arXiv:2012.13105v3 [quant-ph] 21 May 2021

Time-dependent unbounded Hamiltonian simulation
with vector norm scaling

Dong An!, Di Fang!, and Lin Lin123

!Department of Mathematics, University of California, Berkeley, CA 94720, USA
2Computational Research Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Challenge Institute for Quantum Computation, University of California, Berkeley, CA 94720, USA

The accuracy of quantum dynamics simulation is usually measured by the
error of the unitary evolution operator in the operator norm, which in turn
depends on certain norm of the Hamiltonian. For unbounded operators, af-
ter suitable discretization, the norm of the Hamiltonian can be very large,
which significantly increases the simulation cost. However, the operator norm
measures the worst-case error of the quantum simulation, while practical sim-
ulation concerns the error with respect to a given initial vector at hand. We
demonstrate that under suitable assumptions of the Hamiltonian and the initial
vector, if the error is measured in terms of the vector norm, the computational
cost may not increase at all as the norm of the Hamiltonian increases using
Trotter type methods. In this sense, our result outperforms all previous er-
ror bounds in the quantum simulation literature. Our result extends that of
[Jahnke, Lubich, BIT Numer. Math. 2000] to the time-dependent setting. We
also clarify the existence and the importance of commutator scalings of Trotter
and generalized Trotter methods for time-dependent Hamiltonian simulations.
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1 Introduction

Simulation of the quantum dynamics is widely viewed as one of the most important appli-
cations of a quantum computer. Let H(¢) be a Hamiltonian defined on the interval [0, T,
and |t¢g) be the initial vector, then the time-dependent Hamiltonian simulation problem
aims to find |¢)(7)), which solves the time-dependent Schrédinger equation

10 [(t)) = H@) [9(2)),  [$(0)) = |¢ho) - (1)

If H(t) = H is time-independent, then the solution can be expressed in closed form
as [(T)) = exp(—iTH) |[tp). The task of creating such a universal quantum simulator
was first conceptualized by Lloyd [34], and the past few years have witnessed signifi-
cant progresses in the development of new quantum algorithms as well as the improve-
ment of theoretical error bounds of existing quantum algorithms for time-independent
Hamiltonian simulation [3, 4, 9, 6, 7, 36, 14, 37, 15, 11, 35, 16, 17, 12, 49]. In par-
ticular, for a d-sparse Hamiltonian with bounded | H]|, ., (the largest element of H in
absolute value), the complexity of the quantum signal processing (QSP) method [36] is
O (Td||H|| ax + log(1/€)/loglog(1/€)), which matches complexity lower bounds in all pa-
rameters. Meanwhile the error bound of the high order Trotter-Suzuki scheme has also
been significantly improved [17], which yields near-best asymptotic complexities for sim-
ulating problems such as k-local Hamiltonians, and improves previous error bounds for
Hamiltonians with long range interactions.

On the other hand, simulation with time-dependent Hamiltonians appears ubiqui-
tously, such as in the context of quantum controls [57, 38, 42, 21, 43, 39], non-adiabatic
quantum dynamics [48, 18], and adiabatic quantum computation [22, 47, 2], to name a
few. Compared to the time-independent setting, there are significantly fewer quantum al-
gorithms available [28, 56, 46, 5, 6, 55, 37, 8]. The time-dependent setting has so far ruled
out the usage of quantum signal processing [36] and quantum singular value transforma-
tion (QSVT) [24] types of techniques. To the extent of our knowledge, the best results
available are given by the truncated Dyson series simulation [6, 37], and the rescaled
Dyson series method [8], which scales with respect to [[H [|lmax,co := SupPsejo,r) [|H () || max,
and || H||max.1 := Jo |H ()]l 41, respectively.

In this paper, we are concerned with the simulation of a time-dependent and unbounded
Hamiltonian H (t), which naturally includes the simulation of a time-independent Hamil-
tonian H(t) = H as a special case. More precisely, we assume that there is a family of
Hamiltonians H (™ (t) such that as n — oo, the norm of H (e.g. the max of the operator
norm or the L! norm) also increases towards infinity.
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For concreteness, we will consider the bilinear quantum control Hamiltonian of the
following form

H™ (1) = ) H + fo(t)H". 2)

Here H{n) and HQ(n) are time-independent Hamiltonians, and f; and fs are two bounded,
smooth scalar functions on a time interval [0,7]. Without loss of generality we assume

that lim,, oo HH{TI)H = oo, while lim,, 4 HHQ(n)H < 00, i.e. H{n) approaches an unbounded

operator, while the limit of Hg(n) is a bounded operator. We also assume that exp (—iH 1(n))

and exp (—iHén)> can be efficiently simulated. More specifically, if n also denotes the di-

mension of the Hamiltonian, we assume that the cost of the time-independent simulations
depends at most poly-logarithmically in terms of n and the error e. Such an assumption is
standard for Hén) because Hén) has spectral norm asymptotically independent of n thus
can be efficiently simulated, e.g. via the QSP technique [36]. However, the assumption on

the effectiveness of simulating H fn) is very strong especially when ||H 1(n)|| grows polyno—

mially in terms of n, and the no-fast-forwarding theorem [3, 7] requires roughly (HH H)
queries for generic quantum algorithms to simulate exp (—in”)). Nevertheless, for a
subset of Hamiltonians with special structures, such a time-independent simulation can
indeed be fast-forwarded and the query complexity is still poly-logarithmic of n. Typical
examples include 1-sparse Hamiltonians [13, 1, 37] and thus unitarily diagonalized Hamil-
tonians where the diagonalization procedure can be efficiently implemented. We will show
later the H {n) of interest in this paper can also be fast-forwarded. The availability of the
fast-forwarded time-independent Hamiltonian simulation allows us to measure the cost
directly in terms of the number of Trotter steps.

When the context is clear, we will drop the superscript n and assume instead that || H ||
is sufficiently large. In particular, we have ||Hi|| > | H2||. The form of Eq. (2) allows us
to efficiently evaluate terms of the form fttf H(t)dt = ( ttf fi (t)dt) Hy + ( ttf fg(t)dt) H,,
where the coefficients in the parentheses can be precomputed on classical computers when
fi(t), fa(t) are available.

As an example, consider the following Schrodinger equation with a time-dependent
effective mass Mg (t) (see e.g. [19, 45, 44, 30, 23, 50]) in a domain D with proper boundary

conditions as 1
H(t)=———>FA M 131%4 D. 3
(0= i M OOV (@), w e 3)
Here w(t) is a frequency parameter. Then we set f1(t) = 1/(2Meg(t)), f2(t) = Meg(t)w?(t)/2.
When V(z) = 22 the system is a quantum harmonic oscillator with time-dependent ef-
fective mass. In general we assume the potential has suitable regularity conditions and

n)

is bounded on D. After proper spatial discretization using n degrees of freedom, H;
is the discretized negative Laplacian operator —A which is unbounded, and Hén) is the

discretized diagonal potential V' (z) which is bounded. We notice that the simulation of

H fn) can be fast-forwarded since it can be diagonalized under the quantum Fourier trans-
form procedure [41]. In order to demonstrate the behavior of the Trotter formulae for
unbounded operators, we require n to grow polynomially with respect to €', where € is
the relative 2-norm error of the solution. This is the case, for instance, when the potential
V(z) is of limited regularity. Throughout the paper we only require V(z) to be a C*
function on the domain D.! Again for concreteness of discussion about the computational

"Here the C* regularity is a technical assumption to bound the norm of the nested commutators, which
will be detailed in Section 6.
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cost, unless otherwise specified, we will assume the system is one-dimensional, D = [0, 1]
with the periodic boundary condition, and use the second order finite difference method
with n equidistant nodes for spatial discretization.

To the extent of our knowledge, all previous results in the quantum simulation litera-
ture (for both time-independent and time-dependent Hamiltonians) measure the error of

the evolution operator H[}(T) —U(T)||, where U(T) = expr (—ifOT H(t)dt) is the exact
evolution operator expressed in terms of a time-ordered matrix exponential, and U(T)
is an approximate evolution operator obtained via the numerical scheme. We then di-
rectly obtain the vector norm error H|¢(T)) — W(T»H < HU(T) — U(T)H However, since

Hﬁ(T) — U(T)H typically depends polynomially on the operator norm | Hi||, as ||Hi]| in-
creases, if the computational cost does not increase accordingly, then all error bounds of
the operator norm HU (T) — U(T)H would increase to O(1), with the exception of the in-

teraction picture method for time-independent Hamiltonian simulations [37].2 While the
operator norm error provides an upper bound of the error given any initial vector, for a
particular simulation instance, it is the vector norm error H 1(T)) — [o(T)) H that matters.
It turns out that for certain unbounded operators and initial vectors, the vector norm
bound can be significantly improved. The key reason is that the magnitude of terms such
as [[Hy [¥)||, ||[H1, H2] |¥)|| can be much smaller than the corresponding operator norm
estimates. In fact the importance of the vector norm estimates has long been recognized
in the numerical analysis literature, and the vector norm error bounds have been estab-
lished for time-independent Hamiltonian simulation using second and higher order Trotter
methods of the form H = —A + V() [29, 53, 20], and for time-dependent Hamiltonian
simulation using Magnus integrators of the form H = —A + V(¢,z) [27]. Under suitable

discretization and choice of the initial vector, the vector norm error H [O(T)) — |4(T)) H ob-
tained by the standard Trotter method remains small, even as ||H|| — oo and the operator
norm H(}(T) — U(T)H becomes O(1).

Contribution: The first contribution of this work is to extend the vector norm esti-
mate [29] to time-dependent unbounded Hamiltonian simulations. For concreteness we
focus on the standard first and second-order Trotter methods, as well as a class of gener-
alized Trotter methods proposed in [28], which will be introduced in Section 3. Our main
result for a given control Hamiltonian Eq. (2) is Theorem 4. It states that under suitable
assumptions, the vector norm error obtained from both standard and generalized Trotter
methods depends mainly on sup;co 7y [|H1 [¢(¢)) ||, which can be significantly smaller than
[H: ]2

In order to simulate the Hamiltonian of the form Eq. (3), we take both the spatial and
temporal discretization into account, and our complexity estimates are given in Theorem 5.
Our result compared to existing results are given in Table 1, where the complexity for time-
independent simulations are obtained by treating Meg(t), w(t) as constants. In particular,

%In the context of time-independent simulation [17], the error of Trotter methods does not scale directly
with respect to the operator norm || H1||, but with respect to the norm of the (high-order) commutators
[H1, H2), [Hy, [H1, H2]|, [H2, [H2, H1]] and so on. However, this does not change our conclusion here. In
principle, the interaction picture method can also be generalized to efficiently simulate time-dependent
Hamiltonians. However, its practical performance has not been well understood.

3Theorem 4 shows that the number of Trotter steps may not scale with respect to || H1||. The mechanism
of the improvement is very different from that of the interaction picture approach, where the number of
the time steps is still linear in || H1||.
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the vector norm is asymptotically independent of the spatial discretization parameter n,
and complexity in terms of the error matches that of the time-independent Hamiltonian
simulation obtained by [29]. Under the same second order spatial discretization, our
complexity estimate for second order Trotter formulae outperforms state-of-the-art error
bounds using high order Trotter and post-Trotter schemes [6, 37, 8] in terms of the desired
level of accuracy, due to their dependence on the spectral norm of H; and thus on n.

The effectiveness of the vector norm bound depends on the initial vector [ig). We re-
mark that recently [49] establishes improved error estimates of low-order Trotter methods
for time-independent Hamiltonian simulation, when the initial vector is constrained to be
within a low energy subspace. Another recent work [51] obtains an improved complexity
estimate for simulating a system with 7 interacting electrons using time-independent Trot-
ter formula, by considering the operator norm constrained on this n-electron sub-manifold.
Our vector norm estimate provides a complementary perspective in understanding why
such improved estimates are possible. When supcpo 7y [|[H1 [¢(¢)) || is indeed comparable
to |[H1||, the operator norm bound still serves as a good indicator of the error.

Given the improved error commutator scaling estimates for time-independent simu-
lations [17], it is natural to ask whether the commutator scaling of the operator norm
still holds for time-dependent simulations. The second contribution of this paper is to
reveal that for time-dependent simulations, the error of standard Trotter method does
not exhibit commutator scalings, while the commutator scaling holds for the generalized
Trotter method (Theorem 2). Therefore in the context of time-dependent simulations, the
use of the generalized Trotter method could reduce the simulation cost. Our proof of the
operator norm error bounds mainly follow the procedure proposed in [17], and our results
generalize the first and second order time-independent results in [17] in the sense that,
when the scalar functions f; and fy are constant functions, both time-dependent standard
Trotter formula and time-dependent generalized Trotter formula degenerate to the same
time-independent Trotter formula, and the corresponding operator norm error bound is of
commutator scaling.

