkq—l’ T H_;'ylllﬂ) : (134)
Using the commutation rule [X,Y7...Ys] = > Y1 .. Ve 1[X, Yi]Yis1 ... Y, we can
show that all the claims hold for ¢ as follows. First, if all the fermionic paths P’ >
(HW‘1 e H]llkl) start with either N or A, then all the paths P> (szqkq, e vHJllkl)

Jq—1kq—1’

will start with either V or A. This follows from the commutation relations: [A;[Ak, Akq] =
—(5ky7jAk and {A}Ak,NlZ} = 5k,le;['Ak — 5j,le;.Ak. Furthermore, since P’ has at most

(g — 1) + 1 = g elementary fermionic operators, the expansion of [A;r-q Ay,, P'] will have at
most ¢ + 1 elementary fermionic operators.

We now prove an upper bound for the number of fermionic paths starting from a
specific site i. If we take the commutator of A}quq with a fermionic operator that is
not the starting operator in P, then the starting operator is not affected. Because of the
sparsity constraint and the ¢ function created by the commutation relation in Eq. (124),
we have created at most 2d(¢ — 1)x more fermionic paths starting with site i. Now if
we take the commutator of A;-q Ay, with the starting operator Ay, (for some index k) in
the fermionic path P’, then the starting operator becomes Ay, and we have an additional
Ok,.j,- In this case, k, can start from any site, but there will be at most d choices of jg,
hence d choices of k;. This means we have created at most 2dx more fermionic paths
starting with each site. The case where V;, is the starting operator can be analyzed in a
similar way. Together, we have created at most 2dgx more fermionic paths starting with
each site. This leads to an upper bound of

2dq(2d)T (g — 1)!/2 = (2d)%q! /2 (135)

fermionic paths for each fixed starting site. The analysis for v, = 0 proceeds in a similar
way using Eq. (125). This completes the inductive step for q.

Performing the induction over ¢ from 2 to p + 1 shows that the number of fermionic
paths starting with site ¢ is at most

(2d)PT L (p +1)1/2 = O(dPH1). (136)
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Because P starts with either A or N, |Plc,)|| would be nonzero only if the starting
fermionic operator acts on one of the 7 occupied sites in the configuration ¢,. Hence there
are at most nO(dPT!) fermionic paths with non-zero || Ple,)||. Finally, recall from Lemma 4
that ||Pley)| is either 0 or 1. Therefore,

2. 2 > |Ples)]| = O(nd”+). (137)
Urkpead Gk e (gest )
Jp+1kp4177 7 Ik

A similar argument can be used to prove the other claimed bound

>y 3 HPTycn>H:O(ndp+1). (138)

Up+tkprr) Gk pr (ot o
Ip+1kp41’ a1k

The argument uses the property that all fermionic paths P end with either N or A but
not A, which again follows from the commutation relations (124) and (125). The proof is
now completed. O

It is worth mentioning that the path-counting approach can also be used to analyze the
simulation of non-sparse electronic Hamiltonians. The resulting bound, as given by (9), is
slightly weaker than Eq. (2) of Theorem 1, but suffices for our applications to be discussed
in Section 6.1. See Appendix B for details and proofs.

5 Tightness

We have already established multiple bounds in Theorem 1 on the fermionic seminorm of
the Trotter error. However, a common issue with the Trotterization algorithm is that its
error estimate can be very loose for simulating specific systems. Here, we prove Theorem 2
that demonstrates the tightness of our analysis for the interacting-electronic Hamiltonian
(1).

Specifically, we construct concrete examples of interacting-electronic Hamiltonian H =
T'+V and lower-bound the fermionic seminorm of nested commutators: ||[7)... [T, V]]|,
in Section 5.1 and ||[V;...[V,T]][[, in Section 5.2. We show that the results almost match
the upper bounds in Theorem 1. Since Trotter error depends on these nested commutators,
this shows that our result is nearly tight modulo an application of the triangle inequality.

5.1 Lower-bounding [|[T,...[T, V]]|,

We construct the electronic Hamiltonian H =T + V', where

n—1 %_1
T=> A4, V=Y NN, (139)
4,k=0 z,y=0

Note that we may without loss of generality assume that n is even, for otherwise we restrict
to the first n — 1 spin orbitals. Comparing with the definition of the interacting-electronic
model (1), we see that the coefficient matrix 7 is an all-ones matrix with spectral norm
II7|| = n, whereas v contains an all-ones submatrix on the top left corner with max-norm

[Vl pax = 1. Our goal is to lower-bound the fermionic seminorm ||[T',... [T, V][],
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Due to the complicated commutation relations between T and V', a direct computation
of [T,...[T,V]] seems technically challenging. Instead, we perform a change of basis by
applying the fermionic Fourier transform

1 n—l 27rz]l 1 n_l 2wikm
FFFT!ALFFFT = =3 e Al FFFT'A.FFFT = NG Zoe W Ay (140)
— m=

This gives
T = FFFT! - T - FFFT = nN,,

21
2miz(k—j) 2 Qﬁzy(m ) (141)
V = FFFTT . v . FFFT_— o s ATA Al A,
= 2 (Ze )(Z ) K

gk lm \ =0 y=0
We also define the n-electron states for n < 3:
n—1 n—1 n—1 n—1

r—A—\ —~ f—A_\ . —~

|010 - - 1) +1]100---01---1) |010- - 1) +4/100---01---1)
\/i ’ ‘¢77> \/§ °
(142)
The following proposition shows that the above choice of operators and states almost

saturates the fermionic seminorm of nested commutators.

Proposition 13. Define T, V as in (141) and |1Z77>, |$77> as in (142). Then,

[hy) =

[ (& [T p [T, V]]1$n)]

Yol L. [T, V]]|ty)|, p odd nPn

| [T 7 711 =—4+0(n).

[l [T, [T, V]]1dn)], P even — +O (@) (143)
p

A proof of this proposition is given in Appendix C. By rescaling the Hamiltonian
constructed in (141), we can demonstrate the tightness of our bound as follows. For any
s,w > 0, we define the rescaled Hamiltonian

n—1 %_1
S
T=— S AlA,  V=w ) NN, (144)
J,k=0 xz,y=0

Comparing with the definition of the interacting-electronic model (1), we see that ||7|| = s

and ||v||,,. = w. The above proposition then shows that
| V)| = || 17 (V] = (sPun), (145)
S n —_——— n
p

where we have used the unitary invariance of the fermionic seminorm in the first equality.
This establishes the first claimed bound in (5) of Theorem 2.

