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Abstract

Product formulae are a popular class of digital quantum simulation algorithms due to their conceptual simplicity,
low overhead, and performance which often exceeds theoretical expectations. Recently, Richardson extrapolation and
polynomial interpolation have been proposed to mitigate the Trotter error incurred by use of these formulae. This work
provides an improved, rigorous analysis of these techniques for the task of calculating time-evolved expectation values.
We demonstrate that, to achieve error € in a simulation of time 7 using a p-order product formula with extrapolation,

circuits depths of O (T1+1/ P polylog(1/ e)) are sufficient — an exponential improvement in the precision over product

formulae alone. Furthermore, we achieve commutator scaling, improve the complexity with 7, and do not require
fractional implementations of Trotter steps. Our results provide a more accurate characterisation of the algorithmic
error mitigation techniques currently proposed to reduce Trotter error.
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1 Introduction

uantum simulation — the task of computing dynamical properties of a quantum system — has been an
early inspiration and impetus for quantum computing, and is among the most promising candidates for
near-term quantum advantage. Scientific domains such as quantum chemistry, nuclear physics, materials
science, and high energy physics stand to benefit from robust, programmable quantum devices which can
implement a quantum Hamiltonian of interest [Cao+19; Sha+20; Rog+20; Wat+23; Cli+24]. Beyond the study of
quantum phenomena, Hamiltonian simulation forms a key component to more generic routines such as linear systems
solvers [HHL09; CJS13], and even the investigation of non quantum phenomena [CJO19; Bab+23].

Hamiltonian simulation is, by now, a relatively mature subfield of quantum computing. Significant attention has
been given to all steps of the simulation procedure: qubit mappings [SW18; Der+21; WSM23], state preparation [CC22],
time evolution [L1096; Ber+15; LC19], and measurement [KOS07; Som19]. Time evolution has received particular
attention as it is often the most expensive step in a full routine. Roughly speaking, there currently exist four families
of time evolution algorithms: product formulae (also known as Trotterization) [L1096; Chi+21], linear combination
of unitaries (LCU) [CW12; Haa+21; LKW19; AAT24], quantum walks [BC12], and qubitization [LC19]. Despite
the inferior asymptotic scaling of product formulae, they have many desirable properties, including conceptual and
practical simplicity, lack of auxiliary qubits, natural incorporation of Lieb-Robinson bounds, commutator scaling, and
the tendency to conserve desirable properties and symmetries of the Hamiltonian [Tra+20; Chi+21; Tra+21; $S21;
Zha+22; 77C24]. Many of these desirable properties are believed not to hold for post-Trotter methods in general
[2S24]. Remarkably, the empirical performance of product formulae is often comparable to the LCU and qubitization
methods in numerical studies [Bab+15; Chi+18], and far better than leading error bounds predict [HHZ19]. These
studies indicate a gap in our theoretical understanding of expected Trotter error.

While the unexpectedly high empirical performance of product formulae is fortunate, the current constraints on
quantum hardware make simulating large, complicated Hamiltonians mostly out of reach, motivating the search for
improved Trotter-based approaches that do not significantly increase quantum resources. A wide range of product
formulae algorithms have been suggested to optimise performance according to properties of the Hamiltonian under
consideration [Yua+19; Cam19; OWC20; Mor+24; NBA24; ST24; Bos+24; Che+24] and by optimising the circuit itself
[ML23]. Additional progress has been made by recognising that time evolution is not a full algorithm, but ultimately a
subroutine embedded within a measurement protocol. With suitable choice of measurements, the resulting classical
data can be processed to improve results without going beyond product formulae. This amounts to algorithmic error
mitigation, which is conceptually similar to the hardware error mitigation being developed and employed on current
devices.

Several Trotter mitigation approaches have been proposed, including Richardson extrapolation [End+19; Vaz+23],
polynomial interpolation [RWW24] and parametric matrix models [Coo+24]. The Richardson extrapolation and
polynomial interpolation techniques are remarkably simple. Both involve taking an observable of interest and computing
its time-evolved expectation value under the approximate Trotterized evolution for different time step sizes. It is then
possible to extrapolate to the zero step-size limit, corresponding to the perfect (i.e. un-Trotterized) time evolution.

In this work, we conduct a rigorous and unified performance analysis of the Richardson extrapolation and polynomial
interpolation methods, taking inspiration from a recent treatment by Aftab et al. for multiproduct formulas [AAT24].
In particular, we demonstrate the expected commutator scaling and O (T'*!/P) scaling with the simulation time for a
pth-order formula. Our analysis separately considers "coherent" and "incoherent" measurement protocols for acquiring
the expectation values for various Trotter step sizes. While the incoherent scheme optimises for short circuit depths, the
coherent scheme achieves Heisenberg-limited precision and overall fewer quantum operations. For the short-depth
method, we show that only circuit depths of

0 ((AT)IH/I’ polylog (l/e))

are sufficient, where A is a factor depending on commutators of terms in the Hamiltonian. For the method which
optimises asymptotic resources, we show that the overall number of Trotter steps which need to be implemented scales as

0] (w polylog (l/e)) .



Essential to achieving these results is the fact that our extrapolation approaches are well-conditioned, such that small
errors in the data do not rapidly accumulate. Finally, the algorithms require no additional control gates or ancillary
qubits compared to regular product formulae.

The rest of this paper is outlined as follows. In Section 2, we provide background on product formulae, the variation
of parameters formula, extrapolation techniques, and measurement protocols. The main results are stated in Section 3.
Section 4 contains the technical error analysis of time-evolved observables under product formulae, which we then use
to inform the complexity analyses of Richardson extrapolation (Section 5) and polynomial interpolation (Section 6). We
support these theoretical findings with small numerical implementations in Section 7. Section 8 augments our approach
with the framework of classical shadows to estimate many time-evolved observables efficiently. Finally, we provide
some discussion and concluding remarks in Section 9.

2  Summary of Methods

In terms of the algorithms considered in this work, the primary elements are product formulae, amplitude measurement,
and two extrapolation techniques: Richardson and polynomial. For the theoretical analysis, we rely heavily on the
variation of parameters formula from the theory of first-order ordinary differential equations. This section briefly
reviews all of these components to help the reader understand the main results and subsequent proofs. Those interested
only in result statements are welcome to skip to Section 3.

2.1 Product Formulae

Consider a (time independent) Hamiltonian H expressed as a sum of I" terms

r
H=)H, ey

=1

for Hermitian H,. Product formulae are splittings of the exponential e~"H_the time evolution operator, along the
various terms H,. For example, the simplest product formula, namely first order Trotter, is defined by

r
Pi(1) = [ [ ™ 2)

y=1

where, by convention, we take the product going right to left. The utility of product formulae arises from the fact that
there often exists decompositions of H into terms H, such that each exponential e "' may be computed efficiently.
For example, H, may be k-local, or H may be sparse and thus decomposable into 1-sparse terms.

Product formulae are meant to approximate the exact time evolution operator for short times 7. Larger times can be
approximated to arbitrary precision by breaking the simulation time 7 € R into sufficiently many steps. A product
formula P is said to be order p if

P(r) — e H = 0 (1P 3)

for small ¢. Thus, fortime 7 € Rand r € Z,,
e ™M —p(T/r)" = 0(TP* [rP). )

In this work, we only consider formulae of order at least 1. The order is roughly a proxy for accuracy, although large
constant factors typically negate the advantage of high-order formulae in typical instances. There exist product formulae
of arbitrarily large order, the most well-known family of which is the Trotter-Suzuki formulae S, of order p = 2k.
These are defined recursively as follows. For k = 1,

1 r
SH(t) = l—le—iHyt/Z 1_[ efiHyt/Z
y=I' y=1



and for k € Z, greater than 1,

Sok (1) = [Sak—1) Urt) 1*Sak-1) (1 = 4ur)t) [Sak—1) (urt)]?

with a value of u; € R that is presently unimportant. One useful property of Sy is that it is symmetric, meaning
Sak(=1) = S5, (1).

We will find it useful to define s := 1/r and treat s as a continuous variable. It can be shown that P (sT)'/* is
analytic in a neighbourhood of s = 0 [RWW?24]. In such a neighbourhood, the product formula can be written as an
evolution under an effective Hamiltonian

PI/S(ST) — e—iTHeﬂr(ST)
He(sT) = H + Z Ejus’'T? (5)
jizp
= H+E(sT)

where E(t) = Heg(t) — H and E ;4 are a set of coefficients with explicit form given by the Baker-Campbell-Haussdorf
(BCH) formula. When # is symmetric, the error series is even in s, meaning E ;41 = 0 for odd ;.

2.2 Variation of Parameters Formula

Our primary technical tool in this work will be the variation of parameters formula for linear operators. Given two
matrices A, B, the formula reads

t
e(A+B)t — eAt +/ EA(t_T)B€<A+B)TdT. (6)
0

This can be understood as a special case of the formula from the theory ordinary first-order differential equations,
treating B as a perturbation [AAT24].

We apply this formula by focusing on the relevant linear operators acting on the space of observables (sometimes
dubbed "superoperators"). The exact and Trotterized evolutions of an observable O under H are O(T) = ¢!HTQe~HT
and O(T, s) = ! TH+EGT)) 9 p=IT(H+E(ST)) ' regpectively, with E defined in Eq. (5). We see that these are solutions to
the first-order differential equations

0r0(T) =iady O(T)  8rO(T,s) =iadgsg(st) O(T, s) (7)
where ady () = [H,-]. Taking A = iady and B = i adg(s7), the formula (6) reads
O(T, s) = €T e (0)
=T (0) +i /0 el (1) adg (1) (0(1,5)).
We can recursively insert the variation of parameters formula into the right hand side. Iterating this K — 1 times, for

a value of K we will choose appropriately, we get a series expansion for the time-evolved observable in terms of the
inverse Trotter-step s.

O(T,5) = O(T) + Y s Ej1 k (T)(0) + Fi (5, T)(0) @®)

Jjzp

Here E and F are (super)operator coefficients. The Fg term can be thought of a type of remainder, made smaller with
larger K, and the coefficients E j+1,k consist of nested commutators of the H,. These claims are made rigorous in
Section 4.1. The value of this expansion is that, by increasing K, we can make the remainder term irrelevant compared
to the dominant errors captured by the power series in E j+1,k- Thus, by characterising the E j+1,K > it becomes much
easier to understand the effects of extrapolation on the resulting estimate.



2.3 Extrapolation Methods

Eq. (8) defines a series expansion in terms of the inverse Trotter step size s for the Trotterized time evolution of an
observable. This, in turn, gives us a series expansion for the scalar-valued function

f(s) = (O(T, s)). ©)

Ideally, we wish to estimate f(0) to obtain a time evolved expectation value without Trotter error. By taking
measurements at particular values of s, we can extrapolate to the s = 0 ideal. Here we review the two methods to
perform this extrapolation considered in this work: Richardson extrapolation and polynomial interpolation.