Yet another twist comes when we ask the question: when H; is unbounded, is it clear
that the norm of the commutators ||[Hy, Hol||, [|[H1, [H1, H2)||, ||[H2, [H2, H1]]|| must be
smaller than ||H1||? It turns out that for the Hamiltonian Eq. (3), we may directly analyze
that [|[Hy, Ha |, | [He, [Ha, Hi])|| € O(n), while |[[Hy, [Hy, Ho])|l,]|Hi]| € O(n?) (sce Sec-
tion 6). Therefore the first-order generalized Trotter method outperforms the first-order
standard Trotter method, but the asymptotic efficiency of the second-order generalized
and standard Trotter methods are the same (Lemma 11). Table 2 summarizes the perfor-
mance of Trotter and generalized Trotter methods. Though both second-order schemes
share the same asymptotic scaling, the generalized Trotter formula may still be a better
choice in practice due to smaller preconstants, which is observed numerically. Moreover,
the p-th generalized Trotter scheme depends only on the (p — 1)-th derivatives of the
control functions, while the p-th standard Trotter method on its p-th derivative. There-
fore when the control functions have high frequency or limited regularity, the generalized
Trotter scheme may significantly outperform the standard one. Such an advantage under
first-order schemes has been demonstrated in [28] as well.

All results above are confirmed by numerical experiments for the model Eq. (3) in
Section 7, which verifies the sharpness of our estimates.
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Work /Method Scaling w. | Overall query
spatial dis- | complexity
cretization

Time-independent | ;195 ¢t o1, [17) O(n) )
second order
Trotter Jahnke et al. [29] O(1) O(e799)
p-th order Trotter [17] O(n?2/p) O(e71)
Time-independent | v, cateq Taylor series [5, 31] O(n?) O(e™1)
higher order
methods Quantum signal processing [36] | O(n?) O(e™ 1)
Interaction picture [37] O(log(n)) O(polylog(1/e))
Time-dependent Huyghebaert et al. [28] O(n) O(e™ 1)
second order Wiebe et al. [56] O(n?) O(e?)
Trotter
Wecker et al. [55] O(n) O(e™ 1)
This work O(1) O(e99)
Time-dependent p-th order Trotter [56] O(n?+2/p) O(e~1-2/p)
higher order —
methods Truncated Dyson series [6, 37] O(n?) O(e b
Rescaled Dyson series [8] O(n?) O(e™ 1)

Table 1: Comparison of complexity estimates for simulating the model Eq. (3) in one-dimension using
second order Trotter method or higher order Trotter or post-Trotter method, with C* potential function
V (), and time-independent mass and frequency (top 2) or time-dependent mass and frequency (bottom
2). For all the methods, we use a second order finite difference discretization with n degrees of freedom.
The third column summarizes the scaling of the cost with respect to n in order to reach constant target
accuracy, and the fourth column summarizes the overall query complexity in order to achieve a desired
level of relative 2-norm error €. Since we assume the efficiency of time-independent simulation for both
H, and Hs, the query complexity is measured by the number of required Trotter steps for Trotter-
type methods, or the query complexity under standard query model for post-Trotter methods. The
simulation time T" is O(1). ‘This work’' refers to the vector norm error bound using the second order
standard or generalized Trotter formula. Throughout the paper f = 5(g) if f = O(gpolylog(g)). See
Appendix A for details of the derivation of the scalings.
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Method & Error type Scaling w. | Overall number

spatial dis- | of Trotter steps
cretization
standard, operator norm O(n?) O(e7?)

First-order

(
Trotter generalized, operator norm | O(n) O(e=19)
standard, vector norm O(1) O(e71)
generalized, vector norm O(1) O(e1)
standard, operator norm O(n) O(e™1)
Second-order
Trotter generalized, operator norm | O(n) O(e71)
standard, vector norm o(1) O(e799)
generalized, vector norm o(1) O(e799)

Table 2: Summary of results for first and second order Trotter formulae applied to simulating the model
Eq. (3) in one-dimension with time-dependent effective mass and frequency. For all the methods, we use
a second order finite difference discretization with n degrees of freedom. The third column summarizes
the scaling of the cost with respect to n in order to reach constant target accuracy (Lemma 11), and
the fourth column summarizes the overall number of required Trotter steps to achieve a desired level
of relative 2-norm error € estimated from error bounds in different norms (Theorem 5). The simulation
time T is O(1).

2 Preliminaries

In this section we first introduce several notations and preliminary lemmas used in this
paper. Then we briefly sketch the main ideas for proving the main theorems.
2.1 Notations

We refer to a (possibly unnormalized) vector as 7,/7, i or U depending on the context, and
use [¢) to denote the corresponding quantum state (i.e. normalized vector under vector 2-

norm). We define two vector norms for a vector )= (o, -+ y¥n—1), namely the standard
2-norm
[l =
and the rescaled 2-norm .
)l = —= ]l

NG

The rescaled 2-norm is directly motivated by the discretization of the continuous L?
norm [33, 54]. Specifically, for a real-space function u(x) discretized in the real space
using n equidistant nodes, we apply the trapezoidal rule and obtain

1 n—1 1 1
[t = 3 (lutk/mPL) = D midi? = I /mys @
k=0
Since the || - ||x simply rescales the standard vector 2-norm, the estimates that we will

derive for 2-norm also hold for this rescaled 2-norm. Furthermore, the corresponding
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matrix norm induced by the rescaled 2-norm is still the standard matrix 2-norm without
any rescaling factor, as
[All = sup [|Ad][/||u]l = sup [[Adll./]|u].
llzll#0 llll«7#0
We remark that it is equivalent to use either 2-norm or rescaled 2-norm if we wish to
bound the relative error of the numerical solutions.
For two matrices A, B, define the adjoint mapping ad 4 as

ad(B) = [A, B] = AB — BA, (5)

and then the conjugation of matrix exponentials of the form exp(A)Bexp(—A) can be
simply expressed as

exp(ada)B = exp(A)Bexp(—A). (6)
The following conjugation of matrix exponentials will be commonly used for a scale-valued
function f and matrices A, B

12 l2
exp (ad ftQ F(s)dsA > B = exp <i t f(s)dsA) Bexp (—i t f(s)dsA) . (7)

For a scalar-valued continuous function f(¢) defined on time domain ¢ € [0,7], we use
|| flloo to denote the supremum of the function in this time interval, i.e.

[[flloo = e £ ()]

tel0, T

2.2 Elementary lemmas

We review two elementary lemmas to be used in the proof of the paper. Proofs of the
results can be found in, e.g. [26, 32].

Lemma 1 (Taylor’s theorem). For any k-th order continuously differentiable function f
(scale-valued or matri:r—valued) defined on an interval |a, t], we have
f(J)

(h)(
f(t):z ], +/ f t—s)k - @®

j=0
Lemma 2 (Variation of parameters formula). Assume U (t, s) solves the differential equa-
tion

oU(t,s) = H(t)U(t,s), U(s,s)=1. 9)
Then
1. For any matriz-valued continuous function R(t), the solution of the differential equa-
tion
U (t,0) = H)U(t,0)+ R(t), U(0,0)=1 (10)
can be represented as
~ t
T (t,0) = U(t,0) + / U(t, s)R(s)ds. (11)
0
2. For any vector-valued continuous function 7(t), the solution of the differential equa-
tion . . .
dpu(t) = H(t)u(t) +7(t), u(0) = do (12)
can be represented as
- t
f(t) = Ut 0)ido + / U (t, 5)i(s)ds. (13)
0
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2.3  Main ideas

Here we discuss the main ideas for our operator and vector norm error bounds, and they
are applicable to both standard and generalized Trotter formulae to be introduced in Sec-
tion 3.1. For simplicity, we only discuss first order formulae here, and the ideas for second
order formulae are similar. First, in Section 3, we derive the error representations be-
tween the exact evolution operator U(h,0) and the Trotterized evolution operator Us(h,0)
or Uy(h,0), by establishing the differential equations that these unitary operators satisfy
and by using variation of parameters. Such error representations are exact. Furthermore,
although full error representations can be technically complicated, they are simply linear
combinations of integrals with integrand of the form

k=1 k'=1

J K K
e [H exp (ihnglk)] AT exp (ingioHy, ) | - (14)
j=1

Here functions g;’s can be fi, f2, or their derivatives; H;, and Hy  are either Hy or H; and
k

& and &, are some bounded real numbers. The matrix A is in the set {Hy, Ha, [H1, Ha]}
for standard Trotter formula and can only be [Hy, Ha] for generalized Trotter formula.
Therefore it suffices to focus on each term in the form of Eq. (14) to obtain error bounds.
The operator norm error bounds directly follow the error representations. Under the
assumption that H; and Hy are bounded operators, we can simply bound all the unitaries
by 1 and the (local) operator norm error bounds become ah? where o can be expressed in
terms of ||H1 ||, || Hz|| and ||[H1, Hs]|| for the standard Trotter formula, and of ||[Hy, Hs]|| for
the generalized Trotter formula, respectively. Notice that the local errors for both formulae
are O(h?) for first order schemes, which agrees with the order condition. Furthermore, the
preconstant for the generalized Trotter formula only consists of commutators, while the
preconstant for standard Trotter formula still includes norms of Hy and Hs themselves.
Next we focus on the situation when |[H;|| is very large, and we still would like to
obtain a well approximated quantum state of the exact wavefunction. In this case, the
operator norm error bounds do not offer useful performance guarantees. To obtain a vector
norm error bound, the starting point of our approach is still the exact error representation.
Notice that the error between the exact state |1) and the approximate state |¢) obtained

by Trotter formulae can be expressed as H|@Z(h)) - |1/}(h)>H < H (ﬁ(h, 0) —Ul(h, O)) |¢J(0)>H
Therefore the vector norm error bounds should be a linear combination of the terms of

the form
K K’ K’
[H exp (ihkalk)] A H exp (ihfle;) vl = ||A H exp (ihg;C,Hl;/) vll.  (15)
k=1 k'=1 k'=1

This can be obtained by applying the operator Eq. (14) to some vector ¥, and ¥ is related
to the initial condition as well as the exact Schrodinger wavefunctions.

To further bound Eq. (15), the key observation is as follows. When A is H; (or
commutators involving H;), although ||A|| can be very large, it is possible for || A% to
be small for certain vectors ¥. As an example, let us consider the continuous case in one
dimension and we take H; = —A and Hy being a bounded, smooth potential function
V(z). The direct computation shows that

Hldj = _ag¢7

[Hy, Holtp = [-A, V] = —(02V )1 — 2(8,V) 0.

Accepted in (Yuantum 2021-05-19, click title to verify. Published under CC-BY 4.0. 9



Both of the terms on the right hand side depend on the spatial derivatives of the wave-
functions, of which the norm can be small if ¥ is a smooth function. Then according to
Eq. (15), we only need to somehow exchange the order between A and the exponentials
without introducing much overhead (Lemma 7). Combining all previous arguments, we
can obtain the desired vector norm error bounds.

3 Trotter type algorithms and error representations

In this section, we consider two different types of Trotter algorithms — the standard and
generalized Trotter formulae — in simulating time dependent Hamiltonian Eq. (2), and
derive their error representations explicitly. Here for simplicity we restrict ourselves to
the first-order and second-order cases. We point out that such schemes and results re-
garding the (non-)existence of commutator scaling can be generalized to their higher order
counterparts.

3.1 The standard and generalized Trotter formulae

Both the standard and the generalized Trotter formulae (proposed in [28]) belong to the
class of splitting methods [25].
The first-order standard Trotter algorithm is

Usi(t + h,t) = exp (—ifa(t + h)Hah) exp (—ifi(t + h)H1h) . (16)
The first-order generalized Trotter formula is

t+h t+h

Ugi(t+ h,t) =exp (—i ) fg(S)dSHg) exp (—i t fi (s)dsH1> . (17)

The second-order standard Trotter formula is

Usa(t+h,t) = exp (—i;fl (t+ h/2)H1> exp (—ihfo(t + h/2)Hy) exp (—i;fl (t+ h/2)H1)
(18)

The second-order generalized Trotter formula is

t+h t+h t+h/2
Ugo(t+h,t) = exp <—i/t fl(s)d8H1> exp (—i t fg(S)dSHQ) exp (—i/t fl(s)dsH1> .

+h/2

(19)
It is clear that the difference between the standard and the generalized Trotter formulae
lies in the temporal treatment of f; and fs, and the standard Trotter formula can be viewed
as applying certain quadrature rules in representing the integrals of f; and fs. From now
on we assume that | f f(s)ds can be accurately computed with negligible extra cost for
any scalar-valued smooth function f(s). Furthermore, we remark that although in our
definitions of the schemes we perform evolution governed by H; at first and then by Ha,
the order of Hy and H» only affects the absolute preconstants in the error bounds and will

not lead to any difference in the asymptotic scalings.