Note that a similar example can be constructed to demonstrate the tightness of our
bound for simulating sparse electronic Hamiltonians. Specifically, suppose we have u,w > 0
and positive integer 2 < d <7 < %.13 We may assume without loss of generality that d is
even, for otherwise we use d — 1. We then define

da
d—1 31
T=u) A4, V=w) NN, (146)
j,k=0 ,y=0

13The special case d = 1 can be handled separately by choosing T = uASAl + uAJ{Ao and V = wNp.
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Comparing with the definition of the interacting-electronic model (1), we see that ||7]| .. =

v and ||v|| .. = w. We also perform a fermionic Fourier transform to define 7" and V', but
only to the first d spin orbitals

_ 2migl

Al T AL 0<j<d-1,
! j>d

FFFT) - Al - FFFT, = {
R

L (147)
t =Y m—0€ 4 Apm, 0<k<d-1,
FFFT! - Aj, - FFFT,; = { Vd
Ak, k> d.
Then, a similar calculation shows that
|, (V|| =] 17 V)] = Q((ud)Pwd). (148)
N———’ n N—— n

p p

This establishes the first claimed bound in (6) of Theorem 2.

5.2 Lower-bounding ||[V;... [V, TT]],

Recall from the previous section that we have constructed the electronic Hamiltonian
(139) to prove the tightness of our bound. Comparing to the definition of the interacting-
electronic model (1), we see that the coefficient matrix 7 has spectral norm ||7| = n,
whereas coefficient matrix v has max-norm ||v||, .. = 1. Our goal in this subsection is to
lower-bound the fermionic seminorm ||[V,...[V,T]]||,. To this end, we define the n-electron
states for n < 3:

[

NE

= 3

—N—
01---10---010---0) +4[11---10---000---0)
——

—1 —1
Wn> = L L )

V2

{

n n (149)
2 2
01---10---010---0) +[11---10---000---0)
N—_—— N—_——

|¢77> - n -

V2
Similar to the previous subsection, we may assume that n is even. We have the following
proposition showing that the fermionic seminorm of nested commutators is nearly attained.

Proposition 14. Define T', V as in (139) and |¢y), |¢y) as in (149). Then,

p
——

ol [Vs o [V, T [bg)], p odd
Gyl [V, [V, T]|¢)
p

{ 4
( |, P even =2+ 0 (np ) ’ (150)

A proof of this proposition is given in Appendix D. By rescaling the Hamiltonian
constructed in (141), we can demonstrate the tightness of our bound as follows. For any
s,w > 0, we define the rescaled Hamiltonian as in (144). Comparing with the definition
of the interacting-electronic model (1), we see that ||7|| = s and ||v| .. = w. The above
proposition then shows that

V. TI]||, = 2 (wn)?s/n). (151)
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This establishes the second claimed bound in (5) of Theorem 2.

Note that a similar example can be constructed to demonstrate the tightness of our
bound for simulating sparse electronic Hamiltonians. Specifically, for u,w > 0 and integer
2<d<n< %,14 we define the electronic Hamiltonian as in (146). Comparing with the

definition of the interacting-electronic model (1), we see that ||7]| .. = v and |||, ., = w.
A similar calculation then shows that
|V v, 10| = 2 ((wd)Pu). (152)
N 7
P

This proves the second claimed bound in (6) of Theorem 2.

6 Applications

The class of interacting-electronic Hamiltonians (1) encompasses various quantum systems
arising in physics and chemistry, for which the performance of digital quantum simulation
can be improved using our result. As for illustration, we consider improving quantum sim-
ulation of the plane-wave-basis electronic structure in Section 6.1 and the Fermi-Hubbard
model in Section 6.2.

6.1 Plane-wave-basis electronic structure

Simulating the electronic-structure Hamiltonians is one of the most promising applications
of digital quantum computers. Recall that in the second-quantized plane-wave basis, such
a Hamiltonian takes the form

1
H = o > Iﬁi cos[ky, - rk,j]A;-Ak

Jokp
4 ¢ cos(ky, - (7, —15)] 2 cos[ky - Tj—k] (153)
_U Z 3 Nj—i-UZTNJNk,
Jrb,u#0 K j#k Iz

p#0

where w is the volume of the computational cell, x, = 27T,u/w1/ 3 are n vectors of plane-

wave frequencies, p are three-dimensional vectors of integers with elements in the interval
[—nl/ 3 pt/ 3, r;j are the positions of electrons, ¢, are nuclear charges, and 7, are the nuclear
coordinates. We further rewrite the second term as

_41 Z ¢ cos[ky - (T, —15)] N, = _41 Z ¢ coslky - (7, — 15)] N; Ny,

K2 K2

(154)
Y ko . M ko0 2

which is valid since we estimate the simulation error within the n-electron manifold. Com-
paring with the definition of interacting-electronic model (1), we see that

1
Tik = o Z K,i cos[ky - Th—j),
m

(155)

dr Z G, cos(ky - (T, — )] +2—WZM(1_5LW)'

K2 K2

Vlm w w
77 L”u;éo H /L?éo [

HMSimilar to above, the special case d = 1 can be handled using T = uAgAl + uAI A and V = wiNy.

Accepted in { Yuantum 2021-06-03, click title to verify. Published under CC-BY 4.0. 36



To proceed, we need to bound the spectral norm ||7|| and the max-norm ||v| .., of the
coefficient matrices. We have

n2/3 1 nl/3
7] =0O w23 | HTHmaX =0 (W) ) ||V||max =0 ois | (156)

where the first equality follows from [6, Eq. (F10)], the second equality follows from [6, Eq.
(F11)—(F13)] and the third equality follows from [6, Eq. (F7) and (F9)]. We also consider
a constant system density n = O (w) following the setting of [6]. Applying Theorem 1, we
find that a pth-order formula .#,(t) can approximate the evolution of electronic-structure
Hamiltonian with Trotter error

| 7o) =7 ]| = O (el + 1l 71 1l 72+
2/3 P (157)
—0 ((";2/3 + n1/3772/3> n1/3,’72/3tp+1> .