2.3.1 Richardson Extrapolation

Given a function f with a series expansion, Richardson extrapolation is a method to get iteratively improved estimates
of a particular value [Ricl1; Sid03]. Suppose we have a function with the expansion

[e9)

fs) = chsk

k=1

for some coefficients ¢y, and we wish to approximate f(0) when the only information about f we have access to values
of f(s) fors € {s1,...,s,}. Then we can iteratively construct an approximation as follows. Suppose we choose some
so=s > 0and s; = x/k; for integer k; # 0. We see that if we evaluate the function at a point f(s/k;), we have

N

? 3
kl) +0(s”).

s
F5/k) = FO + 1o
Since f(s/k1) and f(s)/k; match at first order, by subtracting the two equations yields
F)/ky = f(s/k1) = (1/ki = D f(0) + s> + O(s%)

or, after dividing by the factor multiplying £(0),

f(s)/ki = f(s/ky)

Tt =6 =0 +as+0(s), (10)

Thus, we have constructed an estimator F(1 (s) of £(0) accurate to order O(s?). By comparison, f(s) is only order
O(s). The precise form of ¢&; is irrelevant for the present illustration. The procedure can be iterated again to eliminate
the ¢, terms, and so on as desired.

In general, a linear combination of m evaluations of f, with suitably chosen coefficients b ;, removes m terms in the
series expansion. An m-term Richardson extrapolation F ") () has a small s behaviour which satisfies

[F ()= FO1 < Y 1bsl| D exs”
Jj=1 k=m+1
— 0(sm+])'

Thus, by picking sufficiently small s and sufficiently large m, we achieve a more accurate estimate of f(0). We can then
apply this to the series expansion we have from Eq. (8).

When applying a well-condition Richardson extrapolation for time evolved expectation values, we will find that the
error scaling as

|F(m)(s) —(0(T))| = O(SZmTZm(1+l/p))

for a symmetric order p product formula. By choosing the sampling points {s;}, such that s; is the largest, and all
other are related by the Chebyshev nodes starting from s, one can also show robustness of the estimator F " (s)
to noisy data [LKW19]. We give a more thorough analysis of Richardson extrapolation applied to Trotter-evolved
expectation values in Section 5.



2.3.2 Polynomial Interpolation

Here we review the proposal of Rendon et al. for using polynomial interpolation as a Trotter extrapolation
method [RWW?24]. Given a real-valued function f(s) in a domain D C R, and given a set of values f(s1),..., f(sm),
there is a unique (m — 1) degree polynomial P,,_; f which matches the value of f at each s;. A concrete representation
may be given terms of the Lagrange basis polynomials

m

Puo1 f(s) = Y (s Li(s),

i=1

where

Li(s) = l_[ 5= 5n)

1<n<m (si - s")

n#i
More importantly, P,,—1 f may be computed by a number of standard techniques such as barycentric interpolation,
which is efficient and stable to floating-point errors [Hig04]. By choosing the sample points s; to be at the Chebyshev
nodes of an interval of interest, the interpolation will be robust to errors in the computed values f(s;) [Riv20]. These
features make interpolation a plausible tool for Trotter extrapolation.

To apply polynomial interpolation to Trotter-evolved expectation values f (i) of Eq. (9), we consider a neighbourhood
[—¢, €] of the origin, where £ € R, is to be chosen based on problem parameters. This function can be computed
for both positive and negative s using product formulae evolutions on a quantum computer. Performing a Chebyshev
interpolation of m € 27Z, sample points, the final estimate is given by P,,_; f(0). Fig. 1 depicts this setup. One can
show [RWW24] that the interpolation error at the point s = 0 is bounded as

g m
0) = Ppu_1 £(0)] < M@= . 11
/(O = PurfO) S _max |f <§)|(2m) an
Utilising the error expansion Eq. (8), we can bound the derivative term as
BO(T, 5)) = O (£nTm1+1/P))

Hence, by choosing the interval with £ = O(T~(1*1/P)) we get that the approximation error from Eq. (11) decreasing
exponentially with m. See Section 6 for the complete analysis.

2.4 Taking the Measurements

So far, we have been concerned with the extrapolation schemes and their accuracies. However, to implement either
Richardson extrapolation or polynomial interpolation, we need to be able to take measurements of the time-evolved
observable at different value of s, and these measurements come with intrinsic errors (regardless of hardware effects).
For successful overall error reduction, we will require our measurements to be within some error tolerance of the exact
Trotter-evolved expectation value, and from robustness guarantees, this allows us to extrapolate to within a small error
of the ideal evolution. In this work, we consider two schemes for performing the expectation value measurements.

Method 1 (Incoherent): Simply time-evolve the initial state po under P'/% (s ;T), then measure the expecta-
tion value by repeated measurement of O. The precision will necessarily be shot noise limited, leading to a O (1/€?)
cost for precision €. However, circuit depths will only be as long as needed to perform a single measurement, and
often these can be estimated straightforwardly with low depth circuits (e.g. using classical shadows using randomised
single-qubit measurements).

Method 2 (Coherent): Use iterative quantum amplitude amplification to achieve Heisenberg-limited scaling O(1/¢€) in
the measurement precision. This is essentially a quadratic improvement over in error scaling Method 1 but involves



—

\(O(T))

———(0(T,9)
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Figure 1: Schematic of the polynomial interpolation procedure. The dotted purple line is the true value of the Trotter-evolved
expectation value, (O(T, s)), and the blue line is the interpolating polynomial P,,,_; f(s) for m = 8. The red points are estimates of
the time-evolved expectation value obtained via product formula evolution with measurement, which are then used to construct the
polynomial. The final estimator of the expectation value is given by P,,,_1 f(0).

longer circuit depths. Iterative protocols for amplitude estimation require few auxiliary qubits while still achieving
competitive results compared to Fourier-based methods. For our analysis, we consider specifically the iterative Quantum
Amplitude Estimation protocol of Grinko et al. [Gri+21].

A flowchart illustrating the entire extrapolation process is given in Fig. 2. Method 1 optimises for shorter cir-
cuit depths at the expense of greater overall resources by using incoherent measurements for observables. As such, this
method may be more promising for NISQ devices. Method 2 uses coherent measurements to improve the overall scaling
at the expense of longer circuits, and hence may be more useful for fault-tolerant devices.



Choose a set {s;}i%; of points
to sample from with a
largest step size s;.

/\

Incoherent Measurements Coherent Measurements
(Method 1): (Method 2):
Evolve the state under a Use Iterative Amplitude
Trotter-Suzuki formula for Estimation to estimate the
each inverse step-size s; and Trotterized expectation
then measure the observable 0. value (O(T,s)) at each of
‘ these points to get estimate

to precision 0(€).
Repeat 0 (eiz) times to get

expectation value estimate
correct to within O(€) of the
Trotterized expectation value.

Use Richardson extrapolation or
polynomial interpolation to
construct an estimate O, satisfying
Oest = (0(T)) + O(s{™*?).

Figure 2: Flowchart indicating the incoherent (Method 1) and coherent (Method 2) schemes for performing extrapolation of the
time-evolved expectation values using product formulae, where the specified time and final error are T and € respectively. For each
time-step size, we need to make a measurement of the observable’s expectation to precision €. While the incoherent scheme is simpler
and requires shorter circuit depths, the coherent scheme achieves a quadratic speedup from using quantum amplitude estimation.
Regardless of the measurement protocol, the algorithm concludes with the same classical calculation of the acquired data.



3 Results

Our results are stated for two separate measurement routines for performing the expectation value calculations, as
discussed in Section 2.4. Fig. 2 gives a schematic workflow for the extrapolation protocols using either measurement
type. We now informally state the main results of our work; see later sections for more rigorous formulations.

Theorem 1 (Trotter Extrapolation Resource Counts (Informal)). Let O be an observable and H = Zg H,, be a time
independent Hamiltonian. Let Oy be the estimate for a time-evolved expectation value on an arbitrary initial state,
(O(T)), produced by varying the Trotter step-size of a p™-order Trotter-Suzuki formula, taking m measurement samples,
and then extrapolating to the zero step-size limit using either Richardson extrapolation or polynomial interpolation.
Then, for a simulation time T, a relative error € can be achieved, with high probability, such that

KO(T)) = Ocql < €llO]|

using m = O (log(1/€)) extrapolation points. Furthermore, the maximum circuit depth and total gate count for each of
the estimation subroutines described above scales as given in the following table.

Method Cost Max Circuit Depth Total Gate Cost
tncoherent || 0 ((7)"*17 ptytog (1)) | 0 (225 polyoe (2]
coveren || 0 (T g (2] | 0( T o 1)

Here O hides log log factors, and A < 4 2y |[Hy || is a nested commutator with full expression given in Lemma 7.

These results demonstrate an improvement in circuit depth over the direct application of product formulae by an
exponential in the error scaling, while maintaining the same time scaling (see Table | for a direct comparison for
the results in Theorem 1). As we discuss in Section 3.1 below, our analysis improves on prior results for both
Richardson extrapolation and polynomial interpolation. The extrapolated techniques are shown to inherit all the of
desirable properties of standard product-formulae methods such as locality, commutator scaling, respecting the system’s
symmetries, etc. We note that the results have either 1/ or 1/€? scaling for the coherent or incoherent measurement
procedures respectively; this is a consequence of the measurement protocols, not the time evolution. Indeed, this scaling
would be present even for LCU or quantum signal processing simulation techniques using the incoherent or coherent
measurement protocols, and lower bounds can be shown from results in metrology [GLMO6].

Trotter Performance without Extrapolation

Method Cost Max Circuit Depth Total Gate Cost
. 5 (PHDN1/pi+l/p ~ (P+1)y1/p i+l /p
Incoherent [Chi+21] || O (%) o (( wwmme z)+1/p )
. ~ (p+)\1/ppl+l/p - (P+D\1/ppl+l)
Coherent [Chi+21] 9] (%) o ((%omme 1)+1/’pT ")

Table 1: Summary of asymptotic scalings for Trotter-based protocols for time-evolved expectation values without extrapolation.
Results are obtained using current best scalings for product formulae (see reference). This should be compared to the results in

L(é’,;,ln) <2pP (Z,/||H),||)erl is a sum of p + 1 nested commutators defined in Eq. (15).

Theorem 1. The quantity ¢,
Additionally, method 1 (using incoherent measurements) is fully compatible with classical shadow-based techniques.
That is, if we wish to estimate M different local observables with probability > 1 — ¢, then we get an additional resource
cost O(log(M/6)). In Appendix A, we also show how the prefactors in Theorem 1 can be improved by taking into
account symmetries of the system.
Finally we note that the bounds in Theorem | are in terms of the number of Trotter steps. The total number of
elementary exponential operations comes with a multiplicative factor YI" which may contain additional information

10



about scaling with system size. A true elementary circuit depth and gate cost would require more specification of a
computational model, such as a k-local or sparse matrix model.

3.1 Comparison to Previous Extrapolation Results

Richardson Extrapolation. The use of Richardson extrapolation to reduce Trotter error was originally proposed in
[End+19]. Although the authors note that Richardson extrapolation should reduce the error with repeated samples,
the work does not provide rigorous resource estimates in terms of the basic simulation parameters. Subsequent
work in [Vaz+23] employs Richardson extrapolation on actual quantum hardware, observing improvements over bare
simulation results. However, there appear to be errors in the formal treatment of the algorithmic error, which we discuss
in Appendix C. As a result, a rigorous asymptotic analysis of the scaling of Richardson extrapolation for quantum
simulation does not appear to be present in the literature. We hope the present work provides a more complete theoretical
picture of the Richardson approach.