3.2 Error representations

For the time-independent Trotter formula, the work of [17, 20] prove a commutator type
of error of any order by writing down an explicit error representation via variation of
parameters formula. Here we follow the procedure in [17] to write down the corresponding
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error representations for standard and generalized time-dependent Trotter formulae, which
turn out to be the starting point for proving both the operator norm and the vector norm
error bounds. Although we only present the error representation on the interval [0, k], this
is just for notation simplicity and with minor modifications the results naturally hold on
[t,t 4+ h] for any t. The proofs are given in Appendix B.

Lemma 3 (Error representation of the first-order standard Trotter formula).

Usi(h,0) —U(h,0) = /Oh U(h, s) exp (—isfa(s)Ha) Es1(s) exp (—isfi(s)Hy)ds  (20)

where

W = [ A 1205) (05D (ko) (P, o)) ds — g () iy — i 7500 o
+ [ SO (o5 (adipom,) (11, Ha)) ds.
Lemma 4 (Error representation of the first-order generalized Trotter formula).
Ug,1(h,0) = U(h,0) :/hU(h,s)exp< / fa(s')ds Hg) Eg1(s) exp( / f1(s')ds Hl) ds
0 (22

where

W= [ 510506) (50 (a1 o, ) (1 D) ) . (23)

Lemma 5 (Error representation of the second-order standard Trotter formula).

Usa(h,0) — U(h,0) = /0 "U(h. 5) exp (—1; f1(5/2)H1> Eya(s)

: (24)
: is
exp (~isfa(s/ 2 H) exp (5 fi(s/2) 1 ) ds
where Es o is defined in Eq. (86).
Lemma 6 (Error representation of the second-order generalized Trotter formula).
h s
Ug,2(h,0) = U(h,0) = / U(h,s) exp (-i fl(sl)dS/H1> Eg2(s)
0 s/2 (25)

exp (—i/os fg(s’)ds’Hg) exp <—i/08/2 fl(s’)ds’H1> ds

where Eg 5 is defined in Eq. (87).

The expressions of these exact error representations are somewhat complicated, but
the structures for all the representations are the same. As introduced in Section 2.3,
the error representations for both standard and generalized Trotter formulae of first and
second-order are linear combinations of integrals with integrands in the form of Eq. (14),
which can be expressed as the multiplication of matrix exponentials, Hamiltonians, and
commutators of Hamiltonians.
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Before we proceed, we remark that in the error representations of standard Trotter
formulae of first and second-order, besides the O(hP™!) terms, we also include higher
order terms O(hP*2) and/or O(hP*3). This is because we aim at writing down the exact
error terms, and the Taylor expansion of terms like exp(—ih f1(h)H1) will naturally involve
higher order term even though we only expand it up to the desired lower order. For
example, if we look at the first-order derivative of exp(—ihfi(h)Hi), then

%(GXP(—ihfl(h)Hl)) = —ifi(h)Hy exp(=ihfi(h)H1) — ih fi(h) Hy exp(—ih fi(h) Hy).

We can observe that the first term is O(1) and the second term is O(h), which are on
different scales. Therefore, the same order term in the Taylor expansion of the unitaries
does not necessarily have the same scaling in terms of h.

Remark 1 (Exact error representation). It is possible to derive a simpler error bound
by considering only the lowest order term and discarding all the higher order terms in h.
However, such an error bound would not reveal the commutator scaling in the higher order
remainder terms. For instance, for the time-independent Hamiltonian simulation, [53]
deduces an error bound for the p-th order Trotter formula, in which the O(hP) term has a
commutator structure, but the higher order terms do not. This leads to complexity overhead
when the spectral norms of the Hamiltonians become large. The work [17] fizes this issue
by deriving an exact error representation, demonstrating the validity of the commutator
scaling for high order terms as well. Therefore for time-dependent simulation, we also
preserve all the terms in the error representation (at least for now). We can observe that
all the terms in the exact representation, regardless of the order in h, are in the form of
Eq. (14), thus no overhead will be introduced by higher order terms and it is safe to bound
them by the lowest order term later in estimating complexity.

4 QOperator norm error bounds

We first establish the operator norm error bounds. In this section we assume that H; and
H> are two bounded operators. The operator norm error bounds can be directly obtained
from the error representations by bounding the operator norms of all the unitaries by 1.

Theorem 1. The error of each standard/generalized Trotter step measured in the operator
norm s as follows:

1. First-order standard Trotter formula:

|Us1(h,0) = U(h,0)|| < cs1h® + Bs1h?, (26)
where
1, . 1, ., 1

o1 = Sl AlloollEll + 51 flloe 1 FE2ll 4+ 5 il o ool L, BT (27)

and 1
B = gl fillosl fallool[His Ho]l- (28)

2. First-order generalized Trotter formula:

1Ug,1(h,0) = U(h, 0)|| < ag1h? (29)

where 1
ag1 = gl fillocll f2lloo | [H1, He]ll (30)
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3. Second-order standard Trotter formula:
[Us,2(h,0) = U(h,0)|| < cusah® + B oh® + 752k, (31)
where
a2 = I el Bl + 25 I ol falloc L E L + o 178 cl 2]
' 24 12 24
+ %(Hf{HoonzHoo + [ f1llooll falloo) | [Hy, Ho (32)

1 1
+ oz Il Falloo [y, [Hy, BJII -+ S5 lloo | f2IS N 2, [y, oI

1
B2 = grllfillooll f2llool 1 Hx

1 1 1
+ (g alell 8l + g5 17 ool Foll + 55 1Al e ) 1B, EE] )

1
+ gl rllocll filloo Il f2lloo I[H1, [Hys Hol + %HleoonzlloollféHooH[Hm [H, Holl|,

(33)
and
1 2 1 /112
52 = —= ool|[H1, [H1, H: — 0o Hs, [Hi, Holll]. (34
2 = gag Iil5 I felloolllHs [Hy HaJlll + o5 [ filloo | ol [Hz [Hs o]l (34)
4. Second-order generalized Trotter formula:
Uy 2(h, 0) = U(h, 0)[| < g 2B, (35)

where

7 . 11, ,,
Qg2 = <12||f1||oo||f2||oo + 24||f1!|<>o|fz||oo) |[Hx, Hol|| (36)

3 1
+ SISl falloo 1L, [y Hollll + 35 [ Flloo | f2 5 [ [, [z, HAJ

Remark 2 (The preconstants in Theorem 1). First, the preconstants of the standard
Trotter formula involve the norms of both the Hamiltonians as well as their commutators,
while the preconstants of the generalized Trotter formula of the first order only involve the
commutator [Hy, Hy], and those of the second order involve further nested commutators.
Second, the p-th order standard Trotter scheme (p = 1,2) depends on the p-th order
derivatives of the control functions while the p-th generalized Trotter scheme depends only
on (p — 1)-th order derivatives. In this sense, when the time derivatives of f1 and fo are
large (or when the regularity of fi, fo are limited), the generalized Trotter formula can
further outperform the standard Trotter method.

Now we move on to the global error bounds. To obtain an approximation of the exact
unitary evolution up to time 7', we can divide the time interval [0, 7] into L equilength
segments and implement Trotter discretization on each segment. Since the evolutions
for both continuous and discretized cases are unitary, the global error is simply a linear
accumulation of local errors at each time step. For sufficiently large L, the total error can
be controlled to be arbitrarily small.
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Theorem 2. Let T > 0 be the evolution time, and the dynamics Eq. (1) is discretized
via standard and generalized Trotter formulae with L equidistant time steps (thus the time
step size h=T/L). Then

L 2 3
IT (1-1)T T T
[Tve (7 ) - UT0)| <+ bz, (37
i L L L 12
L 2
IT (1-1)T T
— 7\ _U(T < —
[0 (75 ) -0 @0 <o (39)
IT (1-1)T T3 T 5
H Us,2 <7 ) - U(T, 0) S as,Qi + 53,27 + 75,27a (39)
e L L L2 L3 L4
L
IT (1-1)T T3
11U, (L, L) —U(T,0)|| < Q273 (40)
=1

where preconstants « and 3 are defined in Theorem 1.

5 Vector norm error bounds

Now we consider the case when H; is an approximation of an unbounded operator, while
Hj remains reasonably bounded. In this section, we assume that |Hi|| > [|Hz|, and
the functions f1, fo, as well as their first and second-order derivatives are bounded. To
simplify the proof and emphasize our focus on overcoming the difficulty brought by Hi,
throughout this section we will not track the explicit dependence on Hs, fi; and fo. We
use the notation C with a tilde above to denote preconstants (with possibly varying sizes
in different inequalities) which can depend polynomially on Hs, ||f 1(k)Hoo and || f. g(k) oo but
do not depend on Hi. Furthermore, we make the following assumptions.

Assumption 1 (Bounds of commutators). We assume Hy is a positive semidefinite op-
erator, and there exists an operator Di_such that Hy = DIDl. Furthermore, we assume
for any vector U, there exist constants C1,Co such that

I[H1, Ho]3| < C1(|[D1] + [13])), (41)

and N
|[Hy, [Hy, Ha]]0]| < Co(||[H19|| + [|7]]). (42)

Assumption 1 has been used in previous works [29, 27] related to the vector norm error
bounds of time-independent Trotter formula and exponential integrators for H = —A +
V(z), where H; = —A is positive semidefinite and Hy = V() is a bounded operator. It
will be helpful to understand Assumption 1 from a continuous analog, in which Hy = DIDl
and D, is a first-order differential operator. A direct calculation shows that the operator

[~A, V] = =02V —2(9,V)0,
is a first-order differential operator, and
[—A,[-A, V] = 02V + 403V 9, + 402V 9?2 (43)

is a second-order differential operator, given that V(z) is a C* function. These are ex-
actly what Eqgs. (41) and (42) are addressing. Furthermore, if the wavefunction v is
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smooth enough with bounded derivatives, then the right hand sides of these inequalities
are bounded, which provides the key motivation and possibility to establish vector norm
error bounds and obtain improvement in complexity estimates. In the context of quan-
tum simulation, since all matrices and vectors are finite dimensional, we omit the explicit
statements of regularity assumptions of v below.

As we have briefly discussed before, starting from the error representations, the vector
norm error bounds are just linear combinations of the terms in the form of Eq. (15), and
the key step to prove vector norm error bounds is to exchange the order of a Hamiltonian
or an commutator with matrix exponentials. We find that such an exchange of order
will not introduce any overhead in the error bounds. This is established by the following
lemma.

Lemma 7. Under Assumption 1, we have the following:

1. For any vector v,
[ D1]| < [[Hy]| + [|]. (44)

2. Let & be any real number such that (Cy + ||Ha|)|€| < 1/2. Then for any vector 7,

|| Hy exp (1EHa) 0] < 2(||H1]| + [|7]]).- (45)

3. Let K be a positive integer, cmd~Hlk be either Hy or Ho, and & be some real numbers
for 1 <k < K. Assume that (C1 + ||Hz||)|¢k|h < 1/2, then for any vector U, all the
following inequalities hold:

i _
||H [T exp ihern,) | ] < EC1HLT] + a1
Lk=1 i
HHz [T exp (ih&Hy,) | 7| < C|j4],
Lk=1 N
H[Hhﬂﬂ [T exp (et | 7| < & (VIgllEma] + 1) . o)
Lk=1 J
i o
H[Hl,[ﬂl,ﬂm [T exp (e, | 7| < COIHT + 7])
Lk=1 d
it 1 1) | [T s et ) < St + .
Lk=1 i

for some constant C > 0 depending only on || Hs|.

Proof. 1. By the definition of D; and the Cauchy-Schwarz inequality,
1D17)* = (D10)" D17 = 3" Hy @ < ||3]|[| Ha 9| < (|| Hal| + |[3]1)%. (47)
2. We start with Taylor’s theorem of exp(it{ Hy) up to first-order, then
t
Hyexp(it€Ho)U = H U + / i€ H1Hs exp (ia§ Hy) Uda
0

t t
= H1’17—|-/ if[Hl,HQ] exp (IOéng)ﬁdOé—l-/ i€HoHy exp (104§H2) vdo.
0 0
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The norm can be estimated using Eq. (41) as
t t
|y expts Ha)T| < |[H1| + [ [€]][Ha, Ho)exp (0 Ho) Tlda+ ||l Holl | Hy exp GagHo) 7] da
- t
< 1] + Culll [ + | Crlel| Dy exp (iag Ha) Tjda

t
+ [ Il el | H exp Gag o) 7 do

Define M (t) := ||Hy exp(it§ H2)¥||, and it follows from Eq. (44) that
Dy exp (it§ Hy) o] < M (t) + |-

Thus Eq. (48) can be rewritten as
~ t ~
M(t) < ||Hy]| + 2C [¢] |1}t + /0 € (Cy + || Ha]|) M(a) da.