This approximation is accurate for sufficiently small . To evolve for a longer time, we divide
the evolution into r steps and use ., (t/r) within each step, which gives an approximation
with error

r —itH —itH n?/3 1/3,2/3 8 1/3.2/3 !
Hyp (t/r)—e HnngYp(t/r)—e v Hn:O Wﬁ—n n T
(158)
To simulate with accuracy e, it suffices to choose
n2/3 $1+1/p
r=0 ((772/3 + ”1/3772/3 n1/3pn2/3pw ) (159)

Note that this can also be achieved using the weaker bound (9) from path counting, since
both ||7]| and n ||7||,,., have the same asymptotic scaling.

To simplify our discussion, we consider digital quantum simulation with constant time
and accuracy, obtaining

n?/? 1/3,2/3\ _1/p
r=0 (St ). (160)

We further implement each Trotter step using the approach of [54, Sect. 5], and obtain a
quantum circuit with gate complexity

5/3
g=0 ((712/3 + n4/3772/3> nl/ppolylog(n)> . (161)
n

which implies
nd/3

by choosing the order p sufficiently large.

Up to a negligible factor n°(M), this gate complexity improves the best previous result
of the electronic-structure simulation in the second-quantized plane-wave basis. This is
because our approach improves the performance of digital quantum simulation by simul-
taneously exploiting commutativity of the Hamiltonian and prior knowledge of the initial
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state, whereas previous results were only able to employ at most one of these information.
Indeed, previous work |6, Appendix G| gave a Trotterization with error bound

—q -1
| 7o) =7 | = O ((rll+ Il ™ 7l Wl 2”*27%1) . (163)

Their approach used the initial-state information by computing the Trotter error within
the n-electron manifold, but the commutativity of the Hamiltonian was ignored, giving a
simulation with gate count (n5/ 3pl/3 4 pd/3p5/ 3) n°1) worse than our result. On the other
hand, the work |27, Proposition F.4] used commutativity of the Hamiltonian to show

-1
12 )™ 17l (17

max max max max

|7(t) e—itHHn =o((Ir PP (164)

and gave a simulation with complexity Zz—gno(l), whereas Ref. [54]| gave an interaction-
picture approach with cost O (gj—gpolylog(n)). Our new result matches these when 7 and
n are comparable to each other, but can be much more efficient in the regime where 7 is
much smaller than n.

Interestingly, our asymptotic result remains conditionally advantageous even when
compared with the first-quantized simulations. There, the best previous approach is the

interaction-picture approach [7| with gate complexity O (nl/ 38/ 3poly10g(n)), larger than
our new complexity when n = O (7]2*2/ (pH)polylog(n)). A related approach was described

in [7] based on qubitization, which has a similar performance comparison with our result.'®
See Table 1 for details.

We mention however that there is one caveat when ignoring the factor n°(!) in our
above discussion. This is achieved by choosing the order p of Trotterization sufficiently
large, which can result in a gate complexity with an unrealistically large prefactor de-
pending on the definition of higher-order formulas.'® Nevertheless, recent work suggests
that Trotterization remains advantageous for simulating the plane-wave-basis electronic
structure even with a low-order formula [42], to which our paper provides new theoretical
insights.

6.2 Fermi-Hubbard model

We also consider applications of our result to simulations of the Fermi-Hubbard Hamilto-
nian, which models many important properties of interacting electrons. This Hamiltonian
is defined as
H=—s > (Al Ao+ AL A;0) + 0> NjoNji, (165)
(4,k),0 J

where (7, k) denotes a summation over nearest-neighbor lattice sites and o € {0, 1}.

We note that this Hamiltonian can be represented in terms of a sparse interacted
Hamiltonian. Indeed, in the one-dimensional case, we have

H=—s Z (A;[,UAj+1,U + A}_,’_l’o_Aj’o') +wv Z N;oNj1, (166)
2,0 J

151t is a subject for future work to compare the concrete resources required by our approach and those
required by the first-quantized approach of [75].

16For the pth-order Suzuki formula, we have a factor of 57 in the gate complexity, although this may be
different for different formulas.
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where 7 = 0,1,...,n — 1 and ¢ = 0,1. Comparing with the definition of interacting-
electronic model (1), we see that

T= —SZ(UW + 1+ 7+ DGN@(0)0]+ 1)), v= gZIJ‘W!@(!O)(H +[1){0]) ,
’ ’ (167)

so the coefficient matrices 7 and v are 2-sparse. Similar analysis holds for the higher-
dimensional Fermi-Hubbard model, with the sparsity d = 2™ where m is the dimensionality
of the lattice.

We can therefore apply Theorem 1 to conclude that a pth-order formula .#,(t) approx-
imates the evolution of Fermi-Hubbard Hamiltonian with Trotter error

pr(t) — e_itHH =0 ((8 + U)p_ISUQm(pH)ntp"'l) =0 (ntp+1) , (168)
n

assuming s, v, and m are constant. For r steps of Trotterization, we apply the triangle

inequality to get

| rm -] <o | Fiem -] — o (#) | (169)

To simulate with constant time and accuracy, it thus suffices to choose
r=0 (nl/l’) : (170)

giving gate complexity'”
g=0 (m]l/p> . (171)

The Fermi-Hubbard model only contains nearest-neighbor interactions and, according
to [22], can be near optimally simulated with O <n1+1/p) gates. On the other hand,

recent work [28| shows that Trotterization algorithm has gate complexity O <n7]1+1/p)
when restricted to the n-electron manifold. Our result improves over those previous work by
combining the sparsity of interactions, commutativity of the Hamiltonian and information
about the initial state.

7 Discussion

We have given improved quantum simulations of a class of interacting electrons using
Trotterization, by simultaneously exploiting commutativity of the Hamiltonian, sparsity
of interactions, and prior knowledge of the initial state. We identified applications to
simulating the plane-wave-basis electronic structure, improving the best previous result
in second quantization up to a negligible factor while conditionally outperforming the
first-quantized simulation. We obtained further speedups when the electronic Hamiltonian
has d-sparse interactions, which gave faster Trotterization of the Fermi-Hubbard model.
We constructed concrete electronic systems for which our bounds are almost saturated,
providing a provable guarantee on the tightness of our analysis.