Polynomial Interpolation. The polynomial interpolation approach was introduced and rigorously analysed in
[RWW24]. There it was shown that, to measure an observable at time 7, it is sufficient to use a total number of Trotter

~ 2
steps (in the coherent measurement case) scaling as O (@ log (%)) independent of the order of product formula,

where y = I'max, ||H, ||. Besides scaling as a first-order product formula in T, regardless of the order, it additionally
does not demonstrate the expected commutator scaling, and instead depends on the Hamiltonian’s norm. Furthermore,
the prior work invokes the use of fractional implementations of the product formula, i.e. P° for § € (0, 1). Although
this can be implemented by quantum signal processing methods, this may not be easily achievable on a NISQ device. If

the fractional implementation is not used, then previous analysis leads to a O (T? log (%)) scaling on account of the

imperfect Chebyshev nodes. By contrast, the present work demonstrates improved time scaling, commutator scaling,
and avoids the need to implement fractional product formulae. Recent work in [Ren23] demonstrates how to deal with
the fractional queries and achieves a O (T'*!/P) scaling in the time parameter, but does not give explicit prefactors or
commutator scaling.

Other Approaches using Classical Post-Processing. Other approaches at “dequantising” Hamiltonian simulation
techniques exist, but are not directly related to the present work. For example, [Fae+22] introduce a randomised version
of the multiproduct formula presented in [LKW19], achieving near-optimal scaling. However, the method requires
auxiliary qubits and control operations. Further work on the dequantising the multiproduct formula can be seen in
[ZRB23], in which they improve the scaling of the multiproduct formula and show it satisfies commutator scaling
with a quadratic improvement in the error associated with the size of the time-steps relative to standard p’"-order
product formulae. Other approaches include constructing non-unitary channels which can be computed using classical
post-processing using randomised compiling methods [Gon+23; NBA24].

4 Error Analysis

In this section, we derive our primary technical results and develop our most important tool: an explicit series expansion,
with respect to Trotter step, of a time evolved expectation value of an observable O evolved under a product formula.
The results contained here will be directly applied to Richardson extrapolation and polynomial interpolation in the
appropriately labelled subsequent sections. Our approach is directly inspired by the recent work of Aftab et al. [AAT24],
and much of the logic follows closely.

We begin with some essential concepts and definitions. A staged product formula % is, in the sense of [Chi+21],
one which can be expressed as

r
1_[ e—lta(u,y)HnU(y), (12)

1 y=1

Y
P(1) =



where Y € Z, is the number of stages, a(, ) € R are coeflicients and 7, € Sr are permutations. For p € Z,, a pth
order product formula satisfies ,
P(t) — e H = O(¢PH) (13)

in the small ¢ limit. For ease of notation, let [ X X5 . .. X,,] refer to a right-nested n-commmutator

[(Xi1Xo. .. Xn] = [ X1, [ X2, [ .. [Xn-1, Xa] 211 (14)
and define -
Wm = D [ Hy, Hy, ... Hy . (15)
Y1Y2.¥j=1

It will be useful, for our purposes, to employ a BCH formula based on right-nested commutators [ACC21]. We first
define

1 -1\
G (Yo Y)) = > > (= 1)d( ) You) - Yol (16)

T€eS;

where S is the set of permutations over j elements and d - is the number of descents in o-. An index i is a descent of o
if o(i) > o (i + 1). In these terms, the BCH formula reads

eXi = e (17)

i=1

where
n

Z=3 X+ 3 %Z( J ,n)¢j(xff',...,x,ff"). (18)

i=1 Jj=

Here, the J sums appropriately over the multinomial
T = A vdn) €N Y i = j} (19)
j=1

and X/ refers to i copies of X in the argument. The expression Eq. (18) is formal and may not converge. Convergence
is guaranteed provided that the nested commutators do not grow too rapidly.

We begin with a lemma concerning an error series in the effective Hamiltonian H.g(7), which approximates H for
small z. It follows essentially from [Chi+21, Theorem 9].

4.1 Error Expansion of the Trotterized Operator

Lemma 2 (Effective Hamiltonian Error Series). Let P be a staged product formula with coefficients a(,, ) of order
p € Zy, and let Hegr be the effective Hamiltonian of P defined by the relation

P (1) = ¢ i1 Her (),
fort € R. Suppose that there exists a J € Z, and C € R such that

sup acomm (amame)J <C,
j=J

With Gmax = MaXy 4 |d(y,y)|. Then the effective Hamiltonian can be written as

Hea(t) = H+ ) Ejt!
j=1
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where

_ (=)
Br= :E:(fl

J
and n = YI'. Moreover, E satisfies the bound

n
‘] .i j .n
Tet o (i)

i=1

(amaxY)j )

%) comm*

IE;Il <

Proof. Consider P written as
n

P(r) = [e et (20)

i=1
with H; = H,, notated as such for simplicity, and because we aren’t concerned with the possibility that H; = H; may
frequently occur. By definition of H.g we have

n
l—le—ilaiHi — e—iHeﬁ't (21)

i=1

and may therefore express Heg as a formal BCH expansion. Using Eq. (18) with Z = —itH.g(¢) and X; = —ita; H;,

n 00 1 . .
—it Hoge (1) =Z—itaiH,~+ZﬁZ(jl / ; )¢,- ((=irarm) 1, (it ™). (22)
Z L4712\

Since # is at least 1st order, we have }}; a;H,, = H. Using the multilinearity of ¢,

) <1 3 ST ) (et o (1)

i=1

(23)

=H+thEj+1
J=1

where we’ve defined the Hermitian error operators

(=) / : e X Jn
£= Zjl(jl.{.jn)(n])%( ) o

i=1

Applying the triangle inequality and using the definition of ¢; in Eq. (16)

MNS%Z( )“Ww) Z(;ﬂnwwg Heipl, ©5)

J oES;
where . .
Hy ...H,=H"" .. H" (26)

and i € {1,...,n}. We wish to reindex this sum to be over tuples (i1, ...,i;) with iy € {1,...n} varying freely, and
accomplish this by rehashing arguments used surrounding [AAT24, Eq. (44)]. For a given [H;, ... H;;], there exists a
unique (ji,...,Jn) € J specifying the terms in that commutator, as the j; indices give the number of each Hy present

in the commutator, and this is a function of a full (i1, ..., ;) specification. Thus, we may write
1< -1\
MWSE?ZJM1 Uwﬂﬂmo Z.(%) @7)
iy...ij= oeS(iy,..., ij)

13



where j = (ji,... jn) is the vector of counts determined by the i, and S(iy,...,i;) C S, refers to the permutations

which leave the sequence (i1, . ..,i;) invariant. There are exactly j;!j>!... j,! of these. Thus,
i-1"
> (d ) < D I=ahl (28)
TES(il,.emni}) T TES (i1,eeni)

and therefore

n

1 J
= > H - H I Jlaad
k=1

IE; | <
J it,e.dj=1 29)
aj 1
max
<=3 > H;, - H 1)

i1yeij=1

where ay,x ‘= max; a;. We now remember that each H;, runs Y times over each term H,, in H. Thus, each sequence

Hy Hy,...Hy, is represented Y/ times in the multi-index (iy,...,i 7). Hence,
n ] r ] )
DU NH - HG =Y [ Hyy . Hy = Y e, (30)
ih,nedj=1 Viseen V=1

This gives our upper bound on E; from the lemma statement.
To summarise, we have that tHeg (1) = tH + Z‘;il E;+1t/*! provided that the series converges. A sufficient condition
is absolute convergence, namely the convergence of

DIV IES . (31)
j=2

We note that 3, ; C/j 2 is a convergent series for all C € R,, and thus, by the squeeze theorem, it suffices that there exists
an J € Z, such that for all j > J, t/||E;|| < C/j?. Using our bound on IE; ||, this is satisfied provided

(anmax Y1)/ g < € (32)
for such j. This is equivalent to the condition provided in the lemma. O
e

Observe that less stringent conditions for convergence could be derived, e.g., by bounding the series with a 1/
decay for any € > 0 instead of 1/;2, and indeed the condition under which such series converge is well studied [Lak17;
Lak19]. However, our condition here is simple enough and not too stringent. Using the bound

J
; 1
i < 5 (2Z||Hy||) (33)
Y
we may obtain the simpler, sufficient condition

r
2amas Y1) D lIHy || < 1 (34)
y=1
which shows that, for any H, there exists an open neighbourhood about ¢ = 0 for which the BCH series converges. For
the case of Trotter-Suzuki formulae # = Syx, we have [Wie+10, Appendix A] amax < 2k/3k and Y =2 x 551,

A symmetric product formula is one for which P (—¢) = P~ (). For pth order formulas, the lowest E j are zero, and
for symmetric formulas, the error series for Heg is even, as is captured in the following lemma.

14



Lemma 3. Let P(t) be a pth order staged product formula, and suppose the BCH convergence condition of Lemma 2
holds. Then the error operators E 4 from Lemma 2 are zero for all j < p. Moreover, for symmetric P, E .1 = 0 for all
odd j.

Proof. We will show that Heg(f) = H + O (), which directly implies the first claim of the lemma. The Hamiltonians
H.¢(7) and H may be defined through the logarithm

1 1
Heq(t) = % log P (1), H= - log U(t) 35)

and, in a neighborhood of ¢ = 0, the logarithm may be expanded in a power series.

1 o (=17 " .
Her(1) = H == ZO (J e -1 - Wi - 1)
. . (36)
LSV EVIS ikt - vt
it 4 j
j=1 k=0

Since P(t) — U(t) = O(tP*!) we have that P (1) — U(t) = tP*' E(t) for some analytic, operator-valued function E. In
fact, this implies
PK(1) = U* (1) = PP EP) (1) (37)

for some analytic £%). Factoring out the rP*! from the series, we find that
Hei (1) —H = tPE(1) (38)

where, again, E is some analytic operator-valued function. This shows that Heg (1) — H = O(¢”) and thus, provided the
BCH series exists, all E; =0 for j < p.

For symmetric product formulas, the condition P (—t) = PT(¢) (¥ is unitary) implies for the effective Hamiltonian
that

(=itHegr(1))" = ~i(=1) Hesr(~1) (39)
which further implies Heg(?) is an even function. Thus, the BCH error series is even provided it exists. O

As an aside, it is possible that the order conditions from [Chi+21, Theorem 9], could be adapted for our purposes.
However, they characterise their exponential error using a time-ordered exponential, which is suitable for their objectives
but less so for ours.

We have thus characterised the error terms in Heg adequately for our purposes. Moving towards our primary interest,
dynamical evolution of observables, we now wish to construct an error series for an observable evolved under a product
formula. The following lemma provides what we need, and mimics the ideas of [AAT24].