Since || Hy || +2C1|€|||7]|t is non-decreasing with respect to ¢, applying Gronwall’s inequal-
ity yields the bound

M(t) < ([H5] + 21 [é||191]t) exp (1€1(Cr + | Ha|)t) -
Finally taking t = 1 and applying the condition on &, the desired result is achieved
| Hy exp (i Ho)al| < (|| Hyol| + 2C1[¢][19]) exp (1€1(C + ([ Hall)) < 2(| Hio] + [31]).

3. We first show that it suffices to only prove the first inequality in Eq. (46). Let
W= {Hszl exp (ih‘kalk)} 7. Since Hj is bounded, ||How]| is directly bounded by C||d]| .
By Eqgs. (41) and (47), and the fact ||| = ||¥]|, we have

|t Eu)] < Cu(|Da] + 1) < € (@l Eal + 1) = € (It 1] + 171

(49)
Similarly Eq. (42) gives
[y, [Hy, Ho)Jid|| < Co(|| Hyad|| + [[@f]) = Co(||Hrad]| + || a1])- (50)
Furthermore,
|[Ha, [Hy, Hh)|W|| < ||Ha[Ha, Hy ]| + [|[H2, Hi| Ho||
< C||[Hz, H]i|| + C1 (| Dy Ho| + || Haeo))
< C([|[Drdf]| + ||df]]) + C(|| HyHod || + || Haw]]) (51)

IN

C(|[Hyid| + [|]]) + C(||[Hy, Ho) @] + || Ho Hyds]| + [|15]))
C(|[Hydil| + [[@]]) + C([[ Drd]| + [[]])
c( )

<
< C(|[Hydl]| + [[]]) = C(|[Hdl]| + [[7]])-

Therefore we only need to bound ||Hy| further by C(||H.7|| + ||7]).
Notice that ||Hy exp(i§H1)v|| = || exp(i§ H1)H17|| = ||H19]|, together with Eq. (45),

[ Hy exp (i€ Hp) || < 2(]|H1]| + [|9]]) (52)
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for H; being either H; or Hs. Then we have the recursive relation

K K—1 K—1
HHl [H exXp (ihnglk) U < 2 HHl [H exp (ihkalk) v 2‘ H exp (lhnglk)] U
k=1 k=1 k=1
K—1
= 2| H; [H exp (ihnglk)] ¥l + 27| -
k=1
(53)
By applying this estimation K times, we obtain the desired result
K ~
Hffl [H exp (1h&Hy, ) | 0| < O ([|[Hyol| + [|7]]) - (54)
k=1
O

Now we are ready to state our main theorems for the vector norm estimates.

Theorem 3. For any vector v and time step size h < (| f1lloo + | falloo) " (C1+ || Ha )1 /2,
there exists a constant C' such that

[Us,1(h, 0)7 — U(h,0)
1Ug,1(R, 0)7 — )
|Us2(h, 0)0 — U(h,0)v
[Ug,2(h, 0)7 — U(h, 0)v]| <

dll < Ch*(||Hydl| + |[5]),

h*(

CH (191 H 9| + [[7]),
h*(
h(

<C
é B2 (| Ha @l + [191)),

[ H @] + [17]])-

Proof. We start with the error representations (Lemmas 3 to 6). By multiplying a vector ¥

on the right of the error representations, bounding all the f}k) by its supremum, bounding
all the higher order terms involving the (nested) commutators by second-order terms, and
bounding all the unitaries multiplied on the left by 1, we obtain

1Us,1(h,0)7 = U (h, 0)7] < Cs1 1%,
1Ug.1(h,0)7 = U (h, 03| < Cby1h*,
|1Us2(h, 0)3 = U(h, 0)7]| < Cs2h°,
1Ug,2(h, 0)7 — U (h, 0)3]| < Cby2h?,

where 6, and 6, are linear combinations of the terms in the form of Eq. (46), with an
exception that 6, 1 only consists terms like ||[H1, Ho]w|. Then part 3 of Lemma 7 completes
the proof. O

Similar to the operator norm error bound case, from Theorem 3, we can establish
the global error bound and estimate the total number of time steps we need to achieve a
desired accuracy using standard and generalized Trotter formulae. The proof of the global
error bound is essentially the same as the standard argument for error accumulation in
quantum computing, that is, to replace the exact evolution operator by numerical evolution
operator step by step and bound each step by local error bound. In the operator norm
case, it does not matter whether we replace the local evolution operator in a forward
or backward fashion. However, in the vector norm case, the order of the replacements
indeed matters. In particular, we would like to obtain an error bound that depends on the
exact, instead of the numerical solution of the dynamics. We state our vector norm global
error bound in Theorem 4, and provide a complete proof for the second-order generalized
Trotter formula.
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Theorem 4. Let T > 0 be the evolution time, J(t) be the exact solution of the dy-
namics Eq. (1), and the dynamics Eq. (1) is discretized via standard and generalized
Trotter formulae with L time steps such that the time step size h = T/L is bounded
by (| f1lloe + |l f2llee) " (CL + || Ha|)) ™1 /2. Then there exists a constant C such that

L _ . . 72 5
(H U (f“;”’)) J0) - U(,0)§(0)| < 6 ( sup. | ()] + Ilw(O)H),
=1

te[0,7]
(55)
L — - . 72
<l:1_[1Ug,1 <ZLT’(Z LI)T)>1/)(O)—U(T,O)¢(O) <0Tf <t€S[13p VIGO) I E ()] + 150)]
(56)
L B - ) 3 }
<IZH1US,2 (ZZ,(Z;)T»MO)—U(T,OW(O) gc% (t:%p | Hyop(t H+II¢(0)||>,
(57)
L _ . B 3 .
<l_1_[1Ug,2<lf,(l Ll)T)>q/)(0)—U(T,O)¢(O) gCT—2 <t§%p 1 (¢ ||+|w(0)H>-
(58)

Remark Although the error for the first-order generalized Trotter formula can also be
bounded by sup;cjo. 1 [[H1%(t)| + [[4(0)|| as the other schemes by a direct application of

the Cauchy-Schwarz inequality, we keep it as sup,cp 7 \/||1Z(0)|| ||H11;(t)|| + Hv,Z(O)H which
promotes a better dependence on ||[Hyt(t)|. This improvement is achievable only for the
first-order generalized Trotter formula since its error only contains terms depending on
[H1, Ha] which process a better bound as in Eq. (46), while the other schemes also contains
terms depending on H; and/or the nested commutators [Hi, [H1, Ha]] and [Hy, [He, H1]].

Proof. Here we only present the proof for second-order generalized Trotter formula Eq. (58).
The other three cases can be proved using the same approach.
For the second-order generalized Trotter formula, according to Theorem 3 and notice
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that [|¢(t)]| = ||4(0)| for all t € [0,T], we obtain

L — o -
(H Uaa (1 “;”)) Jo) - v, 0)¢<O>H
L
H (H (51 _L”T)> 70 - (H v (00T ‘L”T)> J(o)H
-1 =1
T (1-1)T AT (1—=1DTN -
(,w ) (fte (7157)) oo
(1—1)T AT (1-1D)TV) -
B HUQ’Q(L’ L )) <HU<L’>> (O)H
. KT

. kz: (l:ﬁl T l—L1> )) $(0) — Uy ( ( ZT Z_Ll) )) J(O)H
L _

:kz::l (U< )T> Vs (’fLT’(kLl)T»qp(( —1T/L)H

< ij EL: (|| = vyr/n)|| + || o - nr/))

k=1

<oF: sl o)
(59)
Ul

Now we compare the error bounds in terms of operator norm (Theorem 2) with those
in terms of vector norm (Theorem 4). We notice that the scalings with respect to 7" and
L are the same for schemes of the same order, and the difference is in the dependence
of the preconstants on H; and Hy. More precisely, the operator norm error bounds still
depend on ||Hy|| for standard Trotter formula and depend on norms of commutators like
\|[H1, [H1, H2]]|| for generalized Trotter formula. On the other hand, the vector norm
error bounds only depend on ||Hz||, and the dependence on H; only appears in the form of
|H149)||. Such a difference implies that the vector norm bounds can be much sharper than
the operator norm bounds when ||H;|| is very large, but HHﬂEH and ||Ha|| are relatively
small. We will show later that this is indeed the case for the model of interest in Eq. (3).
Furthermore, the difference in the error bounds can influence the scaling of total required
Trotter steps with respect to the accuracy e.

6 Application to Schrodinger equation with time-dependent effective
mass and frequency

The model of the Schrédinger equation with a time-dependent effective mass and frequency
in Eq. (3) has been studied in many works [19, 45, 44, 30, 23, 50]. Our goal is to study
the complexity to obtain an e-approximation of the wavefunction at time 7' ~ O(1),
where D = [0, 1] with periodic boundary conditions. Throughout the section we make the
following assumptions.

1. Meg(t) is positive function, and is uniformly bounded from below.
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2. Meg(t),w(t) are second-order continuously differentiable functions in ¢ with uni-
formly bounded function and derivative values up to second order.

3. V() is a fourth-order continuously differentiable function in x with bounded func-
tion and derivative values up to fourth order.

Here the fourth order derivative of V(z) is required when estimating the errors of the
second-order formulae in the operator norm. To be specific, it guarantees the nested com-
mutator [Hy, [H1, Hs]] in its spatial discretization with n spatial grids to have an operator
norm bounded by n? (instead of n*). Without going into details of the discretization,
which will be presented in the proofs, here we provide an intuition of this requirement on
the continuous level — the presence of the fourth derivative of V' in [-A,[-A,V]] as in
Eq. (43). Since the control functions and potential are bounded, throughout we will not
track explicitly the dependence on them and absorb them into the preconstant denoted
by C or the big-O notation O in our estimates.

We discretize the dynamics Eq. (3) as follows. First we perform spatial discretization
using a central finite difference scheme with n equidistant nodes zy = k/n,0 < k <n — 1.
Then the semi-discretized dynamics becomes 9,4 (t) = H(t)i(t). Here the k-th entry of
(t) will be an approximation of the exact wavefunction evaluated at t and = = (k—1)/n.
H(t) = fi (t)Hl + fQ(t)HQ with

2 -1 -1
-1 2 -1
Hy = n? , (60)
-1 2 -1
-1 -1 2
and
Hy = diag(V(0), V(1/n), -, V((n — 1)/n)). (61)

The standard or generalized Trotter formulae are used to discretize the dynamics in time
with equidistant time steps and obtain numerical approximation of the wavefunction.

Furthermore, the H1 and Hy under central finite difference scheme using n equidistant
nodes satisfy Assumption 1 with Hy = DIDl,

-1 1
1 -1

and therefore the vector norm error bounds proved in Section 5 can be applied. This can
be verified by straightforward but somewhat tedious matrix computations. We formally
state the result in Lemma 8, and its proof is given in Appendix C.

Lemma 8. Consider Hy and Hs defined in Egs. (60) and (61), then Assumption 1 is
satisfied under the rescaled 2-norm || - || with Dy defined in Eq. (62).
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Lemma 8 can be directly used to provide the scaling of the Hamiltonians and their
commutators in terms of n. Using the fact that the matrix 2-norms can be estimated by
considering its 1-norm (the maximum absolute column sum) and oo-norm (the maximum
absolute row sum) by virtue of the fact that |[Ml2 < /||M|1]|M]~, we obtain the
following Lemma. Notice that this result is consistent with the continuous picture that
their continuous analogs [—A, V] and [V,[—A, V]] are differential operators of the first
order and [—A, [-A, V]] of second order.

Lemma 9. Consider Hy, Ho and Dy defined in Egs. (60) to (62), then
IHL|| = O(n?), [|Hz|| =0O(1), |IDi]|=0(n), (63)
and

I[Hy, Hol|| = O(n),  [[[Hz, [H1, Hll|| < 2[|[Ha|[|[Hy, Ha]l[| = O(n),  [|[Hy, [Hl,Hz]]II(Z )(9(n2)-
64

Remark 3. Although |H;|| depends quadratically in n, the time-independent simulations
exp(—iH1) and exp(—iH3) can still be performed efficiently. For Hy, it can be diagonal-
ized under Fourier transform. Specifically, let F' = (wjk/\/ﬁ)?’;io be the Fourier trans-
form unitary matriz with w = exp(2mi/n), then Hy = FAF! where A = diag(2n*(1 —
cos(27rij/n)))?:_&. Therefore exp(—iHy) = Fexp(—iA)FT can be simulated efficiently, by
first applying inverse quantum Fourier transform FT, then applying fast-forwarding tech-
niques [13, 1] for exp(—iA), and finally applying quantum Fourier transform F. For Ha,
it can be implemented via either QSP technique [36] due to the boundedness of ||Hal|, or
fast-forwarding techniques since Hy is a diagonal matriz as well. Due to the efficiency of
stmulating exp(—iH1) and exp(—iHz2), it is reasonable to estimate the query complexity by
counting the total number of Trotter steps.