"By exploiting locality, we can perform e~V with O (n) gates. An additional logarithmic factor will
be introduced if we implement e~ %7 using the fermionic Fourier transform. However, this can be avoided
by further decomposing T = Todd + Teven as in [22], so that H = Tpdaq + Teven + V. The analysis of Trotter
error proceeds in a similar way as in Section 4, which establishes the claimed gate complexity of O (nnl/p).
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Our focus has been on the asymptotic performance of digital quantum simulation
throughout this paper. However, we believe that the techniques we have developed can also
be used to give quantum simulations with low constant-prefactor overhead, for instance,
through a more careful application of our Proposition 9, Proposition 10, Proposition 11
and Proposition 12. Such improvements would especially benefit the simulation of plane-
wave-basis electronic structure, where many pairs of Hamiltonian terms commute and the
number of electrons can be significantly smaller than the spin-orbital number. Existing nu-
merical studies almost exclusively used the second-order Suzuki formula [5, 19, 42, 65, 84]
and their results did not fully leverage the commutativity of the Hamiltonian and the
initial-state knowledge, which may then be improved by the techniques presented here
using general Trotterization schemes.

Our analysis is applicable to a class of electronic Hamiltonians of the form H =
Zj?k Tj"kA;Ak + > 1m YimNiNm. By imposing further constraints on the coefficients, we
may somewhat sacrifice this generality but instead get further improvement on the simula-
tion performance. One possibility is to consider the subclass of systems that are translation-
invariant, i.e., 7jr = Tjyqk+q a0d V) = Vi4qm+q. This translational invariance is used in
the circuit implementations for both our applications (electronic-structure Hamiltonians
and Fermi-Hubbard model), but is nevertheless ignored in the proof of our upper bounds
(Theorem 1) and tightness result (Theorem 2). By incorporating additional features of the
Hamiltonian such as translational invariance, it is plausible that our current complexity
estimate can be further improved.

A natural problem that has yet to be addressed here is the simulation of electronic-
structure Hamiltonians in a more compact molecular basis. Such Hamiltonians typically
take the form H = 3, thA;Ak + 2 kLm th,l’mA}AkAlTAm, more complex than the
electronic model (1) considered here. In this case, the exponentials of the two-body terms
Zj,k,l,m hj’k’LmA;r-AkAlTAm do not have a convenient circuit implementation and our current
approach is not directly applicable. This motivates further developments of hybrid quantum
stmulation, in which Trotterization is combined with more advanced quantum algorithms
to speed up digital quantum simulation. We leave a detailed study of such problems as a
subject for future work.

More generally, we could consider digital quantum simulations of other types of physical
systems, such as bosonic systems [70] or fermion-boson interacting systems |[72]. We hope
our techniques could offer insights to such problems and find further applications in digital
quantum simulation beyond what have been discussed here.
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A Analysis of single-layer commutator

In this appendix, we complete the proof of Proposition 8 that bounds the terms arising in
the commutator analysis of first-order formula.
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For the third statement of Proposition 8, we let X =3, Tj,kl/lva}NlAk and compute

X = D T N A Al
XX = Z leaklI/llvle]27k2Vl2:k2Ak1NllAleijIQAk2
j17k17l17j27k27l2
- = 5 . T
- Z Tyl,k1Vl1,k17']1,k2Vlz,k2AklNl1N12Ak2 (172)

Ji,k1,l1,ke,l2

- , T T 9.
- Z TJ1,/€1Vl17/€17—J2J€2Vl2,k2Ak1Nl1Aj2AJ1Nl2Ak2-
Jukl,g2,k2,l2

Applying the operator Cauchy-Schwarz inequality (Lemma 1) similarly as in (63),

T = 5 ) T
X'X < Z TJ1J€1Vll,k1TJ1,k2Vl2,k2Ak1Nl1Nl2Ak2
J1,k1,l1,ke,l2
= — T T a.
+ Z Tj1,k1 VllylejlkaVlLkQAklNllAjQAJQNIQAkZ (173)
Jisk1,l g2,k l2

_ — = T
- Z Tj17k1yll7k17—j1,k2l/12,k2Ak;lNthzAkQN'
Ji,k1,la kel

We now perform diagonalization using Lemma 2, obtaining

XTXS HTH2 Z Dll7k1ylz,k1AIJrg1NllN12Ak1N' (174)
k101,02

Using the Holder-type inequality for the expectation value (Lemma 3), we have

HXTXHUS HTHQ Z 17117’61Vlz,k1ALINl1leAk’1N :”7—H277 Z Dl17k1ylz7k1A21NllNl2Ak1

k1,l1,l2 k1,l1,l2

n n

< ||T||277 ZAlJrglAkl H}C?”X Zﬂll,k‘lylz,hNhNb )
k1

l1,l2

n n—1

(175)

2 2. This completes

max 77

'I‘ o —
where szl Ay Ak, || = and HZzl,ZQ Y1y Jer Viz ey N1 Ni

the proof of the third statement of Proposition 8.
For the fourth statement, we let X = Zj&m Tj,kyij;NmAk and compute

<
LS

Ty — = . . . T gt
X'X = Z T]17k1V]l»mlT]27k2V]27m2Ak1leAJlAjQNm2Ak2
J1,k1,m1,52,k2,ma
_ = = ) T
= Z TjhklVJhmlle,kzVJl,m2Ak1Nm1Nm2Ak2 (176)

Ji,k1,ma,k2,me
= > . T T A,
- Z Tj1,k1 Vj17m17-j2,k2yj27m2Ak1 Nm1Aj2AJ1 NmzAkz-

Ji,k1,ma,32,k2,me

Applying the operator Cauchy-Schwarz inequality (Lemma 1),

T = 5. ) ) T
X'X < Z Tj1,k1 VJl,m1TJ17k2VJ1,m2Ak1leNmzAkQ
J1,k1,m1,ke,ma
= . . ) T Ta.
+ Z T]luklV]hmlTlekEVJl7m2Ak1Nm1Aj2A]2Nm2Ak2 (177)

J1,k1,ma,52,k2,me

_ = . . T
= Z T]l,klV]l,mlT]h/QVJl,mQAklleNmQAkzN'

J1,k1,m1,k2,ma
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We now use the Holder-type inequality for the expectation value (Lemma 3) to get

T T . , T
HX X n < Z TJ1,k1VJ1,mlTj1,k2VJ1,m2Aklele2Ak2N
J1,k1,ma,k2,ma n
(178)
= . 1 7 .
<n Z T]17k1T]17k2Ak1Ak2 max Z Vjy ma Viy ma Nmy Nim,y
j1,k1,k TV lmame
J1,k1,K2 n g n—1
The second fermionic seminorm can be directly bounded as H > mima Virma Vit ma Nmy Nim, - <

|v||2,,. m?, whereas the first seminorm can be bounded using diagonalization (Lemma 2)

Z %j1,k17j1,k2AJ121Ak2 < Z HTTTH A};lAh < HTTTH 7. (179)
Jisk1,ke n k1 n
This completes the proof of the fourth statement of Proposition 8.