Lemma 4. Let P be a staged pth order product formula and let O be an observable. For any s € R, let
O(T, s) = P'ST(sT)OP'* (sT)

be the approximate evolution of O for duration T € R and Trotter step size sT, with s = 0 defined via the limit. Suppose
that there exists a J € Z, and C € R, such that

SUP & (amax YIST]) < C,
jzJ

With Gmax = MaXy y|d(y,y)|. Let o =2 if P is symmetric, 1 otherwise. Then for any K € Z,, the approximation error
in O(T, s) compared with the exact evolution O(T) = e"TOe~"HT may be expressed as

O(T,5)-0(T) = > s7E; k(T)(0) + Fx(T,5)(0).
JEOZi2p
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Here, E i+1,k(T) and Fx (T, 5) are superoperators whose induced spectral norm ||-|| is bounded as

min{K-1,lj/p]} ! (.IK+1)
= i (amax YT) _@comm
) J Amax 27/
1Ej1,x (T)]| < (amacYT) 121 2 [_[ TSIE
= J1---J1€0Zs2p \k=1
Jreeji=]
5 a YT K . K a(./l(+1)
RURTPICL I S PR T DY (]‘[2 o) |
’ JjE€EOZy=2Kp Ji-JKE€OZy2p \k=1 (‘]K+ )
Jit+jk=j
Proof. By definition, we have that
PUS(sT) = ¢~ THar (1) (40)

where t := sT is the Trotter step size. By Lemma 2, Hg is expandable as a BCH series, and we write Heg (1) = H+ E(t),
where

E(t) = Z Ejt’. 41)

JEOZ2p
In what follows, the independent parameters are ¢ and 7', and any 7-dependence is left implicit. Our analysis is based
on the variation of parameters formula applied to the Hamiltonian evolution of observables. For observable O, and
Hermitian H and E, the evolution equations for O(T) := e!(H+E)T Q= {(H+E)T and O(T) := ¢'HT O "HT are given by
0rO(T) = i[H +E,O(T)], 9r0(T) = i[H,0(T)]. (42)
For ease of notation, we will write this in a super-operator formalism

O(T, s) = ¢T¥uEQ, O(T) = T¥u (43)

where adx () := [X, -] is (anti) Hermitian with respect to the Hilbert-Schmidt inner product when X is (anti) Hermitian
with respect to the standard inner product. In this context, the variation of parameters formula (6) gives

T
O(T,s) = O(T) + / drie! T~ 4d,(0(11)). (44)
0
Iterating this formula once,
O(T,s) = O(T)
T . T T1 . . -
+ / driet T~ ad.(0(1)) + / dr / dryet T~ du qqp o' (M=) dn a4 (O(1,)).  (45)
0 0 0

Iterating K — 1 times gives

O(T,s) = O(T)

K- T T Ti-1 . . .
+Z/ dn/ d‘rg---/ dre!T=m)adujqdp o (M) aduj oy I (M= adp (0(17)) (46)
= Jo 0 0

T T Tp-1 . ) . ~
+/ d‘rl/ dry- / drge!T-m)dnqq, pl(Ti—m)adn; g, el(T’(*‘_TK)ad”iadE(O(‘rK)). 47
0 0 0
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Taking line (46) and expanding the definition of E,

7 . . .
Z/ d‘rl/ dty- - / drjeT-m)adnjaq, e‘(T‘_TZ)adHiadE...e””]_T’)adHiadE(O(Tl))

K- 71 Tr-1 1
§ d dry- - d | | § ASCIR PR L | N (2 48
2 / Tl/o ™ /o Tl( ( iadg; , t ))( (1)) (48)

k=l \ju€oZi2p

(O(m) (49

K=1 T - - . 1
= d‘r]/ de---/ dty t i(Ti1= Tk)ad”zadE .
2 ey A 2. 2, (Ll

JeEOoZizpl  ji...j1€0Zi2p \ k=l
Ji+etji=]

with 19 = T. We now reinsert ¢t = sT, and make a change of variables s; = 7;/T. This gives

K-1 1 S1 Si—1 1
Tl/ dslf dsz~~~/ ds; (sT)’ (1= s“)TddHladE
2T ) ), i 2 2 |le

JjeoZ,>pl J1--Ji€0Ziy2p \ k=l
b=

(O(Ts1)). (50

Next, we regroup the sum according to the degree of s, which yields

min{K -1, LJ/PJ}

Z (sT) Tl/ ds1/ dsy- - / " ds) Z

JETZi2p Ji--J1€OZy2p
JieHji=]

= D, YEmk(DIO). (51)

JEOZy2p

1
(l_[ &' T (si-1=5:) adpr adEjK+l ) (O(Tsp))

<

Here, we have defined

Ejx(T) =
min{K - 1LJ/PJ}

-1
T’+l/ dS1/ dSz / dsl Z

Ji--J1€OZy2p
Ji+ji=]

1
(l_[ ei(s,(_l—s,()TadHiadEjKH) eiS[TadH. (52)

<

We now want to put bounds on the norm of £ j+1,k - Using the triangle inequality, unitarity of ¢'74H and evaluating the
remaining integral,

min{K-1, L//nJ}

1Bk (D] < 7 / [ e ]_[nadE,mu)

Jlea'Z+>p (K

‘ ' 11+ +ji=J (53)
_mm{K—l,LJ/pJ} 7! 1
<t Y T2 (]‘[nadE,Kﬂ ||) .
=1 J1--J1€0Zy2p \k=1
Jiketii=g
Noting that ||ad, || < 2||X|| and applying Lemma 2,
min{K-L1j/pl} -
nl i T (a )/K
. J - (1K+l)mx—
Bk @MI<T > 5 )] (]‘[ 2comm’ "
I=1 Ji- jIE(TZ+>p k=1
Jit =] (54)

min{K-1,[j/p]}

— X ! Q (jK+1)
(amax )] E maT E 1_[ Z'—Comln .
=1 ' J1.- JIEOZy2p (.]K + 1)2

Jitetji=j

k=1
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So far we have considered the terms in line (46). We now consider line (47), which we will denote as Fx (T, s).
Applying the triangle inequality and utilising unitarity in a similar manner as above, we can check that the operator
norm of Fk (T, s) is bounded by

_ Tk
1Fx (T, 9)|l < —IIadEIIK

—2KIIE|IK

K!
K
> ||Ej+1||<sr>f)

ﬁzK
JEOTZ2p
TK K
= FZK Z n||EjK+1||
' k=1

I/\

IA

(ST)j1+"'+jK

K!
Ji1--JKETZiZp

T - =
DG U DY N A

' jeoZ.>Kp J1--JKEOTZi2p k=1
Jittjk=j
Using, as before, the bounds from Lemma 2,
(./K+])
. (amax YT)K ; a,
IFe(Tos)l € === >0 (amaXsTY | > ]_[ e (55)
: jeoZ.>Kp JleJKEOTZy2p k=1 (]K )
Jl+ +/K_]

giving the second bound of the lemma.

5 Richardson Extrapolation

Having laid the technical groundwork in the previous section, we now apply these results to analyse Richardson

extrapolation for time evolved observables. Before we begin, we briefly provide a more detailed overview Richardson

extrapolation to supplement Section 2.3.1. A more detailed and general discussion of the method can be found in [Sid03].
In our context f : [0,£] — R is a smooth function, such that

F(5) = F0)+ Y €57 +0(s7) (56)
j=1

where the o7; € Z, form an increasing sequence. Moreover, suppose f(sx) can be computed for a monotonically
decreasing sequence of inputs s € (0,¢]. Richardson extrapolation provides a new function F") (s) satisfying

n

F(s) = £(0) + > &5 +0(s7) (57)

J=m

for some 1 < m < n. Thus, the convergence rate to f(0) for small s is boosted from O (s7") to O(s?™). The procedure
can be applied to C"™ functions on [0, ¢], and in this case the relevant expansion is the Taylor polynomial.

There are several algorithms for performing Richardson extrapolation. Regardless of how it is performed, the result
is a linear combination

FU(s) = " bief (si) (58)
k=1
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where the s are themselves functions of s, and s = maxg s = s1. Moreover, b = (b, ..., b,,) solves the linear system
Vb =é, (59)

where é; is the jth standard basis vector and V is a generalised m X m Vandermonde matrix, with elements

Oj-1

Vik =5, (60)
and o = 0. For certain values of o, an exact solution to Eq. (59) is known. In particular, if

gp=1nj (61)
forsomen € Z\ {0} and j =0,1,...,m — 1, then V is the standard Vandermonde matrix in terms of y; = x]'g. Thus,
the inverse is known via the theory of Lagrange interpolation. In particular,

n

X.
b=V "o = 1_[ 7 —- (62)
k

izk Y X

For more general o7, Eq. (59) still holds, but it is less clear if a closed form solution exists in the mathematics literature.
This has important implications for higher order product formula simulations that we will discuss later in this section.

A proper choice of sample points is crucial for the Richardson method to be well-conditioned, hence robust to
computational imprecision. For example, certain natural choices, such as s; = s/k for k > 0, lead to poor conditioning.
In our context, the relevant condition number is the one norm ||b||; of b, which can grow very large despite the
summation constraint

Zbk -1 (63)
k

enforced by Eq. (59). This results in a sign problem, where small numerical errors in f(x) are magnified by enormous
by and hence large ||b||;, while the size of the answer f(0) remains O(1). Some choices of s, such as a geometric
sequence s; = wX~ls| for w € (0, 1) are provably well-conditioned. However, in many applications such as our own,
computing s closer to O becomes intolerably expensive. To achieve low-depth Trotter evolutions, it is preferable to
keep the sample points sy as far from the origin as allowable.

Additionally, for product formula simulation, we would also like to choose s = 1/ry for nonzero integer r, since
otherwise we would have to apply fractional Trotter steps. Although this is possible using quantum signal processing
techniques, the overhead is potentially large and undesirable — particularly if using a NISQ-era device. s; is a parameter
chosen appropriately to minimise the number of Trotter steps necessary while also ensuring sufficiently accurate
simulations.

To meet the well-conditioning and integer query conditions we desire, we make use of results from [LKW19]. In
particular, we let

R

sin(n(2k — 1)/8m) |’

kef{l,....m} (64)

T'k = Tscale

and we will make the explicit choice R = V8m /m, chosen such that the rj are distinct, and ry.ae € Z, scales to ensure
the ry are large enough to accommodate longer evolutions. This scaling has no effect on b and hence the conditioning.
A useful upper bound for the purpose of resource estimates is [Wat+24]

m < ri/Fseae < 3m? (65)
One can prove the following about this choice of extrapolation points.

Lemma 5 (Well-conditioned Richardson Extrapolation [LKW19]). Let f € C*"*2([-1, 1]) be an even, real-valued
function of s, and let Pj and R; be the degree j Taylor polynomial and Taylor remainder, respectively, such that
f(s)=P;(s)+R;(s). Let

FO™ (s) =" bif(se)
k=1
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be the unique Richardson extrapolation of f at points s1, 52, .. .Sy given by

N
Sk = —>»
Tk

for ri defined in Eq. (64) and by given in Eq. (62) for n = 2. Then
m
FO (5) = £(0)+ ) bxRom(sk)
k=1

and ||b||; = O(logm).

Proof. By the extrapolation properties of F (") ) Dpe " o bxP2m(xx) = f(0). Equation (5) follows immediately. The
scaling of ||b||; with m is proven in reference [LKW19] for recate = 1. For rgcqre # 0, it is relatively straightforward to
show that the same b solves Eq. (59). Hence, ||b]|; = O (logm). |

5.1 Application to Time Evolved Observables

Richardson extrapolation may be applied to the problem of computing time-evolved expectation values, where the
Trotter step s is the extrapolation parameter and the function of interest is

£(s) = (0p(T. 5)) = tr (pop‘/”(sT)op”S(sT)) . (66)

Here, p is the order of the product formula . Note that f(0) may be defined via the limit, and corresponds to the ideal
value.