Now we are ready to analyze the errors. We measure the discretization errors using

rescaled 2-norm, i.e. ||[¢(t) — (¢(t, k/n))iZt |, where ¥(t) is the numerical solution af-
ter spatial and time discretization at time ¢, and ¢(t,z) denotes the exact solution. As
discussed before, the reason why we use rescaled 2-norm, rather than regular 2-norm, to
measure the error is because the exact solution (¢(t,k/n));—y is a discrete representation
of the function ¢, which is normalized under continuous L? norm rather than discrete 2-
norm. Furthermore, if we encode the spatial discretized solution 1; into a quantum state,
then the normalized condition requires [i)) ~ ﬁJ, thus || [¢) || ~ ﬁ”i;” = ||¥|, that is,
under correct normalization in each scenario, bounding regular 2-norm error for quantum
states is equivalent to bounding rescaled 2-norm error for spatial discretized vectors. We
remark that if we would like to control the relative error, then it does not matter whether
the rescaled 2-norm or the 2-norm is used.

The errors are from two sources: spatial discretization of the Laplacian and potential
operator, and the time discretization by Trotter formulae. We first bound the error from
spatial discretization in Lemma 10, and its proof is given in Appendix D.

Lemma 10. Let the exact solution of the Schrédinger equation with Hamiltonian Eq. (3)
be ¢(t,z). Then

1. forany 0 <t < T,z € [0,1],
[n?(d(t,x +1/n) = 26(t,2) + 6(t, 2 — 1/n)) — Ag(t, )|

4

@(ﬁ(t’ y) (65)

< — sup
3n% yep.
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2. Let @E(t) denote the solution of the dynamics

i045(t) = (f1(t) Hi + fo(t) Ha)¥(1) (66)

where Hy and Hy are the discretized Hamiltonian defined in Eq. (60) and Eq. (61),
then for any 0 <t e T,

4

(@t k/n))i =g =t < #Hfl\\oo sup

s€[0,t],y€[0,1]

58905 9)|- (67)

This lemma shows that in order to make the vector error induced by the spatial dis-
cretization bounded by ¢, it suffices to choose
1/2
> ) . (68)

T1/2
n=0 ( /2 (Sup

The second source of the error is the time discretization using standard or generalized
Trotter formula by applying the aforementioned Theorems for the errors in the operator
and vector norm. The following lemma makes explicit the scaling in n.

R0}
ox 9.4

Lemma 11. Let 1,[7(75) be the solution of spatially discretized Schrodinger equation Eq. (3)
using finite difference with n grid points, and U(t,0) be the evolution operator. Let 1557p(t)
and 1/;’g7p(t) be the corresponding numerical solution from p-th order standard and gener-
alized Trotter formula with L equidistant time steps, respectively, and Us ,(t,0), Uy p(t,0)
be the corresponding evolution operators. Assume that L is sufficiently large, then there
exists a constant C > 0, independent of T', L, Hy, ,¢ ¢, such that

1.
272
Vs (T0) ~ U(T, 0)] < 6"
- 2
U, (T,0) — UT,0)| < E",
b (69)
|Us2(T,0) = U(T,0)]| < C=—-,
2 3
[Uya(T,0) ~ U(T,0) < ™
2.
o R ~T2 4 2
o (T) = (D). < O <<T+1>sup S| +sup |55+ sup [6(0, y>|>
y€[0,1]
B T2 9o 926 1/2 1/2
5.1 (T) = (T )II*SCT ((T+1)Sup 1| Tsu ‘(%2 yil[%%]’d)(o’y)‘
5 . ~T3 4 82
[Gea(T) — FT) | < O (@ + Dsup| 22| +sup | 22|+ sup [6(0, )]
L 0 Ox?
y€[0,1]
N . ~T3 4 82
g2(T) = H(T)|. < O (<T+ 1) sup | | + sup a—¢ + sup |6(0, y>|>
y€[0,1]

(70)

where the notation sup without any subscript should be interpreted as supye(o 1) 2¢[0,1)-
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Remark 4. The condition that L should be sufficiently large is to ensure that the lowest
order term in the error bounds are dominant and to allow us to discard the higher order
terms. This can be guaranteed by requiring the desired level of error € to be sufficiently
small in the complexity estimate later.

Proof. 1. The result follows by combining Theorem 2 and the scaling of the matrix norms
provided in Lemma 9.

2. According to Theorem 4 and the fact that [|1(0)], < supyeo,1) 1¥(0,y)|, we only
need to bound |[H14(t)||, for any ¢ € [0,T]. Let r(t,x) = n2(¢(t, @ + 1/n) — 2¢(t, ) +
o(t,x — 1/n)) — Ap(t, z) where ¢(t,x) is the exact solution before any discretization. By
Lemma 10,

(&t k/n))RZo) s + 1 HA (St K /)i e
(6(t, k/m))iZolle + (At k/m))iZglle + N1 (r(2, k/m))i 2ol

4 84
@d)(say) @Qﬁ(&y)

1H ()] < [ Hi(4(2)
< [|H (4(2)

1
+— sup
N s¢0,17,9€[0,1]

o)

@‘ﬁ(sv y)

Finally, we combine both spatial and temporal errors. It is not possible to obtain an
operator norm error bound between the evolution operator of an unbounded operator and
that of a finite dimensional matrix. Hence the operator norm bounds below are obtained
by plugging in the estimate of n that achieves the vector norm error with precision €. In
particular, the operator norm error bound involves the derivatives of the exact solution of
interest ¢. Combining Eq. (68) and Lemma 11, we obtain the total complexity estimates.

82
+ sup |550(ty)

yE[O,l]

)

< C <t sup
s€[0,77,y€[0,1]

<C ((T +1) sup
s€[0,T],y€[0,1]

4
_ ¢(37 y) + sup
ozt 5€[0,77,y€[0,1]

(71)
O

Theorem 5. We use central finite difference for spatial discretization and Trotter formulae
for time discretization to obtain an e-approximation in rescaled 2-norm of the solution
¢(t,x). Let Lopes,1 and Lope g1 denote the total number of required time steps of first-order
standard and generalized Trotter estimated from operator norm error bounds, respectively,
Lyec,sg and Lyee g1 denote the estimates from vector morm error bounds, and Lopes2,
Lopeg2, Lvees2: Luec,g2 are the corresponding estimates for second-order schemes. Then

for sufficiently small €,

TS
Lope,s,l =0 (2 (Sup
1/2
s ) / )

€

T5/2
Lope,g,l =0 Egﬁ (Sup

T2 4 2
Lyecsi = 0O < ((T—i— 1)sup | 5—| +sup |55 |+ sup |¢(0,y)]>> ,
€ ye[0,1]
72 1 26 1/2 1/2
Lyeegr = O | — ((T+1)Sup | +sup a?) (Sup !¢(0,y)\> + sup |o(0,9)| |,
€ y€[0,1] y€[0,1]
(72)
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and

T2 84
Lope,s,Q - Lope,g,2 =0 ? (sup aix(i

)1/2

o'

ozt

0%¢

0z2

T3/2

Lvec,s,2 = Lvec,g,Q =0 61/2 ((T + 1) sup + sup

(73)

Proof. The complexity can be estimated by requiring both error bounds in Lemma 10 and
Lemma 11 to be smaller than e. First, by requiring the right hand side of Eq. (67) to be
bounded by e, the scaling of n should be that in Eq. (68). Plug this back into Lemma 11
and also let the bounds in Lemma 11 to be bounded by ¢, we obtain the complexity
estimates. 0

Theorem 5 clearly illustrates the advantage of vector norm error bounds in terms of
the desired level of error e. More precisely, the total number of required Trotter steps
estimated from vector norm bounds only scales O(1/€/?) for p-th order schemes. This
is because the operator norm error bounds depend on the spatial discretization n, where
n = O(1/€e'/?) for second order spatial discretization, but the vector norm error bounds
do not. We summarize our complexity estimates in terms of the spatial discretization as
well as the error level € in Table 2, where the simulation time 7" is O(1).

The best scaling is achieved by the second order standard and generalized Trotter
formulae with the vector norm error bound, which is the result we are referring to as
‘This work’ in Table 1 for comparison with existing estimates. As discussed earlier, in
order to demonstrate the behavior of the Trotter formulae for unbounded operators, we
require n to grow as poly(1/€). Therefore we choose V (z) to be a C** function so that the
commutator scaling of the second order Trotter formulae are valid.

Numerical tests in Section 7 demonstrate that the complexity estimates from vector
norm error bounds are sharp in terms of € for all the schemes we consider.

Remark 5 (a priori estimates of the solution ¢). Due to the potential growth of the
derivatives of the exact solution with respect to T, a priori estimates are required if we
would like to obtain the overall scalings in T'. Such a priori estimates, where the spatial
derivatives are bounded by polynomials of T, have been established in the literature for
various special cases, such as when fi = 1, fo is smooth in t and V is a real potential,
smooth in x and periodic in x as considered in [10], and for strictly positive fi in [40].
The corresponding estimates are usually technical, while the common approach to derive
them is a combination of various analytical tools and a careful capture on the resonance
in the dynamics. Detailed discussions are orthogonal to the topic here and are omitted.

As we have already observed in Theorem 2, the generalized Trotter formula exhibits
commutator type error bounds, while the standard Trotter formula does not. However,
the commutator error bound only translates to improved asymptotic complexity for the
first order generalized Trotter scheme. For second order schemes, there is no significant
difference in the scaling with respect to € between the standard and generalized Trotter
formulae. As discussed before, this is due to the fact that ||Hy|| and ||[H1, [H1, H2]]|| have
the same asymptotic scaling in n. The generalized Trotter is less restrictive on the control
functions, namely, the p-th order generalized Trotter formula (p = 1,2) only requires the
boundedness of the derivatives of control functions up to the (p — 1)-th order while the
p-th standard one requires the boundedness up to the p-th order. We expect the same
situation for higher order Trotter formulae.
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Figure 1: Operator and vector norms of a smooth vector for various numbers of spatial grids n.
I[Hy,[Hy, Ho]]|| and ||[Hy, Hs]|| scales quadratically and linearly with respect to n, but the vector
norms do not grow as n gets larger.

7 Numerical Results

To illustrate the difference between the operator norm and vector norm, we consider the
following Hamiltonian

H(t) = —%(2+Sin(at+0.5))A+(1+cos(t))V(:c), V(z) =1—cos(z), € [—m, x| (74)

with periodic boundary conditions. Here a > 0 controls the magnitude of the derivatives
Il /1llco and || f{ |lco- These sizes play a role in the preconstants of the errors as shown in
Theorem 1. As discussed in Section 6, H; and Hs correspond to the discretized matri-
ces of —A and V(x), respectively. Besides the second order finite difference scheme, we
also demonstrate that our estimates are equally applicable to the Fourier discretization.
Though in this particular example V' (z) is smooth, the scaling of n is still chosen according
to Eq. (68), which only requires the regularity of V up to its fourth order derivatives and
hence works for more general potentials.

We first demonstrate the scaling of the vector norms and the operator norms, respec-
tively. Consider the vector ¥ as the discretization of the smooth function cos(z). Fig. 1
plots the operator norms and the vector norms for various number of spatial grids n using
the finite difference and Fourier spatial discretization. We find that ||[H1, [H1, H2]]| grows
quadratically with respect the the number of spatial grids while ||[H1, Hs]|| scales linearly,
which agrees with Lemma 9. However, the vector norms ||[H1, [H1, H2]]V«, ||[H1, H2|V]|«
remain of the same scale. This behavior is not restricted to the specific spatial discretiza-
tion. Moreover, the scalings of ||D1%]|« and ||H;%]|/« are found to be the same as those of
|[H1, [H1, Ho||V||« and ||[[H1, H2]U||.. This verifies the in assumptions Eqs. (41) and (42),
which is also proved for the finite difference scheme in Lemma 8.

We then verify the scaling of the errors with respect to n. The initial wavefunction is
¢(z,0) = cos(z). The time step size h is fixed to be 10~%. We run the Trotter formulae for
10 steps, which is sufficient for demonstrating the difference in scalings. The relative errors
for both the operator and vector norms are plotted in Fig. 2 for ¢« = 1 and a = 10. In
terms of the operator norm, the generalized Trotter formula has a smaller error compared
to the standard one: the relative error in the operator norms for the first-order standard
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Trotter scheme scales quadratically with respect to the number of grids while the first-order
generalized Trotter schemes admits a linear scaling thanks to the commutator bounds. On
the other hand, the relative errors in the vector norm do not grow with respect to n.