For the fifth statement, we let X =3, Tj’kl/j’jA;Ak and compute
XTX = 3 T kP Tk Vi AL, Aj AL A,

Ji,k1,52,k2

_ N T gt =5 AT 4T g,
- Z T]17k1V]1731T317k2V317]1Ak1Ak2_ Z TJ1J€1VJ17J1TJ27k2VJ2,JQAk1Aj2A31Ak2'
Ji,k1,k2 Ji,k1,52,k2

(180)
Applying the operator Cauchy-Schwarz inequality (Lemma 1),
_ i - Bt
XTX < Z Ti1,k1 V51,51 Tj ko leJlAklAkz + Z Tj1,k1 Vj17j1Tj1,k2’/j17j2Ak1AngjzAkz
Ji,ki,k2 Ji.ki,j2,k2
= Z Tjv ke Vit Tin ko Vi, ALAkQN‘
Ji,ki,k2
(181)
We now use the Holder-type inequality for the expectation value (Lemma 3) to get

= - T
HXTXHn < Z Tjhkll/jl,lejl,szthAklAkzN

Jr,k1,k2
! (182)
_ _ i _
=" Z Tj17k17j1,k2Ak1Ak2 H;?X HVJ'1J1V]'1,J'1IH17_1 .
J1,k1,k2 n
The second fermionic seminorm can be directly bounded by HVHilaX, whereas we perform
diagonalization to the first seminorm (Lemma 2):
> %jl,lejl,kgA};lAkQ < HTTTH ZAZIAM = HTTTH n. (183)
J1,k1,k2 n k1 n

This completes the proof of the fifth statement of Proposition 8.
For the sixth statement, we let X =3, ijkulJA}NlAk and compute

Ty — ) s AT oAt
XX = Z le,klVllv]lT]27k2yl27.72Ak:1NllAJIAjQNl2Ak2
J1,k1,01,52,k2,l2
_ . o 7t
- Z TJl,klVlldlTJ1,k2V12,J1Ak1Nl1N12Ak2 (184)

Ji,k1,l1 k2l

) o At Ta.
- Z TJ1J€1Vl17J17—J2J€2Vl2732Ak1NllAjzAlelekz'
jlzklal17j2’k27l2
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Applying the operator Cauchy-Schwarz inequality (Lemma 1),
xtx < Z Tj1,k1 V1,51 Tj1,k2 Via, g1 ALI Nl1leAk2
Ju.kil ka2

t toa
+ D Tiika Vi Tk Vie gy Ak, Nin AL Ajy Niy Ay, (185)
J1,k1,l1,52,k2,l2

- . . AT
- Z TJ1,k1VllleJl,szl%]lAklNl1Nl2Ak‘2N'
jlvklyl17k27l2

We now use the Holder-type inequality for the expectation value (Lemma 3) to get

HXTXHn < Z le,k1Vll,j17j1,/€2’/l2,j1AJlrclNllleAkzN

Jiska,liska,le
K (186)

— ‘ . T . )
=1 Z TJl,lejl,k2Ak1Ak2 m?‘x Zyll,h’/lz,thle

J1,k1,k2 n li)l2 n—1

The second fermionic seminorm can be directly bounded by [|v||2,,., 7%, whereas we perform
diagonalization to the first seminorm (Lemma 2):

> s TioeAL An| < ||| Al Ak =70 (187)

J1,k1,k2 k1

n n

This completes the proof of the sixth statement of Proposition 8.

B Counting fermionic paths for non-sparse interactions

In this appendix, we use the path-counting technique to prove (9) for non-sparse interacting
electrons. We will make use of the following commutation relations

AlAy, AT | = 0,48, [ATA, Ay, | = =0k, 54k, [ALAR, N | = 80, ATA — 650, AT Ay,

(188)
(NN, AL | = G NAT 4 005, N AL = 615,61, AT (189)
[NiNp, Ak, ] = —0m ko Aky Ni — 01,1, Aty Now + 01,16, O ke Ak (190)

which are slightly different from the ones used before. These relations can be derived in a
similar way as in Equation (77) and (78).
Our analysis of the non-sparse interactions mirrors that of the sparse case in Section 4.2.

Proposition 15 (Non-sparse path-counting bound). Under the same assumption as in
Proposition 11, we have

>y > |Pleg)]| = © (nlpr2=hl), (191)

Up+rkpr1) k) p (et L HT
Jp+1kp+1 Jik1

> oy 3 HPT|cn>H:o(nhlnz’“—\‘v\). (192)

Up+rkpr1) (1R pr (et !
Jp+1kpt177 7 1k

Proof. We will prove the following claims by induction on ¢ =2,...,p+ 1.

Accepted in { Yuantum 2021-06-03, click title to verify. Published under CC-BY 4.0. 43



e All fermionic paths P are products of AgAj and Np.
o All fermionic paths P have at most ¢ + 1 elementary fermionic operators.

e The number of fermionic paths P that start with a fermionic operator acting on a
q q —~,
specific site i is at most 3q*1q!nZQ’:17‘?'nZQ’:1(1 o),

The base case ¢ = 2 can be easily verified by noting that we only need to consider [T, V]
or [V, T]. For every site i, there are at most 6nn fermionic paths starting with this site, all
of which are products of A;rAj and Np. This is because there are at most three summation
indices. The rightmost index must be equal to ¢ and the indices for N, A; have at
most 71 choices, while the remaining index has n possible choices, giving a total of nn
choices. The additional factor of 6 comes from the number of different expansion terms
in Equation (188), (189), (190). Furthermore, every fermionic path consists of at most 3
fermionic operators. These established the claims for the base case ¢ = 2.