In what follows, we will assume the extrapolation always starts from the linear or quadratic error terms, depending
on the symmetry of the product formula. We do not start the extrapolation from the smallest nonzero power according
to p. Although this may seem unnecessary for large p, we wish to eventually utilise the well-conditioned extrapolation
of Lemma 5, which is begins at 2nd order. It is possible that these concerns are primarily academic, and practitioners
may find it more reasonable to use an alternative scheme without the theoretical guarantees.

The following lemma characterises the error in Richardson approach thus described, without committing yet to a
specific choice of sampling points.

Lemma 6 (Richardson Extrapolation Error). Let O be an observable, H = 25 H,, be a time independent Hamiltonian,
and po a quantum state. Let P be a staged pth order product formula of symmetry class o, where o = 2 if P is
symmetric, 1 otherwise. Let

m
(Opm(T)) =Y bil0p (T, 51))
k=1
be an m-term Richardson extrapolation, with ascending sequence of Trotter steps ry = 1/sy € Z,, which cancel the

powers s7, §92 ., solm=1) Suppose that, for all k = 1,...,m, there exist J € Z, and C € Ry such that

sup(amax Y[sx TN alipm < C.

j=J

Then, the error in the extrapolation, as compared to the exact evolution (O (T)), satisfies

j & maxYT/l' JH
KO(T)) = (0p.m(THI < OBl D 5] (Z u)

JjeEOTZy I=1 I
jzom
where [1blly = Zulbel, K = [ 2], and
! (et) \ 1/ G+)
_ comm
A‘”‘( 2, 112 1+1>2)

J1---JI€EOZy2p k=1
]l+ +ji=j
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Proof. By Lemma 4,

(O(T,5)) =(O(T)) + Z s/(E 1,k (T)(0)) + (Fk (T, 5)(0)) (67)

JEOZi2p

and (Fg(T,s)) = O(sXP). The Richardson extrapolation procedure with m samples will remove all terms up to
O(s7m=1) in the series. Choose a value of K such that

Kp>o(m-1), (68)

such as K = [ > ] Then, an m-term Richardson extrapolation will cancel only terms in the E series, but leave Fx
intact. Thus, the Richardson extrapolation satisfies

(0pm(T)) = (O(T)) = > bilRerm-1) (T, 58) (0)) (69)
k=1

where R, is the Taylor remainder of degree g and satisfies

Rom-1y(Tys) = D sTEju1 k(T) + F (T, s). (70)
jeoZ,
jzom
Applying a Holder’s inequality,
{0 pm (1)) = (O (M) < 116l max|[Re- 1) (T, 1) (O)| < 1611 |0l max|[Rer (m—1) (T s, (71)

and we now focus on the remainder of Eq. (70). By the triangle inequality,

IRem-1y (T )l < D" sTIEpir k (D] + | Fx (T, ). (72)
JEOZy
jzom

For our choice of K, K — 1 < | j/p] for all j > om, and we may write

max Y e’
||Ej+] k(DI < (amaxYT)] Z u Z (n (Je + 1)2)

J1---Ji€TZi2p \k

Jiretii= (73)
_ Z (amaxYT/l] l)]

Applying the bound on F"K(T, s) from Lemma 4 and the bound on E~j+1,K from Eq. (73) into Eq. (72),

amax YT A J+l (amax YT A 1)7K
Rom-1»(T,s)|| < S] ( = ] 1) SJM. (74)
(m=1) Xl
JEOZy JjEOZy :
jzom Jj=Kp

In turn, this is upper bounded by starting the j > Kp index at om. Rearranging, we see that there is a matching of
terms and hence we can combine the sums as

(amaxYT/lj l)j+
Rom-n) (T, )| < SN 75
IR e-n1 (7)1 ,.EZ(,ZS; - (75)
jZo'n;
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This almost amounts to the statement of the lemma. To conclude, we observe that our bound increases with larger s.
Since sy is decreasing in k, maxy sx = s1. Thus,

K i+l
i (a YTA "1)j+
max||Ro oty (Tos)| < ) 5] ) =i, (76)
jeoz, 1=l ’
jzom
which, when combined with Eq. (71), gives the result of the lemma. m}

To make use of this lemma, we would like to ensure that 4; ; adequately captures the "size" of H, and does not grow
too large with the indices j, /. In particular, we will subsequently describe error bounds using the simpler parameter

A= sup  Ajy (77)
JjeoZizom
1<I<K

but first, we must ensure A exists. In fact, we have that
r
A0 <4 |IHyl (78)

and thus A exists and satisfies the same bound. To prove this, we first take a triangle inequality through the expression
in Lemma 6, and use the bound on aéér)nm given in Eq. (33).
1/(j+D)

ﬂj,zsz(;nh@ll) >, ]_[(J —iE (79)

JIEO'Z+>P K=

J1+ +ji=j
Next,
1/(j+l) 1/(j+)
l . 1/(j+D)
1 +1-1
Z 1_[ T < Z 1 =/ (80)

L (je +1)2 | L= -1
J1--Ji€0Zi2p k=1 Ji---Jj1€N

Jit+ji=] Ji+i=]

j+1 . .
We can then use that (/ 71 11) < 27¥=1 < 27 1o get that (7] e 1) VO <o put together, this provides the stated bound.

With the relevant error bounds in hand, we turn to the question of algorithmic cost to achieve an error within
tolerance e. Given Trotter steps (r1, ..., 7r,) € Z]" listed in ascending order, the maximum Trotter depth is r,,, and the
total Trotter depth is ) 7¢. These are both important parameters for discussing the true simulation cost. Note that, in
the full algorithm, the true number of Trotter steps will be higher as a certain number of repetitions are necessary for
any chosen measurement protocol.

We start by using our error bounds to derive a sufficient Trotter depth to achieve precision € in the estimator,
assuming exactly computed expectation values throughout.

Lemma 7 (Sufficient Trotter Depth). Consider the Richardson extrapolation scenario described in Lemma 6. Define

A= sup A;,
jeoZizom
1<i<K

and sy is chosen such that amax Ys1AT < 1/2. To achieve a relative error €, namely

KO(T)) = (0p.m(T))| < €llO]],

it suffices to choose a minimum number of Trotter steps

1
4||b||;\ 7"
o> (amaXY/lT)( ”6”1)
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Jor amax YAT < 1 ("short times") and

€

1
_L[am] (4B]ly\ o
2 o ] (400

Jor amax YAT > 1.
Proof. From Lemma 6,

NS maxYT/l' g+
KOD)) = (O] < 0NN Y 5] (Z {nax TT4,0°7

I!
JEOZy =1
jzom
(1)
Amax YAT
<[olbl > (s1amaYATY ZW_X
JEOZ,
j>om

The inner sum is a partial sum of the exponential, which we wish to upper bound with an elementary expression. Using
the upper bound,
(Amax YAT)! < max{amax YAT, 1}K = ¥ (82)

we have

am XY/IT
Z( XD ey (83)
and thus,

KO(T)) = (0 pm(T))| < (e = DIONIBIIN*® Z ($1amax YAT)

JEOZy
jzom
_ K om J
= (e = DIONIBIN" (518mx YAT)T™ > (518max YAT)
JEOZ,
Jj=0 (84)
1\’
< (e = DIONIBITS (s1amaxYAT)T™ " (5)
JEOZy
Jjz0

< 4001Ibllin" (s1amax YAT) ™.

To achieve an relative error (i.e., normalised by ||O||) of ¢, it suffices then to choose r; = 1/s; satisfying

Pl 2 A YAT (—4||b!‘"K)”lm : (85)
and we may simply take the ceiling of the right hand side as our value.
We now split into the short and long-time regimes. For short times amax YAT < 1,7 = 1 and we have
71 = |@max YAT (%);’ﬂ . (86)
On the other hand, for long times (am,x YAT > 1), we choose
r = (amame)”ﬁ[%] (@) ”ﬂ . (87)
This gives the lemma statement. O
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So far we have derived a set of bounds for the minimum number of Trotter steps required to reach a given error. We now
examine the asymptotic scaling of the parameters.

Corollary 8 (Asymptotic Trotter Costs). Consider an m-term Richardson extrapolation of a time-evolved expectation
value in the setting of the previous lemma, where P is symmetric. Choose the Trotter step size according to Lemma 5,
with rscale large enough such that ry satisfies the "long time" condition of Lemma 7 for a choice of m scaling as
O(log(1/€)). Then, the maximum number of Trotter steps that needs to be implemented scales as

maxry = 0 ((amaxY/lT)(“l/p) log(l/e)) )

Proof. By satisfying the conditions of Lemma 7, the extrapolation scheme achieves a relative error €, in the sense stated

in that lemma. Since ||b]|; = O (logm), ||b||}/2m = O(1). Choose m = p [log (%H Then,

4\ TR
- =0(1). (88)
€
Moreover, since m is a multiple of p, ﬁ [?] = %. Putting these into Lemma 7,
1 = O ((ama XAT)1#1/7) ) (89)

is the minimum number of Trotter steps. To obtain an upper bound on the maximum number of steps, we utilise the
bounds Eq. (65) to obtain

rr < 3mry
-0 ((amaxY/lT)(“l/P)m) ©0)
given our choice of m, this yields the scaling stated in the corollary. O

We remark that, in the above proof, the choice to make m a multiple of p is mainly for simplicity of proof. For our
purposes, we treat p as fixed and not scaling with the simulation parameters.

5.2 Resource Estimates for Richardson Extrapolation

So far, we have determined error bounds for the Richardson procedure and provided partial results on the resources
required. In this section, we will derive full resource costs. We examine two metrics: the maximum circuit depth D,
of Trotter steps needed, and the total number Cryo of Trotter steps required. The former is arguably the most relevant
metric for NISQ-era devices where only short-depth circuits are possible to implement, whereas Cry is more relevant
for fault tolerant devices. We note that Cryo is proportional to the total number of elementary operations required for
the protocol.

There are two primary sources of error we consider: the extrapolation error (associated with the Richardson
extrapolation procedure) and the error associated with the measurement protocol (e.g., shot noise). Notably, we fully
neglect "physical" errors such as gate imperfections or decoherence. We suppose the estimates for the function f at
points {s1}}_, are given by f(sk), such that the final estimate we have is F(") (s) = P bi f(sk). The error in our
final prediction is € = | fg(0) — F("™ (s)| which can be broken down as

|£8(0) = F™ ()| < | f5(0) = F"™ (s)| + [F"(5) = F'")(s)]

m—1 m—1
< 1f(0) = FU () + | Y. bif(si) = D bif(s)
k=0 k=0

< |0 (€ext + lIb1]1 €gata)» oD
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where €. is the (relative) interpolation error and | £ (sx) — f(sx)| < ||O||€gata is the maximum (relative) error associated
with each individual measurement point. To satisfy a total relative error tolerance e, it thus suffices to ensure that

€ €
<& < — 92
Eext = ) €data 2”b”l (92)

The resources required to satisfy the first of these inequalities is essentially the content of Corollary 8, because the factor
of 1/2 will not affect the asymptotics. In the following subsections, we look more closely at the resources needed to
have sufficiently small error in the data, then obtain an overall cost bound.