For second-order schemes, it can been seen that the errors measured by the op-
erator norm for both methods grow quadratically with respect to m, while the corre-
sponding errors in the vector norm are stable as n increases. These results agree with
Lemma 11. Note that though the operator norm errors of the second-order schemes have
the same asymptotic scaling in n, their preconstants may differ. When a = 1, the sizes of
Il filloo > 1f1llao > 1 /1 |l are comparable, and there is no significant difference in the precon-
stants. However, when a = 10, || f{’|| ., is one order of magnitude larger than || f{|| . , |1 | -
In this case, we find from Fig. 2 that the generalized Trotter formula has a smaller pre-
constant, which agrees with the preconstant estimates as described in Theorem 1.

Moreover, we compare the scaling of the number of Trotter steps for various precision
€, measuring the relative error via the vector norm. We fix a = 10, T' = 0.16, and consider
the precision € as 2710, 2712 9-14 9-16 9-18 920 4nd take n ox e 9% ag 2°, 26, 27 28
29 and 2'0. As is presented in Fig. 3, both second-order Trotter formulae requires the
number of Trotter steps L = O(e~%5) while it requires L = O(e~!) for both first-order
Trotter formulae. These results agree with Theorem 5.

8 Conclusion

We have studied in detail the behavior of first and second order standard and generalized
Trotter formulae for time-dependent Hamiltonian simulation with unbounded, control
type Hamiltonians. We demonstrated that the error of the Hamiltonian simulation for
a given initial state can often be overestimated using the standard analysis based on
operator norms, which overestimates the computational cost. By taking into account
the information of the initial state in the error analysis, sharper error estimates can be
derived via the vector norm scaling. As a side product, we also obtained improved error
bounds of the standard and generalized Trotter formulae in operator norm as well in the
time-dependent setting.

As an example, we applied our results to the time-dependent Schriodinger equation
with a time-dependent effective mass and frequency. While the complexities of existing
quantum algorithms for time-dependent Hamiltonian simulation scale at least linearly in
the spatial discretization parameter n, we demonstrate that, the error bounds in vector
norm do not suffer from such overheads (for both the standard and generalized Trotter
formulae). Thus in this setting, our results outperform all existing quantum algorithms,
including higher order Trotter and post-Trotter methods.

The bilinear form in Eq. (2) facilitates the discussion of the error of the Trotter formu-
lae. For the most general Hamiltonian H(t) = Hy(t) + Ha(t), it has been demonstrated
that the error bound can be much more complicated even in the second order case [28].
Nevertheless, under suitable modifications, the main conclusion of this paper can still
be applicable to more general time-dependent Hamiltonian under further assumption that
OF H;(s) and 0f H;(s") commute for any j = 1,2 and k, k', s, s (thus no essential difference
is introduced in taking derivatives of unitaries and deriving error representation). This
allows us to simulate e.g. Schrodinger equation with general time-dependent potential
function V' (z,t).

A natural extension of this work is to consider general high order time-dependent
standard and generalized Trotter formulae defined by Suzuki recursion [52, 56]. For the
operator norm error bound, our results can be generalized to higher order case with a
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Figure 2: Relative Errors in the operator and vector norms. In the legend, “g" stands for the generalized
Trotter formula and “s" for the standard Trotter formula. The error in operator norm is labeled as “ope”
while the one in vector norm as "vec". First Row: a = 1 with slowly varying control functions. Second

Row: a = 10 with fast varying control functions.
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control Hamiltonian Eq. (2). More specifically, let Cp denote the set of the norms of all
possible k-th order nested commutators of H; and Hs, for example Cy = {||H1|, || H2]},
C1 = {||[H1, H2]||}, and Ca = {||[H1, [H1, H2]]||, ||[H2, [H2, H1]]||}. For p-th order schemes,
we expect that the one-step operator norm error bounds for the standard and generalized
Trotter formula scales as O(asphPTY), O(ag,hPTY), respectively. Here s, is a linear
combination of terms in the set | J}_, Cy, while ay, is expressed as a linear combination of
terms in the set |J}_, C. Hence the difference lies in whether Cp is included, and general-
ized Trotter formula allows a commutator scaling. Notice that such an error bound will
improve the best existing estimate [56], which depends on the norms of the Hamiltonians
as well as their high order derivatives, and does not demonstrate possible commutator
scalings.

The extension of our vector norm error bounds to p-th order time-dependent Trotter
formula is also possible. The corresponding assumption on the bounds of commutators
(i.e. counterpart of Assumption 1 in this work) becomes

|[H, [Hy, - [Hy, Hol) - 18] < O (1| H 23] + |19 (75)

k repeats

for any 1 < k < p. Compared with the operator norm error bounds, for the Schrédinger
equation with a time-dependent mass and frequency, such vector norm error bounds can
still remove the dependence on the spatial discretization thus provide speedup in terms of
the accuracy. However, the significance of such improvement might be subtle: in order to
satisfy the assumption in Eq. (75), the potential function V' (z) needs to be much smoother
with bounded higher order derivatives. Hence, the dependence of n on the error ¢ may
become much weaker by employing higher order discretization schemes. In such a scenario,
the spectral norms ||H;|| and ||H2|| may even become comparable, and the Hamiltonian
H(t) may not be regarded as an unbounded operator after all.

In this work, we mainly focus on the improvement brought by vector norm error
bounds in terms of the accuracy. It is also interesting to study whether vector norm error
bounds can improve the scalings of other parameters. For example, if the Schrédinger
equation is in d dimension rather than one dimension considered in this paper, then a
vector norm error bound may offer speedup in terms of d, since the degree of freedom
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for spatial discretization can scale linearly in d [31]. Another related topic is the scaling
with respect to the number of the particles in quantum many-body systems. Recently
[51] obtained an improved estimate in terms of the number of electrons for electronic
structure problem with plane-wave basis functions in a second quantized formulation, by
combining sparsity, commutator scalings and initial-state knowledge and bounding the
operator norm on an n-electron sub-manifold. Although much smaller than that on the
entire space, the operator norm on the n-electron sub-manifold may still overestimate
the error, and a vector norm error bound might offer further improvement by taking the
smoothness and low-energy property of the wavefunction into consideration. It is also an
interesting question to investigate whether a vector norm error bound can provide any
benefit for other applications such as spin systems.

Our work suggests that it may be of interest to explore the gap between the oper-
ator norm and vector norm error bounds in other schemes for Hamiltonian simulations
with unbounded operators. Note that such a gap may not exist in all methods. For
instance, for time-independent Hamiltonian simulation, the quantum signal processing
(QSP) method [36] is based on the polynomial approximation to the function cos(xt) and
sin(zt), and we do not expect that the error bound can be significantly improved by con-
sidering vector norms. However, it may be possible to prove vector norm error bounds for
other post-Trotter methods.
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A Derivation of results in Table 1

In this section we show explicitly how to derive the results in Table 1. Throughout this
section we are considering the setup in Section 6 with 7' = O(1).

To obtain Table 1, we first restate all the complexity estimates for different methods
proved in existing literature and show how they depend on € as well as the scale of the
Hamiltonians H; and Hs. The dependence on H; naturally gives rise to the dependence
on n, by noticing that

IHL|l = O(n?), [|Hz|| = O(1), ||[Hy, Ho]|| = O(n),

[y, [Hy, Ho]l[| = O(n?),  [|[Ha, [Ha, Hill| = O(n),

as is discussed in Lemma 9. Then, under second order finite difference spatial discretiza-
tion, Lemma 10 and Eq. (68) tell that n should be chosen as large as O(e~/2). Plugging
this back into the complexity estimates leads to the overall scaling in terms of ¢, as shown
in the last column of Table 1.

A.1 Time-independent schemes

Time-independent second order Trotter formula [17, Proposition 16] gives an
operator norm error bound for time-independent second order Trotter formula that the
one-step local Trotter error is bounded by

h3 h3
1o N[z, [Hz, Hulll| + o | [Hy, [Hy, Hel,

thus the global Trotter error is bounded by

3 n2
(550 12 FED + o (1)) 5 = © <L> |

To bound this by e, it suffices to choose

o) -o(2)

[29, Theorem 3.2] provides a vector norm error bound for time-independent second
order Trotter formula that the global Trotter error is bounded by

- ~ - 1 - .
O (12 (1H:3). + 1Dl + 71.)) = © (25 (1Enl + ) )

We remark that [29] does not track explicitly the dependence on T'. Noticing that || H; ]|,
and ||7]], are independent of ¢ and n (shown in the proof of Lemma 11), the number of
required Trotter steps scales

1

Time-independent high order Trotter formula [17, Corollary 12] shows that for
a p-th order time-independent Trotter formula, the number of required Trotter steps to
obtain an e-approximation of the exact evolution operator is

~1/p  pl4+1/p
L=0 (OlcommT ) :

el/P
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where
2

Qcomm = Z H[H’yp+17 e [H’YQ7 H%HH

Y1yt 77}7‘9‘1:1

Straightforward bounds for these p-th nested commutators are that

I1H

Tot+1 "

[Hag, Hy )|l = O HAP~2(|[Hy, [Hy, Ho]ll]) = O(n*72),

2-2/p
L:(9<”1> :(9(1>.
el/p €

Notice that the scaling of € is not improved by higher order Trotter formula. This is because
such an estimate is made under the assumption that the potential V' (x) is a C* function,
therefore we only have better scaling for nested commutator up to second order. If the
potential V' (x) has higher regularity, we expect better bounds to exist for general nested
commutators, just like the case of [Hy, Ho] and [Hy, [H1, H3]]. In particular, although we do
not present complete proof in this paper, a continuous analog as well as discretization under
Fourier basis suggests that the norm of p-th order nested commutator |[[Hy,--- ,[Hy, Ha]]|
is bounded by O(||DY]|) if V() is (2p)-th order continuously differentiable. In that case the
complexity can be improved to L = O(n/ €!/P), although there is still a linear dependence
on n.

which results in

Truncated Taylor series [5, Theorem 1] shows that to obtain an e-approximation of
the exact evolution operator using truncated Taylor series, the query complexity is

log(d||H ||max/€) > '
log log(d|| H || max/€)

O ([ H s

Here d is the sparsity of the Hamiltonian, ||H||max denotes the largest matrix element of
H in absolute value. Notice that ||Hi|lmax = O(n?) since every non-zero entry of Hj is
either n? or (—2n?), and || Ha||max = O(1), we have || H||max = O(n?). Therefore the query

complexity becomes
log(n?/e) ~ ~ <1>
2_togn—/€e) | _ 2) _ 1
© (n loglog(n?/e) © (n ) © €]’

We remark that the work [31] studies further the complexity of simulating time-independent
many-body Hamiltonian and discusses carefully the errors from both time and space dis-
cretization. In this work, the authors use truncated Taylor series as well for time discretiza-
tion, and use high order finite difference formula for spatial discretization. However, they
only assume that the potential V(z) is first-order continuous differentiable thus the high
order finite difference formula does not offer improved scaling of n than O(1/¢) [31, Theo-
rem 4], which results in a total complexity O(1/€2?) [31, Theorem 3 & 4]. The scaling can
be improved if V(x) becomes smoother.

Quantum signal processing [36, Theorem 3| proposes a quantum signal processing
approach for time-independent Hamiltonian simulation with optimal query complexity in

all parameters, which is
log(1/€) )
d||H||lmax + —————~ | -
O (4 + 15 1
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Here d is the sparsity of the Hamiltonian, ||H |lmax denotes the largest matrix element of
H in absolute value. Notice that ||Hi|lmax = O(n?) since every non-zero entry of Hj is
either n? or (—2n2), and || Hz|lmax = O(1), we have || H||max = O(n?). Therefore the query
complexity becomes

0 <n2 4 blgoi(g%) — 0 (n? +log(n?/e)) = C + log(l/e)> _0 C) |

Interaction picture [37, Theorem 7| shows that by applying truncated Dyson series
to simulate time-independent Hamiltonian H; + H» in the interaction picture rather than
the Schrodinger picture, it requires

o (||

log(||Ha||/€) >
log log( || H2||/€)
queries to Ho and

o (|| log(1 Hall /), (||H1| + ||H2||>)

log log(| Hzl|/€) €

queries to the unitary time evolution e 1, Therefore the query complexity is logarithmic

in n and thus the scaling in terms of ¢ is still poly-logarithmic. Note that the number of
time steps is included in the oracle HAM-T and scales as O(||H1||) [37, Lemma 6].