For every ¢ > 2, we now use the induction hypothesis for ¢ — 1 to prove the claims for
q. If v4 = 1, then we take another commutator with 7' = qu’kq qu,kqA;quq. We can see

that all fermionic paths P > (H]qk ye H]l ky ) come from the expansion of
. Yq—
(A Ag,, P'), gy kg), YP > (H)h o H ). (193)

Using the commutation rule [X,Y7...Y:] = >0 V1. . Y1 [X, Yi]Yit1 ... Yy, we show
that the claims hold for ¢ as follows. When we take the commutation of A;quq with

A}L- or Ay, we know from (189) that one free index will be introduced, resulting in an
additional factor of n. When we take the commutation of AT Ak with N;, we will remove

the fermionic operator N; and replace it with AT Ak ,» which removes a factor of  and adds
an additional factor of nn. Additionally, there are at most (¢ — 1) + 1 fermionic operators
in P’. Hence the number of fermionic paths P that start with a fermionic operator acting
on site ¢ is at most

(2q)3q 2((] _ 1)lnnz /= 1’7q 772 /= 1(1 Vq) < 39— 1 lnz 1—17¢ nz /= 1(17711’)_ (194)

Furthermore, in both cases, we add at most one additional fermionic operator. Therefore,
all fermionic paths will have at most (¢ — 1) + 1+ 1 = ¢ + 1 fermionic operators. And
[A}quq, P'] remains a product of A;[Aj and Ny.

The inductive step for v, = 0 follows from a similar argument. The first two claims can
be directly verified. For the last claim, we proceed in a slightly different way as follows.
When we take the commutator of N;quq with A; or Ay, we will add N, or Ny, to the
fermionic path, which results in an additional factor of 7. When we take the commutator
of N, ;-fq Ny, with N, the commutator is equal to zero. Hence the number of fermionic paths
that start with a fermionic operator acting on site 4 is at most

(3q)3q—2( 1) nnz /= 1’Yq nzq : (1 ) < 39— 1 'nz =17 nz /= 1(1 Tq! ) (195)

We have thus shown that the claims hold for q.
Performing the induction on ¢ from 2 to p + 1 shows that the number of fermionic
paths starting with site ¢ is at most

39(p -+ 1)ln2oamt Va2 (1770) (ZZ% A W). (196)
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Because each fermionic path P is a product of AIA]- and Ny, || P|e,)|| would be nonzero only
if the rightmost fermionic operator acts on one of the 1 occupied sites in the configuration

Zp+17 Zp+l(1_7) . . .
¢,. Hence there are at most nQO(n<e=1""n4a=1"""""") fermionic paths with non-zero

|Pley)||- Finally, recall from Lemma 4 that ||Pley)| is either 0 or 1. Therefore, we
have

> Y > IPle) = 0 (g im0 ) o)

Up+rkprr) k) p (et L HT
Jp+1kp+1 Jik1

The other bound

> oy 3 HPT|cn>H:O(nhln?’”—h‘) (198)

Up+rkpr1) 1k pr (oeet [ael
Jp+1kp+17 7 1k

can be similarly proved using the fact that the leftmost fermionic operator of PT must act
on one of the n occupied sites in any fixed configuration. O

We can combine the above proposition with the path-counting bound (Proposition 11)
to obtain

1y (g HJ1 L = O (0017 ) 0[Pl - (199)

Finally, we use the Trotter error bound (43) to obtain
[ 756) = 7| = O (0l 11 s 17 s [ 84 ) . (200)

completing the proof of (9).

Note that this bound is slightly worse than Eq. (2) of Theorem 1, as the norm inequality
I7]] < n||7]|hax always holds but not necessarily saturates. However, in the electronic-
structure application, it indeed holds that [|7|| and n||7||,,., have the same asymptotic
scaling, so (2) and (9) give digital quantum simulations with the same asymptotic gate
complexity. See Section 6.1 for further discussions.

C  Lower-bounding |[T, ... [T, V]]||,

In this appendix, we prove Proposition 13 that lower-bounds |[[T’,... [T, V]]||, for the elec-
tronic Hamiltonian (139). After the fermionic Fourier transform (140), we have

T = FFFT! . T FFFT = nN,,
21
2mix(k—j) 2 2miy(m—1) f 1 (201)
V =FFFT!. V. FFFT—n— > (Ze " ) (Z e )AjAkAlAm,
Jk,lom \ =0 y=0

which gives the commutator

[ } Z Hokim — Z joim + — Z jkom — Z k10 (202)

k,l,m j,l,m ],k m ] k,l

with

n_q
2miz(k—j) 2 2miy(m—1)
Hjpim = TjklmA}AkAerm7 Tikim = (Z e n ) (Z e n ) . (203)
y=0
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For n < 5, we will choose the initial state from the two-dimensional subspace spanned
by
n—1 n—1

~ — ~ —
o) = [010---0T---1),  |&) =[100---0T---1). (204)
Denoting the projection to this subspace as Il = izl@(zﬁd + ]{/;12@21\ we have that Il

)

commutes with 7" = nNp, which means II[7)... [T, V][Il = [T,... O[T, V]I]. We simplify
the effective commutator II[T, V]II based on the following observations:

1. AgAkA;Am: This will always nullify |¢) from left. For <J1\A8AkA;Am]J1> to
be nonzero, we must let one of {k,m} be 0, while the other is equal to [. For

<J1|A$AkA;Am|1ZO> to be nonzero, we must let one of {k,m} be 1, while the other
is equal to (.

2. A;-AOA;Am: For <@Z0|A;A0A;Am|@;0) to be nonzero, we must let [ = 0 and j = m.
For <$0]A}A0A;Am]1;1> to be nonzero, we must let one of {j,1} be 1, while the other
is equal to m. For <121\A;A0A;Am\1;1> to be nonzero, we must let j = 0 and | = m.
For (1;1|A;[A0A;Am|1;0> to be nonzero, we must let j =0, =0 and m = 1.

3. A}AkASAm: For (1ZO|A;AkA8Am\{/;0> to be nonzero, we must let kK = 0 and j = m.
For <1’§1\A;AkA$Am|{/;0> to be nonzero, we must let one of {k,m} be 1, while the
other is equal to j. For <$1|A;AkAgAm|J1> to be nonzero, we must let m = 0 and
j =k. For (J0|A;AkA$Am]1Z1> to be nonzero, we must let m =0, k=0 and j = 1.