5.2.1 Incoherent Measurements

Within the incoherent scheme, let’s consider how many measurements are needed to ensure €4y < €/(2||b]|1). From
Hoeffding’s inequality, we see that to achieve an estimate {O)’ satisfying

| w[PT(STIOP (sT)pol = (0)'| < €qaall O (93)
with probability > (1 — ¢”), it suffices to choose a number of samples N satisfying

1 2
N > = log (5) : 94)
data

By the union bound, it suffices to choose ¢’ = §/m to have an overall success probability of 1 — § for all measurements.
Taking m = O(log(1/€)) from Corollary 8, we have that N scales as

2
N=0 ”% tog (%)) =0 (—(log’")3) -0 (—(loglog 1/6)3) . (95)

) €2 €2

Each measurement requires one product formula evolution. The maximum Trotter step size is given in Corollary 8,
and this directly gives the maximum Trotter depth. Meanwhile, the total number of Trotter steps required (which is
proportional to the total resources) scales as

m
Crrot < Nzrk
k=1

< Nr Z(rk/rl) (96)
p]

1 < R
sNno ; {sin(n(Zk T 1)/8m)}

where we have used that 1/r) < 1/(rgcqem) from Eq. (65). Next, we have

1 « R
< Nr;— —2k ; +
m 121\ sin (—”(8’; ))

-8R

< —+1

_er(;n(2k+l)+ ) (97)
4

< Nry (R—(2+10gm) + l)
Pis

= O(N(amax YAT) P mlog(m)).

Using the scaling from Eq. (95), and m = O(log(1/€)), we arrive at our main result concerning the use of Richardson
extrapolation with incoherent measurements.
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Theorem 9 (Resource Costs for Incoherent Measurements). Let (O, (T)) be the m-term Richardson extrapolation
estimate for (O(T)), taken by varying the step size of a p'"*-order staged product formula, with samples taken at the
rescaled Chebyshev nodes as specified in Eq. (64). The resource costs for computing this estimate such that

KO(T)) =0 p.m(T))| < €llO],

when using incoherent measurements uses a number of sample points m = O(1/€). Moreover, the maximum Trotter
depth and total Trotter steps scales as

1+1/
(amwi# log(1/€)(loglog(1/€))*|.

Dyax =0 ((amaxY/lT)Hl/p 10g(1/€)) s Criot = O (
Here A < 4}, ||Hy|| is defined in Lemma 7 and there is a failure probability of 6 = 0.01.

5.2.2 Coherent Measurements

Although incoherent measurements are conceptually simple and easy to implement, they give O (1/€?) scaling rather
than the optimal Heisenberg scaling of O (1/¢). In this section, we consider the Iterative Quantum Amplitude Estimation
(IQAE) scheme developed by Grinko et al. for this problem. Although the method deviates by O (loglog 1/€) from the
ideal Heisenberg scaling, it achieves better constant factors among rigorously-analysed methods with true Heisenberg
scaling that do not require standard Quantum Phase Estimation (QPE), a relatively intensive routine with large qubit
overhead [Gri+21]. Thus, the method represents a practical yet rigorous algorithm suitable for our purposes. We follow
a similar analysis to [RWW24].

We assume the problem of measuring the expectation value can be written as the problem of estimating an amplitude,
as is often done in practice via, say, the Hadamard test. Assuming ||O|| < 1 (if otherwise, we can rescale it), then
performing a Hadamard test gives an amplitude Oy T5)  ppis amplitude can now be estimated using IQAE. In
particular, for each sample point s, we need a number of calls to a Grover oracle Ng scaling as [RWW24, Section E]

100 (2
NG < log(—mlog( dl )) (98)
€data 0 €data

where & /m is the probability of failure per data point, which by the union bound ensures an overall success rate of 1 — ¢.
For a particular value of Trotter step s, we need a total Trotter depth scaling as Ng/s. The maximum Trotter step size
needed to compute ") () is max; r¢, which is characterised asymptotically in Corollary 8. Thus, the maximum
Trotter depth is

Dax < Ng maxry
k

~0 ((“ma"“”‘”“’ tog(1/) 121 log (log(al [ 104 ( 3 )))

1+1/
_0 (w log(1/€)(log log(l/e))z)

Meanwhile, the total number of Trotter steps, Crrot, 1S bounded as

m
Criot < NG ) 7 (99)
k=1

Using the same reasoning as in Eq. (97), with N replaced by Ng, we obtain
Crrot = O (NG (Amax YAT) VP log m)

-0 ((amaxmn“”f’ (100
€

log(1/€)(log log(l/e))3) .

We summarise the results of the above analysis in our main result for Richardson extrapolation using coherent
measurements.
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Theorem 10 (Resource Costs for Coherent Measurements). Let (O, n(T)) be the m-term Richardson extrapolation
estimate for (O(T)), taken by varying the step size of a p'"-order symmetric staged product formula, with samples
taken at the rescaled Chebyshev nodes as specified in Eq. (64). The resource costs for computing this estimate such that

KO(T)) = (Op.m(T))| < €llO]],
when using coherent measurements is given by

(amax YAT) 1+1/p

Dimax = 0 | ——————log(1/e)(log 10g(1/6))2) » Cra=0 (

1+1/
w log(1/€)(loglog(1/€))?

where A < ¥, ||H, || is defined in Lemma 7 and there is a failure probability of 6 = 0.01. Moreover, m = O(log(1/¢)).

6 Polynomial Interpolation

We now consider the polynomial interpolation algorithm of Rendon et al. for mitigating Trotter errors. Let f(s) €
C™[-¢, €] be real-valued function, and suppose we have the value of f at points s1, 52, ... ;. Let Py,—1 f be the unique
degree m — 1 polynomial interpolating f at the sg. It is possible to show [QSS10] that the error of the approximating
polynomial in the interval [—¢, £] is bounded as

TR

|f(s) = Pm-1f(s)| < max T lwm ()],
Eel[- m:

[-¢.0]

where
m(s) = [ [(s = s0)
k=1

is the monic nodal polynomial. If we choose our samples to be taken at the Chebyshev nodes on [—¢, £], given by

2i -1
s,:fcos(' n'), ie{l1,2,....m}), (101)
2m

then the interpolation satisfies a number of nice properties, such as robustness to errors in the interpolation values. As in
the Richardson extrapolation case, we are interesting in bounding the error at s = 0. To do so, we can use the following
lemma.

Lemma 11 (Lemma 2, [RWW24]). Let sy, s2,...,Sm be the collection of Chebyshev interpolation points on the interval
[—=¢, €]. Then the error of the interpolating polynomial Py, f with respect to f at s = 0 is bounded as

£(0) = Puca fO)] < max |F(9) (%) .

6.1 Application to Time Evolved Observables

From Lemma 11, we see that the key property in bounding the error to polynomial interpolation is to bound the
derivatives as a function of s. We start by bounding the derivatives at the origin.

Lemma 12. Under the assumptions and notation of Lemma 4, consider an observable O time evolved for time T
under a p'"-order staged product formulae with step size sT, denoted O(T, s). Then O(T, s) is analytic in s within a
neighbourhood of the origin, and the derivatives are given by

dJO(T,0) = jIE ;11 x (T)(0)

or any choice of K > [ j/p]. In particular, for any such K, Fa=Eikist e jth coefficient in the Taylor series for
hoi K i I icul h K, E; Ejn, he jth he Tayl
O(T,s) at s =0, and is independent of K.
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Proof. First, O(T, s) is an analytic function of s in a neighbourhood of the origin, being an exponential of the effective
Hamiltonian, which is analytic by Lemma 2. For convenience, we reproduce the primary equation of Lemma 4.

OT,5)=0(T)+ > s/Ej1 x(T)(0) + Fx (T, 5)(0) (102)
JjE€Zi>p

The term F, (T, s)(O) is of order at least sPX. Thus, choosing K > [j/p] means that the Taylor coefficient of order s/
is simply E i+1,k (T)(0). Since the Taylor coefficient of O is K-independent, the £ ; j+1,k are in fact K-independent for
all such choice of K. O

We emphasise in passing that the independence of E j+1,k on K for K > [j/p] can be verified from the explicit
expression for Ej+1,K in Eq. (52).

From the bounds previously derived in Lemma 4 we can straightforwardly obtain a bound on the derivatives in
terms of fundamental simulation parameters.

Lemma 13. In the notation of Lemma 12, for any j > p, we have
IEj1 (Tl < 2(amax YAT) ™.

for "short times" amax YAT < 1 and .
IE a1 (D)l < 2(@max YAT)! +1/P)

for "long times" amax YAT > 1.

Proof. For convenience we reproduce the bound on || E j+1,k (T)]| from Lemma 4.

vmin{K—l,I_j/pJ} (Cl YT)I 1 a(}x'”)
I1Ejs1.x (DI < (amaxYT) — 22 (103)
o - IZ=11 I j]A..jIGZ:O'Z+>p D (‘]K + ])2
Jikei=g
Choosing K > [j/p] and invoking the definition of 4,
Li/p] i 1 (Je+1)
. : (amax YT) a,
1B (DI < @ma¥D) 3 == 3 || |25 (104)
=1 JrejicoZizp \k=l UK
Jite+ji=j
Li/p] i+
(amax YT )/
< ) T (105)

=1

First, consider the case ama.x YAT < 1. We have

i el
1E a1k (D < (aman YT 37 5

e (106)
< (amaxY/lT)JH(e - 1)

< 2(Amax YAT) 7.
This provides the first bound of the corollary. For the long-time case, we instead use the bound
Lilel 4

IE 1, (D) < (amax YAT) UL N < 2 (amye YAT) 1P (107)
=1

~

These two bounds gives the stated result. O
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As an aside, for 0 < j < p, the E ;4 simply vanish because of the properties of the error series for order p formulae.
Thus, we simply exclude this case from the above corollary.

Corollary 14 (Taylor Series for Trotter-Evolved Observable). The Trotter-evolved observable can be expressed as a
Taylor series

OT,5)=0(M)+ > sE;(T)(0),

jeEoZ=p
where ||Ej+1 || is bounded as per Lemma 13.

Proof. Follows by constructing the Taylor series from the derivatives using Lemma 12. The bounds on the derivatives
are then given in Lemma 13. m}

We can now apply this to bound the error of the polynomial interpolation procedure.

Theorem 15 (Polynomial Interpolation Error). Consider a Chebyshev interpolation P,,_| f(s) of the time evolved
expectation value f(s) on the interval [—¢€, ], for long simulation time an,x YAT > 1, with

1
l= E(an[wl,amr)*1+1/P>.

The approximation error at s = 0 may be bounded as

FO) = PurfO
T sce”

wherey > 1.5and c < 11.