A.2  Time-dependent schemes

Time-dependent second order Trotter formulae [28, Eq. (A12-Al4)] show that
for generalized second-order Trotter formula applied to the model Eq. (3) with time-
independent mass and time-dependent frequency (in particular, fo(t)Hs2 and fo(s)Hy com-
mute for any ¢ and s), the one-step local Trotter error scales as

O (W (1L, Ho]| + |[Hy, [Hy, H]l| + [|[Ha, [Ha, H]I])) ,
thus the global error scales
2 n’
O (1* ([[Hy, Ho| + |[(Hy, [Hy, Ho))l| + | Ha, [Ho, H2)D) = O | 75 ) -
To bound this by e, it suffices to choose
n 1

The second order complexity estimate from [56] is a special case of their general high
order result. We will show the general case later.

[55, Appendix A] proves an improved operator norm error bound for the second order
standard Trotter formula. The one-step local Trotter error is bounded by

24

thus the global error scales

n2
O (2 (|H || + [y, Ho)l| + |[[Hy, [Hy, Ho))|| + | [Ha, [Ha, H]]])) = O () :
To bound this by e, it suffices to choose

L2
n 1
L-o(gm)-o(3)
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Time-dependent high order Trotter formula [56, Theorem 1] proves that, to sim-
ulate a system with Hamiltonian H(t) = 377" H;(t) within operator spectral norm error
€ using a 2k-th order standard Trotter formula, the total number of exponentials is

2m5k;—1 "5]{:AT <5>k <M) 1/(2’6)-‘
3 €

. 1)
A= sup | s (Z Haij(t)H)

p=0,1,---, j=1

where

We first notice that the total number of exponentials only differ from the total number of
Trotter steps by a factor of 2m55~1. After absorbing all the terms independent of n and
€ into the big-O notation, in the case of the Schrédinger equation with a time-dependent
effective mass, the total number of Trotter steps becomes

A 1/2k
0 (A () .
€
It remains to estimate the scaling of A. By noticing 0V H;(t) = f;p ) (t)H;, we obtain that
( i Haij(t)H) is dominated by H; = O(n?), and

A=0 ( sup (n2)1/(p+1)> =0 (n2> .
p=0,1, 2k

Therefore the total number of Trotter steps becomes
24+1/k 1
ot =)=0(==%]
1/(2k) (L 17k

Truncated Dyson series [37, Theorem 9] shows that to obtain an e approximation
of the exact evolution operator with success probability at least (1 — €) using truncated
Dyson series method, the query complexity is

lOg(dHHHmax,ooT/f)
lOg lOg(dHH”max,ooT/e)

O (dHH!maX,ooT

Here d is the sparsity of the Hamiltonian, and [|H||max,co = supsejo. ) | H (¢)[|max, Where
| Al|max denotes the largest matrix element of A in absolute value. In the case of the model
Eq. (3), noticing that ||Hi|lmax = O(n?) because every non-zero entry of Hj is either n?
or (—2n?), we have |H(t)||lmaxco = O(|Hi|lmax) = O(n?), then the query complexity

becomes
log(n?/e) \ _ /o (1
O+ asaa) =20 =0 (7).

Rescaled Dyson series [8, Theorem 10| shows that to obtain an e approximation of
the exact evolution operator using rescaled Dyson series method, the query complexity is

10g(d||H||max71/€)
log log(d||H ||max,1/€)

(@] (dHH‘max,l
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Here d is the sparsity of the Hamiltonian, ||H||max,1 = fOT | H (t)||lmax dt where || A||max
denotes the largest matrix element of A in absolute value. In the case of the model
Eq. (3), noticing that ||Hi|lmax = O(n?) because every non-zero entry of Hj is either n?
or (—2n?), we have ||H ||max1 = O(n?). Therefore the query complexity becomes

log(n? ~ ~ /1
O [ n2 og(n”/e) -0 (n2) -0 () )
log log(n?/e) €
We mention that in [8] another method called continuous gDRIFT is also proposed
to successfully achieve L' scaling of the Hamiltonian. However, continuous qDRIFT is
a first order method, and its complexity dependence on || H||max,1 is quadratic, which is

worse than that of rescaled Dyson series. Hence we only include the rescaled Dyson series
method in our table for comparison.

B Proof of error representations

In this part, we derive the error representations of the first-order and second-order Trotter
formulae, as presented in Lemma 3 - Lemma 6. All of the proofs consisting of the following
two steps: One first compares the derivatives

OnU (h,0) = (=if1(h)H1 — if2(h)H2)U (h,0), (76)

and its numerical analogs OpUp, ,(h,0) (m = g,s and p = 1,2), and apply the variation of
parameter formula (Lemma 2); Then the Taylor theorem (Lemma 1) is applied to further
simplify the terms.

We first present the proof of Lemma 4, since its error representation contains fewest
terms. The rest of the error representations, Lemma 3, Lemma 5 and Lemma 6, follow
the exact same idea of proof, just involving more calculations.

Proof of Lemma 4. By taking derivative of U, 1(h,0) with respect to h, one has

h h
OnU, 1(h,0) = —ifa(h)HaU,1(h,0) + exp (—i / fg(S)dSHg) (—ifs(h)H) exp <—i /0 fl(s)dsH1>
= (—ifi(h)Hy —if2(h)H2) Ug1(h,0)

+ exp <—i/0 fg(s)dng) Eg1(h)exp (—i/oh fl(s)dsH1>

where Ey1(h) is defined as

Ey1(h) = if1() [exp ( i > H, - Hl} . (78)

By applying Lemma 2 to Eq. (76) and Eq. (77), one obtains

h
Ugi(h,0) = U(h,O)—i—/ U(h,s)exp ( / fa(s")ds Hg) 9.1(5) exp ( / f1(s')ds H1> ds.
0
(79)
The representation of E, 1, by Taylor’s theorem (Lemma 1), reads

— /Oh fi(h) fa(s) (exp ( P (s Ho ) ([Hl,HQ])> ds. (80)
O
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Proof of Lemma 3. One starts by taking derivative of Uy 1(h,0) with respect to h, which
reads
OpUs,1(h,0) = (—if2(h)Ha — ihf3(h)Ha) exp (=i fo(h) Ha) exp (=ih fi (k) H1)
+ exp (—ihfa(h) Ha) (=if1(h)Hy — ihfi(h)Hy) exp (—ihfi(h)Hi) (s1)
= (—if2(h)Hz —if1(h)H1) Us(h,0)
+ exp (—ihfg(h)Hg) ESJ(h) exp (—ihfl (h)Hl) ,

where F;(h) is defined as
Eo(h) =ifu(h) [exp (adinpynym, ) Hy = Hn| = ihf{()Hy = ihf5(h)Ha.  (82)
By applying Lemma 2 to Eq. (76) and Eq. (81), one has
h
Us1(h,0) =U(h,0) + / U(h, s) exp (—isfa(s)H2) Es1(s) exp (—isfi(s)Hi)ds.  (83)
0

It remains to derive the representation of Ey 1. The representation of Fy; can be derived
from Taylor’s theorem up to first-order. By Lemma 1

exp (adihh( h)H ) Hy — H;

_/ 1f2 exp adlsfg(s)Hz) ([HQ,Hl] dS—l—/ 18f2 )(exp (adisfg(s)Hz) ([HQ,HI])) ds.

(34)
Therefore, one has
h) = /Oh J1(h) f2(s) (exp (adisf2(s)H2) ([H1,H2])> ds — ihf](h)Hy — ihfl(h)Hy -
85
+ /Oh sfi(h) fa(s) (exp (adisz(s)H2> ([Hy, Hg])) ds.
O]

Before proceeding, we first define the following quantities needed in the error repre-

Accepted in (Yuantum 2021-05-19, click title to verify. Published under CC-BY 4.0. 39



sentations of the second order standard and generalized Trotter formulae
—1/ 1 (s)(h — sHlds—f/ f(s/2)(2h — S)Hlds—*/ 15(s/2)(2h — s)Hads
-3 [f{’(8/2) exp (ad_iy g, (/2 , ) Hn| (20— 5)ds
5 /0 [F1(s/2)12(5/2) (exp (ad_ssgageoyiy) H )| s
h
+1/0 [fé/(s) exp (adi%fl(s/Z)H1> H2i| (h — S)dS
Lt 2 2 2)f5(s/2 d Hy,Hs)) (h d
+3 /0 (F1(s/2)f2(5/2) + fi(5/2) f3(5/2)) (exD (ad_ss sy, ) [H1, Hal ) (h — 5)ds
h
-3 [ (£565)11(5/2) + Fals) £1(5/2) (ex0 (adis gy oy, ) [H, Hal ) (= s)ds
iofh )
5 | [65/283 (/2 (exp (asspacorma) [ [Hr, H)] (1 = s)ds

- i ' :fz(s)ff(8/2) (GXP (adigfl(s/mm) [Hy, [Hl,HQ]])] (h — s)ds

[F(s/2)£3(/2) (exp (ad s py(o/2yir, ) H )| shds

8.Jo
* i /oh (f{(S/Q)fé(S/m + ;f1(8/2)f§/(5/2)) <eXp (adfisfz(S/Q)H2) [HLHZ]) s(h — s)ds
L ! / 1 "
4 /0 (fQ(S)fl(s/2) NETRION (5/2)) exp (adisfl(s/mHl) [H1, Ha)s(h — s)ds
+ % /Oh [£1(5/2) fa(5/2) f3(5/2) (exp (ad_iay(o/2), ) [Ha, [, Ho)] )| s(h — s)ds
i h
_ Z/0 [fz(s)f1(s/2)f{(s/2) (exp (adi%fl(s/g)Hl) [Hy, [H:, HQ]])} s(h — 8)ds
i h
+ é/o [f1(s/2)f§2(s/2) (exp (ad_ish(s/g)m) [Ha, [H17H2Hﬂ 2(h— s)ds
i h
_ E/o [fz(s)f{2(3/2) (exp (adi%fl(s/Q)]_h) [Hy, [Hl’HQHH 2(h— 8)ds,
(86)
and
Eya(h) = —*fl / f5(s)ds[Hy, Ha) + f2 / f1(s/2)ds[Hy, Ho]

0 [ (i) - {10s/2) (exp (8 popaen, ) [ ] ) = s)ds

+ %fl(h/2) /Oh fa(s) (eXP (ad—ifsfg(s’)ds’Hz) [H17H2]> (h — s)ds
—ifa(h) /Oh <f1(s)—;f1(s/2)) <exp (ad 7 i H1> [Hl,[Hl,HQ]]> (h— s)ds

+ %fl(h/Q) /Oh f3(s) (exp <ad [ fa(s)dst H2> [Ha, [HQ,Hl]]> (h — s)ds.
(87)
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Proof of Lemma 5. One first compute the derivative with respect to A of Uy

Ol = (—i; Fu(h)2) — i% f{(h/2)) Hiexp (-i’; fl(h/2)H1> exp (—ih fa(h/2) Hy) exp (_1}2‘ fl(h/2)H1>
+ exp (—i’; fl(h/2)H1> (—i fa(h/2) - ig fé(h/2)> Hyexp (—ihfo(h)/2) Hy) exp (—i’; fl(h/Q)Hl)
+ exp (—ig fl(h/2)H1) exp (—ih fa(h/2) Hy) (—i; fu(h)2) - i% f{(h/2)> Hyexp (—ig fl(h/2)H1)

= (—ifi(h)H1 —ifa(h)H2) Us 2

+ exp (—i;lfl(h/Q)H1> ESQ(h) exp (—ihfg(h/Q)Hg) exp <—i}2Lf1(h/2)H1> R
(88)

where F2(h) is defined as
. 1 o, 1 h
Eso(h) =ifi1(h)Hy — 1§f1(h/2)H1 - 1*f1(h/2)H1 - <1f1(h/2) + 1f1(h/2)> exp (ad—ihfg(h/Q)Hg) Hy
s exp (a0, ) Ha — (i02(0/2) + 5 £5(0/2) ) Ho,
(89)

Similar as the proofs for first-order formulae, applying Lemma 2 gives

h s S
Us2(h,0) = Ul(h, 0)+/0 U(h,s)exp (—i2f1(3/2)H1> Es2(s)exp (—isfa(s/2)Hz) exp (—izfl(s/Q)Hl) ds
(90)
The rest of the proof follows straightforward calculations. To be exact, one then applies
the Taylor’s theorem (Lemma 1) to expand each term in Ej 2 to second-order in terms of
h with respect to 0. The first three terms can be expressed as

h
L (R Hy = if1(0)H) + ihf}(0)Hy + i /0 FI(s)(h — s) Hyds, (91)
i 2 = i (O 2 o) L [ )0 - s 92
—i%f{(h/2)H1 il f1 _it / F(s/2) Hids, (93)

Similarly, let us apply the Taylor theorem to the fourth term in Ej 9, which is the sum of