4. A;AkA;AO: This will always nullify [¢) from right. For <121\A}AkA;A0]121> to
be nonzero, we must let one of {j,I} be 0, while the other is equal to k. For

<1ZO|A;A;€A;[A0\1Z1> to be nonzero, we must let one of {j,/} be 1, while the other
is equal to k.

After removing double-counting and canceling redundant terms, we obtain

~ [~ ~T ~ 1 1 1 1
11 [T, V} =- oo + = Y How+— okko + = Y Hoggt
= e % o
1 1
%— —Hoin
n n
1 1 1 1 1
_= N  Hion — =S Hog—— _ g
M - zl: Lo~ zj: 301]/% —Hoooy
1 1
%4-1{1011
n n
0
1 1 1 1 1
W-Fn%: jj01+n§j: glogw-Fn 1000
1 1
—/H@—Hnm
n n

0

1 1 1 1
—/2%— = Hjjio—— okko — — > Higko
n < n < n
J J k k
1 1
%-F —Hi110.
m n
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We merge the remaining twelve terms into four groups:

1. The first group contains terms
1 1 1 1
=Y How—=>_ Huou+=Y_ Hjjor— =Y Hjjo
n 4 n 4 n < n <

1 1 1 1
= E Z TOlllA(T)AlAerl — E Z TlOllAIAOA;rAl + ﬁ ZTjjOIA;r‘AjAgAl — ﬁ Z TjjloA;AjAJ{AO
l l J J

=1 51 _

=N Y e Al - N[ e Al4,.
=0 =0

(206)

We will see that this is the dominant contribution to the effective commutator that

is at least Q (nn).

2. The second group contains terms

1 1 1 1
— —Ho111 — —Hooo1 + —Hio00 + —Hi110
n n n n

1 1 1 1
=— gTo111A(T)A1AIA1 - E70001A$A0A$A1 + %TIOOOAJ{AOAE)AO + 571110141141141140

51 g1
= (Z 627;””> AbA; + (Z 622“”) AlAy =0 (n),

=0 =0
(207)
which does not dominate the result scaling.

3. The third group contains terms
1 1 1 1
= Hoert — = > Higo = = Y Torkt ADARAJ AL — = > T AL Ap AL Ag
n & n I n % n .
1 1
= —Tooo1 Ap A1 + = > Tork AR AL AT Ay
n n %
1 1
— *TmoAJ{Ao — = kaoAkALAJ{AO
n n P
n

1 1 1
= *70001148141 + - Z TokklABAl - ZTOkklA};AkABAl
% %

1 1 1
- gﬁnoAJ{Ao - > Tk AL Ao + - ZlekOALAkAJ{AO;
k K

(208)
where
1 1 () (2]
2mix 2mix
~ro001 Af A1 — ~mi0AlAdg = - | Yo e | AlA - o [ Y e | AlAg =0 (n),
n n 2 =0 2 z=0
(209)
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and

1 1
-> Topk1 A AL — = Z TikoA] Ao
n & n

— *Z (Z 627?1% Z e2ﬂyn ) ATAl _ 72 (Z 627!'19;51k 1) QZ . 27r7,yk> ATAO
y=0

o 3.1
= (Z 627:z> AgAl - (Z e_%nm) AJ{AO =0 (n).
=0 =0

(210)

We rewrite the remaining terms as

1 1
=~ D ok AL AR AN AL+~ 3 Tk AL AR A} Ao
k k

y=0

oy oy
== *Z (Z Y k)) ALAA A, (211)

n

+ — Z (Z ezmzik - QZ e 2myk> ATAkATAO

y=0

4. The fourth group contains terms
1 1
n Z 701y + n Z 7105
J J
1 1
= — 5 Z Tj()le}AoAIAj + 5 Z leojA}AlAgAj
J J

1 1 1 1
= — ETlollAJ{AO + E Z TjOle;-AjAJ{AO + 57_010014;[)141 - E Z leojA}A]’ABAl.
J J

(212)
Similar to the previous case, we have

1 1
- ETIOIIAJ{AO + 570100A$A1 =0(n), (213)

whereas the remaining terms can be rewritten as

1 1
E ZT]'QUA;AJ'AJ{AO — E ZTjIOjA;[‘AjA(T)Al
J J

21 n
S S P -
- fz (22 B 52—: 62’1?“) Ala;Af A,

=0 y=0
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[

Ol (
== (0| (

To summarize, the effective commutator II [f, XN/} II has action

n_q 5—1
ﬁ[f,?]ﬁzN(QZ 627:1) AEL)Al (Ze 2?2>ATA0

z=0 =0
57 2mixk 57 2mwiy(1—k) T _I_
- —Z e n Z e n | AlAAlA (215)
z=0

n_q

271 2miz(k—1) 2 2miyk t §
+ = Z Ze n Ze n AAkAA()—l—O( ).

y=0

We now take the expectation of this operator with respect to the state

-1 -1
|010---01 - -~ 1) + (100 0117 1)
. 216
|y) = 7 (216)
Using the limit
. 2 1 ) 2 1
ti (g gz == i (o ) (217)
we have
21 21
~ 2mix 2mix
(W [N DD e | AfAs - Ze | AlAg | [iy)
x=0 x=0
~ 2 2 (218)
= n{ty| ( s AbAL — zmATAo> [
1 — €é n 1 — € n

. nn,~ 1 T -~ nn
=— — ANAL+AA O = __ .
= (U ( 041 1 0) [y) + O (n) — + 0 (n)
On the other hand,

n n
31 2

%7 27rwc % 27”?4(1 k)
Z(Z Z )ATAkATA1+Z(
k =0 y=0

(219)
where the last equality holds since for integer k£ exactly one of k£ and k — 1 is even. We
have thus proved

(Wl [TV ) = ==L + O (). (220)

The above argument can be extended to analyze multilayer nested commutators. In-
deed, for initial state

n—1 n—1
[010---01---1) +¢[100---01---1) 991
‘QST]) ﬂ ) ( )
we have
2
(@l [7, [T.V]]169) = =] (AbAL = A[A0) 16,) + O (n* + nn)
2 ) (222)
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n—1 _ mik 1 _ mi(1—k) n—1 _ mi(k=1) 1 _ —mik
1—e™ 1—¢e 1—e 1—e
Z 2mik 2mi(1—k) A Al + Z 2mi(k—1) 27rzk ATAO W}n) +0 ( )
k:nfnJrll_e nl—e n k=n—n+11l—e€e = 1—e"

miz(k—1) 2 i1
Yoo e ) Al AeA] Ao> 150

O (n),



and similar results hold for general nested commutators [T, ... [T, V]]. This completes the
proof of Proposition 13.