Proof. From Corollary 14, the Taylor series for O(T, s) is given by

O(T,s) = O(T) + Z s'E;1(T)(0).

jeoZz=p
The mth derivative of O is then given by
. TR
0J'0(T, s) = Z ﬁsl mEj+1(T)(0)
jeoZ J ’
j>max{p,
Jzmax{p,m} ' (108)
=ml (’)Ej+1(T)(0)sf'".
jeoZ n
Jj=max{p,m}
Applying the triangle inequality and noting that |s| < ¢,
max [8'0(T.5)| <mifol] (] )ff"’||E"j+1(T>||. (109)
se[-¢,€] jeoz m
Jj=max{p,m}
Using Lemma 13 in the long-time regime,
~ m! j J
max 97O, 9)ll < 250001 (;1 ) (¢Camayar) /7). (110)

jeoZ
Jzmax{p,m}
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We now choose ¢ = %(amaxY/lT)‘(“l/ P) Doing so, the infinite series is given by

Z (j )i (111)
JjeoZ m) 2t
Jjzmax{p,m}

and may be upper bounded by

(o] . 1
(’i)z—] -2 (112)
j=m

I hus, the derivative is upper bounded as
sE[—t’,f]” $ ( 7S)|| ” ”fm ( )

Applying Lemma 11 gives

m!

0) — P,,_1(0)| < 4|0 . 114
|£(0) = Pr-1£(0)] < 4 ||(2m)m (114)

Using a simplified Stirling-type upper bound m! < V2zm(m/e)™e'/ (1™ one obtains
|£(0) = Pro1 f(0)] < 4V2me!/ 12V (2e) ™[O a1s)

<ce 0|

where y = In2+ 1 — 1/(2¢) ~ 1.509 and ¢ = 4V2re'/'? ~ 10.9. This immediately leads to the statement of the
lemma. O

It is interesting to note that, while the factor of 1/2 in ¢ was chosen for simplicity, other choices will lead to different
values of ¢, y. In particular, a factor approaching 1 should make the exponential decay more shallow and increase the
constant factor. However, it is interesting that the form of the error dependence remains exponentially decaying.

We now have the ability to estimate the number of Trotter steps necessary to achieve a certain accuracy in the
interpolation, assuming the values f(s;) are computed exactly.

Lemma 16. In the setting of Theorem 15, to achieve a relative error € such that
|O(T) = Prm-1f(0)] < €]|O]],

it suffices to choose m = O(log(1/€)) and £ = %(amaxY/lT)‘(]”/ P). This interpolation protocol requires a maximum
number of Trotter steps

maxry = 0 ((amaxY/lT)(l“/p) log(l/e)) )
Proof. From Theorem 15, to achieve relative error e, it suffices to choose m such that
ce " <€ (116)

i.e., m = O(log(1/¢€)). To find the maximum number of Trotter steps needed for an particular sampling point, we see
from Eq. (101) that the smallest s is given by k = m /2 and is of size O(m~"). Hence,

max 7 = O((m) = O ((amax YAT) 1/P) Jog(1/€)). (117)

]
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6.2 Resource Estimates

As for the Richardson extrapolation case, for polynomial interpolation we will have to deal with both the algorithmic
extrapolation error €. and the measurement error €4,,. We assume that each f(s;) is measured with error < €gyy, i.€.
we measure a set of data points {f;}; such that | f(s;) — fi| < €data- Let Py, f be the polynomial obtained from fitting to
the data { f;};, then it can be shown [Riv20] that

max |P, f(s) - ﬁmf(s)l < Lin€datas
se[-¢,€]

where L, is the Lebesgue constant, which for Chebyshev interpolation is bounded by % log(m+ 1)+ 1.
Thus, in terms of the total error, €, we can make the partition

€ €
€ = -, €, = —.

ext ) data 2L,
To find the total resource costs for the polynomial interpolation methods, we realise that the analysis is identical to the
analysis performed in Section 5.2.1 and Section 5.2.2.

6.2.1 Stability to Imperfect Chebyshev Nodes

As in the Richardson extrapolation case, when performing polynomial interpolation, we wish to ensure our samples are
taken from inverse integer values which are at or close to the ideal Chebyshev nodes. However, in Appendix B, we see
that by choosing a slightly larger value of £, we get robustness to this sampling error but with a new Lesbegue constant
L;, which satisfies L;, < 2L,,. Thus, rather than sampling from the Chebyshev nodes exactly, we can instead sample
from the closest inverse integer. The robustness condition is satisfied by choosing

1/t=0 ((amaxY/lT)Hl/pmz log (m))
(118)

€ €

1 1
=0 ((amaxY/IT)l”/” log? ( ) log log ( )) .

Thus the maximum number of Trotter steps scales as

1 1
0] ((amaxY/lT)”l/” log® ( ) log log ( )) .

€ €
Considering the total number Cryo of Trotter steps only changes the overall scaling by log log factors in 1/e, which we

neglect. We summarise these findings in the following theorem.

Theorem 17 (Resource Costs for Polynomial Interpolation). Let P, f be the m-degree polynomial fit taken at the
inverse integers closest to the Chebyshev nodes in the interval [—{, {]. The resource requirements to achieve error

KO(T)) = Pnf(0)| < €llO]|
for incoherent and coherent measurement scales as the following table.

Scaling Max Depth, D .« Total Resources, Cryot

~ +1/p ~ +1/p
Coherent 0 —(a‘“*“Y’lT)l il log? (é) 0 —(am*’*Y’éT)l il log? (%))
(l
€

Incoherent 0~((amaxY/lT)lJfl/l”log3 )) 0(W#10g3(é))

Here, A < 3, ||Hy|| is defined in Lemma 7, O hides loglog factors, and there is a failure probability of 6 = 0.01.
Moreover, m = O(log 1/e).
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7 Numerical Demonstrations

Here we test the above results using the Heisenberg model on a length L 1D chain, defined as:

L-1 L

H= Zl (XiXiv1 + YY1 + ZiZin1) + Zl hiZi
i= i=

where we choose the values {hi}iL: , uniformly randomly in the interval [—1, 1]. This Hamiltonian is well studied in the
context of Trotter simulation [Chi+18]. We choose to work with a p = 2 product formula on a system of L = 6 qubits.
For the initial state, we choose a randomly chosen classical bit string: |x), x € {0, 1}" and we choose a randomly
chosen sum of 3 Pauli strings to act as the observable. In order to generate the figures in the following section, we have
used a minimum number of Trotter steps r = 1/spin = |-(AT)3/ 2-|.

7.1 Error with Fixed Maximum Circuit Depth

Here we consider the error associated with choosing a fixed maximum circuit depth that we can utilise (e.g. if we are
limited by noise in the physical circuit), and then use this to compare results from time simulation. That is, suppose
we want to predict (O(T)) but are restricted to some maximum circuit depth (i.e. Trotter steps). How does the
unextrapolated error compare to the extrapolated error?

Fig. 3 (left) shows that if we consider a fixed time and as we increase the number of steps from a minimum value of
r= |-(AT)3/ 2], using Trotter extrapolation drastically reduces the error compared with just measuring the state directly.
However, as demonstrated by Fig. 3 (right), the benefits of this are limited by the error associated by the measurements
at each point. As one might expect, neither extrapolation techniques can improve results beyond the limit to which we
measure the observable we are extrapolating.

Performance of Different Extrapolation Techniques Richardson Extrapolation vs. Polynomial Interpolation
vs. Standard Product Formula for T'= 1 vs. Standard Product Formula with Error

10° T T T T T T 10° T T T T T T

1074 - . . - . - 1074 [ . . - . .

10-8 10-8 |- i

10712 [ : . |

o Direct Measurement N ¢ + Richardson Extrapolation
» Richardson Extrapolation Polynomial Interpolation
4 Polynomial Interpolation . — — — Noise Threshold

10-16 T T T | | | 10-16 T T T | | |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Maximum Number of Trotter Steps Maximum Number of Trotter Steps

10712 - -

e Direct Measurement

Error in Final Approximation
T
|

Error in Final Approximation

Figure 3: Left: Error comparison between the observable measured on the time-evolved state using Trotterisation vs. the extrapolated
error for different maximum numbers of Trotter steps on a system of 6 qubits. The initial number of steps corresponds to ~ (AT)3/2.
We see the plot levels out at the bottom due to floating point precision. Right: The same as left, but where the extrapolation procedures
are performed with a measurement error of 10~° for each measurement.

‘We can also consider the case where we run the simulation for different amounts of time and see how the error scales
with the number of nodes. From Fig. 4 we see that the extrapolation holds for much longer simulation times. We point
the reader to [Wat24, Chapter 3] for similar numerics!.

'We note a small difference in the scaling of the error compared to [Wat24] where the gradient changes with 7. This is due to the different choice
in the minimum number of Trotter steps.
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Increasing Richardson Extrapolation Degree
at Different Simulation Times

109 T T T T
=] .
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- 10_12 B . N
g eTime = 1
€3 +Time = 10
4Time = 100
—16 I | | | |
10 0 2 4 6 8 10

Degree of Extrapolation

Figure 4: A comparison in the performance of Richardson extrapolation as a function of the Richardson extrapolation degree for
different simulation times.

8 Aside: Compatibility with Classical Shadows

In this section, we consider the estimation of many time evolved expectation values using the classical shadows technique.
To use classical shadows alongside extrapolation, simply run the classical shadows protocol on each of the m states
{px}{L, resulting from a Trotter evolution with step size sx. Then compute the expectation values of interest using
these shadows and perform the extrapolation.

Classical shadows requires repeated computational basis measurements measurements on the time-evolved states
Pk, which is cheap but limits us to shot-noise accuracy. From [HKP20], to estimate the expectation value of M local
observables {Oi}f‘;ll to accuracy |tr[pO;] — O; est| < €daal|O; || With probability > (1 — §), it suffices to take a number
of samples of p; which is bounded by

128 ) M
< 2—ml_ax||0i|| log (F) .

data

Each of these samples requires a single Trotter evolution whose cost is determined by k, etc. The following theorem is a
simple corollary of the above results on Richardson and polynomial extrapolation.

Theorem 18. Let {Oi(T)}f.‘;I be a set of M k-local time-evolved observables O(T) = ¢/HT Qe H! | To get an estimate
[tr(pO;i(T)) — Oj est| < €daal|Oi|| with probability > (1 — ), the maximum Trotter depth scales as

Dinax = 0 ((A7)*!/7 polylog(1/e) )

where we need to run experiments at no more than m = O (log(1/¢€)) sampling points. Meanwhile, the total number of
Trotter steps for the entire protocol scales as

(1 1 M
Criot = O (—2(/1T)1+1/p polylog (—) log (—)) ,
€ € 0

where O suppresses doubly-logarithmic multiplicative factors.

33



9 Discussion and Conclusions

In this work, we have shown that by performing product formulae evolutions with different time-step sizes, we can
use classical extrapolation techniques to predict the expectation values of observables with gate complexity scaling as

o (THTW polylog (%)), where we are ignoring log log factors. We emphasise that the O(1/¢) scaling arises from the

measurement error, and that the effective Trotter error scales as O (polylog(1/¢)).

In the NISQ regime, circuit depth is arguably the most important cost metric. For this, we consider extrapolation using
shot-limited measurements of the observable or classical shadows. Here the fact coherent measurements are not needed
drastically reduces the constant overheads needed and we see only circuit depths scaling as O (T'”/ P polylog (é are

required. We expect the resource scaling with error to be optimal up to log factors. The Heisenberg measurement limit
is fundamental measurement limit which requires at least Q(1/¢) scaling [GLMO06]. Thus we should expect our total
resource cost to scale as Q(1/¢€) in general.