— I%fl(h/Q) exXp (ad_ihf2(h/2)H2> Hl
i ih h i b1
== 3RO = THOH + 5 AOF0)Hr, o) = 5 [ ds £7(5/2) exp (sdsopojoymn) Hilh =)

i [h is 2
5 [ st (ia(s/2) + 5 £3(5/2) ) exp (ad ooy ) L [, Ha 0~ 5)
i h is is
— 5 s (/D als/2) + Fi(5/2) 1505/2)) + 5 5 (5/2)855/2) + L5/ 15/2))
X exp (ad_isfz(s/z),%) [Hl, HQ](h - S),

(94)
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and

h
- 1*f{(h/2 ) exp (ad—ihfg(h/Z)Hg) Hy

1h 1h
= / ds f (s/2) exp (ad 13f2(s/2)H2) H, (95)

-z /0 asifi(s/2) (f2(8/2) +30305/2) ) exp (ad i) i
The fifth term in E, 5 reads
ifa(h) exp (ady 1, 1oy, ) o
= if2(0)Hs + ihf5(0)Hy — gfz(O)fl(O) [H1, Hy)]
+i / ds(h — ) 2(s) exp (ads]cl(s/Q)Hl)Hg(h 5)
w1 [ asth— ) o >( F(5/2) + 2 1(6/2)) exp (g, [, (8, P 1 — 9
w1 [ asth— ) (SAEOARG/D + LRI+ SR A 2+ S R 6/2)

x exp (adis f, (o2, ) [Hy, Hal(h = ),

(96)
The last term in F; 5 is the sum of
~ifa(h/2)H> = ~if2(0)Hy — i% 74(0 / I/ (- s)ds, (97)
and "
P s = -2 oy - [ 020 (99)

Notice that, if we add the above eight equations together, all the zeroth-order and first-
order terms of h cancel, then the desired expression of E;2(h) is achieved.
O]

Proof of Lemma 6. The strategy for proving Lemma 6 is the same as that for Lemma 5.
By taking derivatives with respect to h in both U(h,0) and U, 2(h,0), we have Eq. (76)
and

OnUya(h0) = (=ifi(0) + 3 i(/2)) HiUya(h0)
+ exp <—i/h:L2 fl(s)dsH1> (—ifa(h)Hs)exp (—i/oh fg(S)dSHg) exp (—i/oh 2 fi(s )dsH1>
+ exp <—i/hi;2 fl(s)d3H1> exp (—i/h fg(S)dSHQ)

i h/2
X (—Qfl(h/Q)/H1> exp (—i 0 fl( )d8H1>

—(ifi(h)Hy +1if2(h)H2)Ug2(h,0)

h h h/2
+ exp (1/ fl(s)dsH1> Eg2(h)exp <1/ fg(S)d.SHg) exp <i fl(s)dsH1> ,
h/2 0 0

(99)
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where Eg2(h) denotes
. i
Eg72(h) = ng(h) exp(adi f:/z fl(s)dsHl)H2 + ifl(h/Q)Hl

—ifo(h)Hy — %fl(h/2) exp (adifh f2(s)dsH2> H,

(100)
= 1f2(h) [exp <adi fhh/Q fl(s)dsH1> H2 - H;|
i
-5 hi(h/2) [eXp <ad—if0h fg(s)dsH2) Hy = Hl} :
By applying Lemma 2, we have
h s
Ug2(h,0) = U(h, 0)+/ U(h,s)exp <—i/ fl(s')ds’H1> Eg2(s)
0 s/2 (101)

X exp (—i/oS fg(S/)dS/H2> exp (—1/08/2 fl(Sl)dS/H1> ds.

It remains to derive the representation of E;9. It follows from the Taylor’s theorem
(Lemma 1) that

exp <adi fhh/2 fl(s)dsH1> Hy; — Hy
- %fl(O)[Hl’ Hal ¥ /oh <iﬁ(s) B iif{(s/Q)) <eXp (adi s fl(sl)dS’Hl) [Hi, Hz]) (h — s)ds
+ /Oh <if1(s) - ;if1(8/2)>2 (exp (mi I s dH) [Hy, [Hi, Hﬂ]) (h — s)ds,

and

exp (ad_ifoh f2(s)dsH2> H, — H;
= —ihfy(0)[Hy, Hy] — /oh ifas) (exp (ad—ifos f2(5’)ds’H2> [H2,H1]> (h — s)ds
h
+ /0 (if2(s))? <exp (adi [ s H2> [Ha, [Ha, Hﬂ]) (h — s)ds.
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Thus we have

Eg2(h) =ifa2(h ) f1(0)[Hy, Ho] + fl(h/2)1hf2( )[H2, Hi]
ifa(h h ifl(s) — 7f1 3/2)> (exp (adlf/2 dsle) [Hl,HQ]) (h — s)ds
n ifg(h)/o (ifl(s) -~ ;f1(3/2)> <exp (adlf/ ds’H1> [Hy, [H, HQ]]) (h — s)ds

i h

+5h2) [Cise) <exp (ad_i o (squsz) s, H1]> (h — s)ds

i h

S0/ [Cifals)? (exp (ad_i - fQ(S,)dS,HQ) (H>, [Hg,Hl]]) (h— s)ds

h h
=S 00) [ )T )+ L 0) [ i 20l 1)

~ 1a0) [ (16) = 3 10/20) (o0 (3 1 poraem, ) U ol ) = )

s 150/2) [ 75669 (050 (a2 ponaom, ) [P Bl ) (1 — )

i [ (76) - 3G/ (exp (e e, ) (LT D) 0= 5)ds
; h

n %fl(h/Q)/O F2(s) (exp (ad [ e ) [H>, [HQ,Hl]]) (h — s)ds.

C Proof of Lemma 8

Proof. Let Vk(o) =V =V(xg) for 0 < k <n-—1and Vg, = V} = Vi, defined in a
cyclic manner. Recursively we define V,C(J ) _ n(V,fi)l — Vk(] )). Notice that Vk(J ) is an
approximation of the j-th order derivative of V(z) evaluated at x = xp. By Taylor’s
theorem and the assumption that V' (z) has bounded derivatives up to fourth order, we
obtain that Vk(] ) is bounded for any k and 0 < 5 < 4. The equality H; = D}LDl directly
follows from the definition. We focus on the proof of the commutator bounds.

We start with the calculation of an explicit expression of [Hy, Ho],

2% *Vl —Vn—-1
W 2 W
HyHy = n? : (102)
—Vn-3 2Vn—2 —Vn-—1
_Vb —Vn—-2 2Vn—1
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2o =W )
- 2V, -
HyHy = n? (103)
—Vn-2 2Vn—2 —Vn-2
—Vn—-1 —Vn—-1 2Vn71
Then
0 Vo—Wi Vo — V-1
Vi—W 0 1=V,
[Hy, Hy) = n®
Vn—? - Vn—3 0 Vn—2 - Vn—l
Vn—l - ‘/0 Vn—l - Vn—2 0
0 _V(](l) V(Pl
%(1) 0 _Vl(l)
1 1
V?’Ef):} 0 _Vn(f)Q
1 1
Vi Vi 0
(104)
We further split [Hy, Ho] = D, + Dgr + S where
1 1
_Vrgf)l VﬂFf)l
Vo(l) Vo(l)
Dp=n . , (105)
1 1
vty v
1 1
O
1 1
VO( ) _Vb( )
1 1
Vl( ) 7‘/1( )
Dr=n - (106)
1 1
ity Vit
1 1
v o,
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and S = —diag(VT@l, VO(Q), V1(2), e ,Véz). Notice that for any vector v = (Uk)Z;é,

n—1
— 1
D252 =0 S [V Plog—y — v

k=0
n—1
H
< nsup \Vk(l)]2 > |vk—1 — ol = nsup ’Vk(l)|2 (mnzlﬁ) (107)
k=0
1 s -
= —sup [V 2 (5 H15) = sup [V 2 D12

and similarly || Dg|2 < sup V"2 D152 Furthermore we have [|S#l, < sup |Vi™[||5],

thus there exists C such that
I[Hy, Holol|x < | Droll« + | Dl + 1S < C(ID15]« + [|7]l). (108)

To bound ||[H1, [H1, H2]]V||%, we first compute [Hy, [H1, Ho]] and it gives

_QVH@I VO(Q) . Vn(E)Q
2 2 9
_2V0( ) Vl( ) Vrff)l
%(2) _2‘/2(2)
[Hy, [Hy, Hyl) = n® v —2vy? :
2
Ve,
2 2
v\?, oy @),
2 2 9
Vn( 7)1 VTE 7)3 -2 VTE 7)2
(109)

i.e. the only non-zero entries are
[Hy, [Hy, Hlls1her = 2V, [Hy, [Hy, Holljkro = [Hi, [Hy, Hollerog = Vi,

Then we split [Hy, [Hi, Hol] = Hp + Hr + 2Hc + 2Dpr, + 2Dpr + W where

v, v, —ay®)
—ov® @ v
Hp =n? : (110)
A —2v & v
Ve _op®  y@
v _oy® y®
Hp =n? , (111)
—ov® v v
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) v

2 2 2

v oy y®
He = n? , (112)

v, v, —ov®)

v, -v,%,

v v
Dpr,=n ) (113)

3 3
Vrf—)4 V’I’E—)4
Ve, ye,

3 3
vt v
3 3
v® e
Dpr=n : (114)
v v
v, v,

and W = n2diag(Vk,(2) + Vk(z)z — 2Vk(i)1)z;é. Notice that Hy, Hg, Ho are modifications
from Hi, with the center of the central formula to be on the diagonal or subdiagonal and
multiplying each row by different bounded parameters. Dpy, and Dpp are very similar to
Dy, and Dg, with higher order potential. Furthermore, we have

n—1
N 2
1HL )2 =0 S [VEL P ok — 2051 + vp—a)?
k=0

n-l (115)
< n3sup |Vk(2)|2 Z log — 2up_1 + vp_of?

k=0
2 —
= sup [VP 12| H, 712,

and similarly N N
[HRUlx < Cl|Hiv]ls, [[Hotllx < Ol H1]x.

For Dpy, and Dpg, they can be bounded by the same way we bound Dy, and Dpg before,
and thus N ~
DLt < C|D1o]|x < C(|[H10]|x + [|0]])

and B
|DprV|lx < C(|[H19|x + [|7]]%).

Finally since V' has bounded fourth order derivative, the term n2(Vk(2) + Vk(z — 2Vk(z)1) is
bounded. Therefore N
Wl < Cla]].
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Combining all the estimates together, we have

|[H1, [Hy, Ho)lvllw < [|Hpvll« + [[Hr|x + 2| Hollx + 2| Dpr v« + 2| Dprll« + (Wl
< C([[H19l + [|9]]5)-

(116)
O
D Proof of Lemma 10
Proof. 1. From Taylor’s theorem,
2 T 84 z+1/n 84
= % l x_l/n(y —(z— 1/n))3@¢(t7y)dy + /36 (z+1/n— y)38x4¢(t,y)dy] :
(117)
Therefore
[n?(o(t, x4+ 1/n) — 26(t, ) + ¢(t,x — 1/n)) — Ad(t, )|
1 x o4 z+l/n| §4
<5 l/x_l/n 5,40t Y)| dy +/w 520y dy] (118)
1 ot
< Wyi‘[t% 5,10 Y)|-

2. Since ¢(t, z) satisfies the equation

i0(t,x) = H(t)o(t, x)
= —filt)yn*(@(t, x + 1/n) = 20(t, x) + d(t, @ — 1/n)) + fo(t)V (2)d(t, x) + fr(t)r(t, z)
(119)

where 7(t,z) = n2(¢(t,x + 1/n) — 26(t,z) + ¢(t,x — 1/n)) — Ad(t, z), the vector ¢(t) =
(¢(t,k/n))j—} satisfies the ordinary differential equation

10,6(t) = (fu(t) H1 + fa(t) Ha)b(t) + f1 () R(t) (120)

where R(t) = (r(t,k/n)){—s. Same as our previous notations, let U(t,s) denote the
evolution operator from time s to t of the dynamics Eq. (1) with Hamiltonian Eq. (3). By
the variation of parameters formula (Lemma 2),

36y =50+ [ UGt ) Rs)as, (121)
and thus . . .
166) = )1 < el sup ] (122)

It remains to bound ||R(s)]|,.

Accepted in (Yuantum 2021-05-19, click title to verify. Published under CC-BY 4.0. 48



By the definition of R and the first part of this lemma, for any s,

IB(s)]F =~ ersk/n

2
o
< — (s, y) (123)
Z <3n yG[O 1] 81‘4
2
1 o
< — .
ot <ye[o META )
Plug this estimate back to Eq. (122), we complete the proof.
O
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