For sparse interactions, we have u,w > 0, positive integer 2 < d <7 < 5 and consider
the electronic Hamiltonian (146). Similar to the above analysis, we compute the commu-
tators by performing the fermionic Fourier transform, but only to the first d spin orbitals,
obtaining

T = FFFT),- T - FFFT, = udNy,

-1 [5-1 g
V=FFFT}-V - FFFT, = & 3 |3 Z ¢ E | LA Al A,
7,k l;m=0 \ =0

(223)
We choose the initial state from the two-dimensional subspace spanned by
d n—d+1 d n—d+1
~ —— —~ ~ — —~
|¢07d>:‘()11...10...01...1>7 |¢Ld>:|101...10...01...1> (224)

)y, ><7Z1,d|. Then, the

and denote the projection to this subspace as II; = |1,507d><~ )
effective commutator ﬁd {f , 17} ﬁd has action

d-1 g-1 d-1 §-1
[y [T, V] My = uw " N; Z S| AjA - YN Z et | Al A
Jj=0 z=0 j=0 =0
d—1 27
. 2“7“’ 3 22 2t 22 | AL A AL A (225)

d

2miz(k—1) 2

92 d—1 i
—I-%Z Ze d szy A};AkA]iAo—i—O(uwd).

y=0
We then define the state
d n—d+1 d n—d+1
W )= |011---10---01---1) 4+ |101---10---01---1) (226)
n,d \/‘ )
2
so that d2
~ ~ o~ ~ _uw
(Pl [T, V] [na) = + O (uwd). (227)

The calculation can be extended to multilayer nested commutators, using either ]{/;T,,d> or

d n—d+1 d n—d+1
1Bra) = 011---10---01---1) +4[101---10---01---1)
n,d NG

as the initial state.

(228)
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D Lower-boundingH[V,...[V,T]HL7

In this appendix, we prove Proposition 14 that lower-bounds |[[V,... [V, T]]||, for the elec-
tronic Hamiltonian (139). Recall that we have H =T + V with

n—1 %*1
T=> A4, V=Y NN, (229)
7,k=0 z,y=0
which implies the commutator
2 21
v, T] = ZNx( 3 )A;AH( DY >A;.Ak YN,
=0 0<j<2-1  2<j<n-1 0<j<Z-1  2<j<n-1 y=0
2<k<n—-1 0<k<Z-1

2<k<n—1 0<k<Z-1

(230)
For n < %, we will choose the initial state from the two-dimensional subspace spanned
by
WO):‘01"'110"'010"'0), W1>:’11...110...0()0...0>_ (231)
n— e

Denoting the projection to this subspace as II = [¢g) (10| + |¥1) (1], we have that II
commutes with Zogzgg—l N,. Meanwhile,

AT = Al Aw — Al
H( DD )AjAkH_AOAg Al Ap. (232)
0<j<g—-1  §<j<n—1
B<k<n—1 0<k<%-1

This shows that the effective commutator II[V, T]II has the action

n_g

n_g
2 2
_ | T | T
[V, T]I = 2‘6 N, (AfjAg — AL Ag) + (AlAs — AL A) Z% N,. (233)
= y=
We now take the expectation of this operator with respect to the state
bl bl
—N—
01---10---010---0) +¢[11---10---000---0)
1 1
n— n—
, 234
|¢on) 7 (234)

which gives

21 21
(gl [V, TNn) = (] | 30 N (AfAz — AL Ag) + (A5 — AL 40) 30 Ny | uy)
2=0 2 I o (235)

= 2n(ty| (ADAs — AL Ao) iy} + O (1) = (=1)"2in + O (1).

This proves the desired scaling for the single-layer commutator. This argument can be
extended to analyze multilayer nested commutators. Indeed, for initial state

—_——
01---10---010---0) +[11---10---000---0)
S~—— S~——
) = —= =
n) =

7 , (236)
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we have

2
(Sl V. [V, T 6g) = (] (Z NI) (4bAs + AL Ao ) Iy

=0

+ 2(¢y| (ZZ_IN) (ATAn + Al AO) (Z_IN) )

21

2
+ (9l (4543 +A2Ao)(ZN) [6n) = (1) 45 + O (),

(237)
and similar results hold for general nested commutators [V, ... [V, T]]. This completes the
proof of Proposition 14.

For sparse interactions, we have u,w > 0, positive integer 2 < d <7 < § and consider
the electronic Hamiltonian (146). Similar to above, we have the commutator

d_q d_q
2 2
UZIETTS SEA U SEED SR VXIS (D SRS DI K1 VTS SE
e=0 0<j<g-1  g§<j<d-1 0<j<g-1  §<j<d-1 y=0
d<k<d—1 0<k<g-1 d<k<d—1  0<k<g-1
(238)
We choose the initial state from the two-dimensional subspace spanned by
d n—4 d n—4
=1[01---110---00---01---1) |14) =[11---100---00---01---1) (239)
[90,4) = | d ; 1.d) = d
3 2

and denote the projection to this subspace as Il = | 4)(
effective commutator I14[V, T]II has the action

4){¥1,4]. Then, the

g1 g1
[V, T)Ily = uw Z N, (ATAd — Al A0> + uw (ATAd — Al A0> STN,. (240)
=0 y=0

Choosing the initial state

[NlIsH

d = d n—5
—_——f— — —— —
01---110---00---01---1) +4[11---100---00---01--- 1)
~—— N——

|1;Z)n,d> = :

Y
[SIIcH

v , (241)

we have

(Wl V. Tma) = (—1) 2iuwd + O (uw). (242)

The calculation can be extended to multilayer nested commutators, using either [t 4) or

vl
NI

d n—
—_——— —_—— —_———— —_——
01---110---00---01---1 11---100---00---01---1
—— ——

d n—

d

|¢n,d> = :

[N11SW

% . (243)

as the initial state.
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