Beyond Standard Product Formulae There are many proposals for modifying product formulae, or otherwise
combining them with simulations algorithms [RRW22; ST24]. It remains open whether these algorithms can be
fruitfully combined with the Richardson or polynomial extrapolation approaches considered here to improve their
performance.

State Dependent Bounds The bounds given in this work are also sensitive to the “physics” of the system. That is, if
the system has symmetries, or is restricted to a particular subspace, then we can improve the error estimates given here
by replacing the spectral norm with a symmetry-respecting norm. We demonstrate this in Appendix A, where we show
that if the evolution is restricted to a particular subspace, the various norms or commutators characterising the error can
be replaced with quantities projected onto the relevant subspace.

More Tractable Expressions for Commutator Scaling Although the results in this paper demonstrate commutator
scaling in the error of Richardson extrapolation, actually computing these expressions is likely to be extremely
computationally expensive. Developing an expression which can be computed efficiently is an enormously important
task, as it allows us to upper bound the amount of quantum resources needed to reach a guaranteed precision. We hope
that future work will find simplified expressions for the commutator error.

Lower Bounds The work here gives an improvement on the Trotter error for measured observables. In the general
setting, lower bounds have been proven for the performance of Trotterization methods [Hah+24], but it remains to be
seen if similar bounds on the query complexity can be proven if post-processing is allowed.
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A Improved Bounds with Physical Knowledge

Here we consider the case where the Hamiltonian may have some physical symmetry. In this case, we may be able to
exploit this symmetry to improve our convergence bounds. Let H = 3. ; hj, where {h,}; are the terms used in the Trotter
decomposition. Then assume that there exists some symmetry subspace denoted S, such that I is a projector onto the
subspace S. We assume that the both the overall Hamiltonian and the individual terms in the Trotter decomposition
preserve the symmetry. That is, the following holds.

[H,IIs] =0  [h;,[ls] =0
Consider a state |/ s) € S. Then we see that
e Mt yg) = e gy s)
=Tge WIS g Jys)

where we have used that [y s) = I1s [y s) and I1g = TIgIls. Applying this to product formulae,
P lys) =] [ lws)
J

— 1_[ e—iajnshjnsrj |wS> )
J

Thus, because the simulation is restricted to a particular subspace, we can consider the Hamiltonian restricted to that
subspace. In this case we no longer need to consider the full operator norm and can consider a “symmetry projected”
norm. We can define “symmetry-respecting” norms which characterise the rate of convergence.

As = ) ITsh;Tis]|
J

For the case of commutators, from Lemma 6,
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and
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These symmetry respecting quantities can then be used in place of A, aéé?nm in Lemma 6 and elsewhere, thus giving us
improved convergence results. We believe that similar results should hold when the restriction to the subspace S is not

strictly preserved, i.e. there is some leakage to other subspaces. For example, if one restricts to low-energy states as per
[SS21].

B Polynomial Interpolation: Error from Imperfect Chebyshev Nodes

As described earlier, if the Cheybshev nodes do not coincide with the inverse integers, we may not be able to sample
exactly from the Chebyshev nodes as, if we restrict ourselves to integer applications of the Trotter evolution, we require
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s =1/r,forr € Z. For any ¢ € Z, the spacing between inverse integers is

(l__) IS5
£ Er1) E4
ii
k
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, for sufficiently large &, (119)
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| —

<
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where one can use the standard bound on a geometric sum to get the last line. We then use the following theorem.

Theorem 19 (Perturbed Chebyshev Nodes, Section 3 of [VP18]). Let x € [c, d], and let L,, Lebesgue constant of the
m + 1 Chebyshev points in [c,d]. The Lebesgue constant of the points after they have been perturbed by < e away
from the Chebyshev node, denoted L,,, is bounded by

Lm
L < ,
"o l-a
where €, satisfies
_a(d-c)
" mlL,

We can apply this to the case where we are not sampling from the exact Chebyshev nodes. We now consider the
interval [—¢, €] on which we wish to learn the function fg(s). Applying Theorem 19 with @ = 1/2 gives

L, <2L,,
provided for
¢
€ =
" m2L,,

If we consider the interval [—¢, £], then the maximum distance between inverse point is at the boundaries. Hence from
Eq. (119), the maximum distance between inverse integers in [—¢, {] is
1
max —
ge[-1/.1/¢] €2
<

€n <

Thus, for a given m, we need to ensure that £ < (m?L,,)”". We note that in general ¢ scales in terms of O(T'*1/4),
while m = O(log(1/€)) and L,, = O(loglog(1/¢). To satisfy both bounds we can choose

1
<
B (amaxY/lT)Hl/qmsz ’

and thus the minimum number of Trotter steps scales as

1 1
0 (m/€) = O | (amax YAT) /4 Jog? (—) log log (—)) .
€ €
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C Errata for Previous Literature on Richardson Extrapolation

Here we discuss the previous work on Richardson extrapolation by Vazquez et al. [Vaz+23], which appears to have
incorrect derivations for the error in Richardson extrapolation of observables.
In Appendix A, equation (13) of Ref. [Vaz+23], it is claimed that the iterated product formula has an expansion

PET/) = e T+ )" A,

n=1

Tn+l
— (120)

where the A,, are size O(1) in T and consist of nested-commutators of the Hamiltonian terms. However, this expansion
is incorrect, which can be seen by comparison to a counter-example?. Consider the Hamiltonian H = X + Z and the
associated Trotterization e ~*XT/k¢=12T/k - Making the identification s = 1/k, using the standard BCH formula we get
an effective Hamiltonian

i(sT)3
12

log (e*fXSTe*"ZST) = LisT(X +7) - (sT)Z% (X, 7] + (IX. [X, Z]] + [Z, [Z, X]])

4
GT) [ 21x, X, 2111 +0(s°T%)
24 ~— ——
-0

(121)

(sT)3
3

= —i(X +Z)(sT) +iY(sT)* +i(Z + X) +0((sT)).

We can then exponentiate this and consider the iterated first-order product formula to get

PUs (sT) = (e—iXsTe—iZsT)l/S

=exp (—i(X+Z)T+iYsT2+i(Z+X)S23—T3 +0(s*T%) ). (122)
To obtain a polynomial expansion in s, we use the variation of parameters formula
eAB = oA +/l dre1= 1A (A+B)T (123)
0
which we iterate 4 times to get the following.

1
eA+B — eA+/ dTle(l_Tl)ABeATl
0

1 T
+/ dr / drye 1= ABA(TI—T2) p T2 A
0 0 (124)

1 T T
+/ d71/ 1d‘rz/ 2d1'3 e(I"TABATI—T2) go(r2-T3)A g, TsA
0 0 0
1 T T T3
+/ d71/ d‘rz/ dT3/ dry eV "TABATI—T) po(1a=T3)Ap  (T3-T4) A p T4 (A+B)
0 0 0 0

We now make the explicit choice

A=—iT(X+2)

273 (125)
B=iYsT>+i(Z + X)sT +O0(s*T%)

2We add that the series in Eq. (120) (i.e. [Vaz+23, eq. (13)]) is claimed to come from Ref. [Chil0], however, we were unable to verify this explicit
series appears in Ref. [Chil0].
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and neglect any terms above O(s?). Since B is O(s), then the last line of Eq. (124) is O(s*), hence we neglect it.
Keeping some A terms implicit for brevity, we have

PI/S(ST) — e—iT(X+Z)

1 S2T3
+/ dr1eA=™) (jY sT? +i(Z+X)T)eAT‘
0
52 s273 (126)

1 T T3
+/ dry / dr, [eA(l_T')(iYst Hi(Z+X) = )eA T (Y ST +i(Z + X)—- )eA™
0 0

1 T1 ¥
+/ dn/ d‘rz/ dn3 eA(l_T‘)(iYst)eA(T‘_TZ)(iYst)eA(Tz_”)(iYst)eAT3+0(s4).
0 0 0

Grouping the above according to combinations of s and 7, the expression may be written as
PUS(sT) = e HT 4 sT2G\(T) + $*°T>Go(T) + $°T*G3(T) + > T G4 (T) + s°T°Gs(T) + O(s*) (127)

where G, G2, G3,G4, Gs = O(1) are matrix functions of 7 only. We note in particular that there are terms with scaling
O(s>T*), 0(s°T®), and O(s>T?) which do not appear with the ratio s™7™*! which would be necessary for Eq. (120) to
be valid. It can be checked that this occurs for higher order terms as well.

The incorrect series expansion given in Eq. (120) is then used in Appendix C of Ref. [Vaz+23] and hence the errors
unfortunately propagate into this later section. In particular, through equations (15)-(18) which is where the error in
the Richardson extrapolation is derived. Following from [Vaz+23, eq. (17)] (and broadly using their notation) with
Pki(T/k;) =U +Ej, then

(0(k;', 1)y = (w|UTOU ) + (| UTOE; |y
+ (| ELOU y) + (W| ELOE; |y) .

‘We now explicitly consider Richardson extrapolation with [ = 3 extrapolation points, for the Hamiltonian H = X + Z.
Following [Vaz+23, eq. (17)],

I=

w

e=) a;(WIU'OE; |y) (128)
=1
=3
1 1 1 1 1 1
= Z aj (WU 0 Tzzc1 + pT3Gz + ﬁT“Gg + FT5G4 + FTéGS lv) +0 (F) . (129)
j=1 J J J J J 1

We see that the Richardson conditions cancels off all terms up to order O(kl’z). This gives

1=3
. | 1 1
e:;ajww'o ET G4+ET Gs |¢>+0(k—?).
Jj= J J
Thus € = O (z—j) is the asymptotic scaling of the error. This gives an overall error scaling of the Richardson estimator as
1
1=3 T6
a;j(0(k; '\ 1)) = W UTOU ) +O | = . (130)
J=1 1

The result is that the asymptotic behaviour of the error given in equation (7) in the main text of Ref. [Vaz+23]
appears to be incorrect. The correct version of Eq. (120) appears in [AAT24, Lemma 7]. We also realise that for the
error in Eq. (130) to shrink, we require that k; = O(T?), and hence we would require a number of Trotter steps (and
hence circuit depths) scaling as O(7?). As such, the error scaling in Eq. (130) is consistent with the bounds present in
the current work, as seen in Theorem | where the time scaling is O (T?) for p = 1 product formulae.

42



	Introduction
	Summary of Methods
	Product Formulae
	Variation of Parameters Formula
	Extrapolation Methods
	Richardson Extrapolation
	Polynomial Interpolation

	Taking the Measurements

	Results
	Comparison to Previous Extrapolation Results

	Error Analysis
	Error Expansion of the Trotterized Operator

	Richardson Extrapolation
	Application to Time Evolved Observables
	Resource Estimates for Richardson Extrapolation
	Incoherent Measurements
	Coherent Measurements


	Polynomial Interpolation
	Application to Time Evolved Observables
	Resource Estimates
	Stability to Imperfect Chebyshev Nodes


	Numerical Demonstrations
	Error with Fixed Maximum Circuit Depth

	Aside: Compatibility with Classical Shadows
	Discussion and Conclusions
	References
	Improved Bounds with Physical Knowledge
	Polynomial Interpolation: Error from Imperfect Chebyshev Nodes
	Errata for Previous Literature on Richardson Extrapolation

